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Abstract 

The advancement of materials has long served as a cornerstone of societal progress, 

with each breakthrough contributing to substantial gains in productivity and 

technological capability. In the 21st century, the demand for high-strength metallic 

materials has become increasingly urgent, particularly in aerospace, aviation, and high-

speed transportation industries. Among the most promising candidates for next-

generation structural materials are metallic glasses (MGs)-that lack crystalline defects 

such as dislocations and grain boundaries, and exhibit a unique combination of metallic 

and glass-like properties. These characteristics endow MGs with exceptional 

mechanical strength, elasticity, and corrosion resistance. However, widespread 

engineering application of MGs has been limited by manufacturing constraints, 

especially in fabricating complex architectures. 

The emergence of additive manufacturing (AM) has overcome many of these 

challenges, enabling the production of 3D-printed MG lattice structures with tunable 

geometries and mechanical properties. Such lattices embody the "material-structure-

function" synergy and offer new avenues for tailoring performance in high-performance 

applications. Despite these advances, the mechanical behavior, failure mechanisms, and 

functional capabilities of MG lattice structures remain insufficiently understood. In 

particular, quantitative relationships between microarchitecture, defect distribution, and 

deformation modes are not well established. Furthermore, the effects of processing-

induced heterogeneities such as partial crystallization, porosity, and surface defects on 



 

ii 

the long-term structural reliability and functional performance of MG lattice structures 

remain largely unexplored. 

To address these gaps, this thesis investigates the mechanical and functional 

performance of L-PBF fabricated MG lattices, with the dual aims of establishing robust 

structure–property relationships and unlocking new application potential. First, the 

compressive behavior and fracture mechanisms of MG lattices fabricated by 

conventional L-PBF technology, including strut-based body-centred cubic (BCC) and 

shell-based triply periodical minimal surfaces (TPMS) architectures, were 

systematically examined. This investigation aimed to elucidate how structural design 

influences damage tolerance and energy absorption. 

Subsequently, bio-inspired TPMS architectures were fabricated using μL-PBF 

technology to synergistically enhance both strength and ductility. In situ X-ray 

computed tomography (XCT) was employed to directly observe their failure processes, 

leading to the proposal of a hybrid ductilization mechanism that integrates micro- and 

macro-scale effects in MG lattices. 

Lastly, we explored the functional potential of MG lattices in catalysis by 

developing a comprehensive strategy for high-performance MG electrocatalyst design 

via multiscale structural engineering. Zr-based MG TPMS lattices were 3D-printed as 

mechanically robust, ultra-efficient mass transport scaffolds, followed by pulsed 

electrodeposition (PED) of NiMo amorphous microparticles. The PED process 

produced hydrangea-like NiMo particles with controlled amorphous heterogeneity, in 
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which rich compositional interfaces (Ni₇₈Mo₂₂/Ni₆₈Mo₃₂) were formed, providing 

abundant interfacial sites that facilitate catalytic reactions. This hierarchical catalyst 

architecture achieved simultaneous optimization of catalytic activity, mechanical 

integrity, and mass transport, delivering exceptional overall water-splitting 

performance and opening new application avenues for 3D-printed MG lattices. 

The findings of this work provide essential insights into the structure-mechanical-

functional correlations in MG lattices and lay the foundation for the development of 

advanced, multifunctional cellular materials for future engineering and energy-related 

applications. 
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Chapter 1 Introduction 

1.1 Research background 

The importance of material progress to the development of human society is self-

evident, as each new material innovation brings about a significant increase in social 

productivity. In the 21st century, with the development of the advanced manufacturing 

industry, high-strength metal materials have become increasingly indispensable in the 

design of components in aerospace, aviation, and high-speed rail transportation. 

Consequently, the demand for high-strength metal materials is more urgent than ever. 

In recent decades, a series of high-performance advanced metal materials have been 

developed. Metallic glasses (MGs), as a typical representative of the new high-strength 

metal structural materials, show great promise for engineering applications. Lattice 

metamaterials have recently gained attention as a class of architected materials that 

combine exceptional physical properties with significant potential for lightweight 

structural applications. Advances in additive manufacturing (AM) now enable the 

fabrication of these materials with highly complex microarchitectures, thereby 

expanding their use across diverse multi-physical environments. Metamaterials are a 

class of architected materials whose unique properties are determined primarily by their 

internal microarchitectures rather than their chemical composition. A broad spectrum 

of unconventional physical properties can be realized in metamaterials through the 

careful customization of their internal architecture. Lattice metamaterials, as a 

prominent subclass, consist of periodic arrangements of unit cells and offer substantial 
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promise for lightweight structural applications. The spatial organization of a lattice's 

architecture serves as the primary criterion for its classification into homogeneous or 

inhomogeneous forms. Furthermore, homogeneous lattices are sub-classified based on 

the constitutive geometry of their unit cells, encompassing categories like shell, plate, 

truss, hybrid, and hierarchical structures [1, 2].  

To date, considerable effort has been dedicated to developing new lattice 

metamaterials that possess superior mechanical and physical characteristics, as well as 

to exploring their applications across various industries. To achieve a wide range of 

unconventional behaviors, considerable effort has been directed toward elucidating the 

intrinsic relationships between lattice geometries/configurations and their mechanical 

responses. Moreover, lattice metamaterials have also been engineered to exhibit a 

variety of unconventional physical properties, such as acoustic [3], 

electromagnetic/optical [4], thermal [5], and other functional responses [6, 7]. As a 

result, they hold great promise for multifunctional applications across diverse fields. 

However, current studies on lattice metamaterials largely focus on materials that can be 

readily fabricated using established AM techniques. In contrast, some emerging 

materials with superior intrinsic properties have yet to be widely introduced into the 

lattice metamaterials domain, mainly due to the challenges associated with their 

processing and fabrication. Overcoming these barriers and integrating such advanced 

materials into lattice architectures will not only enrich the design space of 
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metamaterials but also open up new opportunities for achieving unprecedented 

combinations of mechanical and multi-physical functionalities. 

Metallic glasses (MGs) are typically formed by high-speed cooling, which 

prevents the internal atoms from crystallizing. As a result, MGs do not have a periodic 

translational symmetry process, and they are also known as amorphous alloys. Unlike 

traditional crystalline metal materials, MG exhibits short-range ordered but long-range 

disordered structural characteristics, without dislocations, grain boundaries, and other 

microstructural defects. Because they are mainly composed of metal elements and a 

glassy microstructure, MGs possess both metallic and glass properties. Consequently, 

MGs exhibit many special mechanical, physical, and chemical properties that are 

different from those of traditional metallic materials, attracting continuous research 

interest from physicists and materials scientists worldwide. 

The application of MG has largely been limited to fabrication technology. With 

the rapid development of advanced manufacturing technologies, the challenge of 

manufacturing cellular MG with complex geometries by conventional manufacturing 

methods has been addressed. Mature AM technology creates more possible applications 

for MGs; one aspect of this is 3D-printed MG lattice structures. It has been shown that 

3D lattice materials are particularly suitable for the advanced design concept of 

“material-structure-function” synergy due to their unique advantages, such as high 

porosity, high specific stiffness, and designability, especially when compared with other 

porous materials. However, the properties of 3D-printed MG lattice structures remain 
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largely unexplored, and both their underlying mechanisms and characteristic behaviors 

are still not well understood. 

Thus, this thesis investigates the mechanical and functional properties of 3D-

printed MG lattice structures. The compressive behavior and fracture mechanisms were 

systematically studied to establish structure-property relationships, addressing the 

current lack of research in this area. The findings lay the groundwork for future efforts 

to predict mechanical performance based on structural design. Additionally, the 

mechanical and functional evaluations provide performance data and support the 

potential application of 3D-printed MG lattices in advanced engineering systems. 

1.2 Research objectives 

The primary goal of this research study is to fabricate MG lattice structures that 

exhibit high strength, excellent energy absorption ability, and outstanding catalytic 

performance through the lattice structure design via Laser Powder Bed Fusion (L-PBF) 

technology. The aim is to develop novel cellular materials for engineering applications 

and other functional applications. The project is structured into the following three key 

areas: 

(1) To enhance the damage tolerance of the 3D-printed MG lattices through unit 

cell shape design, and to avoid the catastrophic failure of the MG lattices. 

(2) To utilize bio-inspired structures to further enhance the strength and ductility 

of 3D-printed MG lattices fabricated via μL-PBF technology. To achieve 

energy absorption capacities that surpass those of conventional cellular 
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materials and to elucidate the fracture mechanisms of MG lattices using in-situ 

X-ray computed tomography (XCT). 

(3) To further explore the functional properties of the 3D-printed MG lattices and 

to achieve outstanding catalytic performance through multi-scale structure 

modulation. 

1.3 Outline of the thesis 

This thesis is organized into eight chapters. The current chapter provides an 

introduction to the MG and lattice structures, as well as the primary research gaps and 

objectives. 

Chapter 2 offers a comprehensive literature review, highlighting various aspects 

of this project: the development history of MGs, AM technology, metallic lattice 

structures, and MG lattice structures fabricated by L-PBF process and the lack on 

research of the 3D-printed MG lattices. 

Chapter 3 describes the research methodology, including the materials and 

geometrical modeling, fabrication, measurements, and microstructure characterization. 

Theoretical computational approaches, such as the finite element method and finite 

volume method, are also covered. 

Chapter 4 presents the main research results and discussion on enhancing the 

damage tolerance of the 3D-printed MG lattices through the unit cell shape design. 
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Chapter 5 presents the main research results and discussion on improving the 

strength and ductility of the 3D-printed MG lattices through bio-inspired structure 

design. 

Chapter 6 presents the main research results and discussion on the excellent 

catalytic performance of the 3D-printed MG lattices achieved through multi-scale 

structural engineering. 

Chapter 7 provides a summary and the conclusions drawn from the thesis.  

Chapter 8 outlines future research directions for exploring 3D-printed MG lattices.  
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Chapter 2 Literature review 

2.1 Overview 

This chapter provides a comprehensive overview of the scholarly research on the 

topic of this doctoral project. It begins with an introductory overview in Section 2.1, 

setting the stage for the detailed discussions that follow. Section 2.2 delves into the 

concept of MGs, covering their definition, microstructure, development, main 

preparation method, and distinctive properties. Following this, Section 2.3 explores the 

additive manufactured MGs, such as different manufacturing techonoly and 

microstructure of MGs, and the defects in 3D-printed MGs. Section 2.4 then shifts the 

focus to 3D-printed metallic lattice structures, offering an in-depth examination of their 

design principles, structural classifications, structure-property-mechanism 

relationships, as well as their unique properties and applications. Section 2.5 extends 

further to the properties and potential applications of 3D-printed MG lattice structures. 

The chapter concludes with Section 2.6, which summarizes the key findings and 

insights gleaned from this systematic review. 

2.2 Development and processing of MGs 

Glasses are regarded as the fourth class of conventional matter along with gases, 

liquids and crystals, which exhibit a disordered atomic structure similar to liquids, but 

behave mechanically like solids. They have been used by humans for more than 3000 

years and greatly promoted the development of modern sciences. Among diverse kinds 
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of glasses, MGs which are primarily composed of metallic elements are rather 

newcomers to the glass family.  

2.2.1 Forming methods of MGs 

Since Duwez [8] first produced micrometer-scale amorphous Au75Si25 metallic 

ribbons in 1960 by rapidly quenching molten metal onto a fast-spinning copper wheel , 

MGs began to draw research attention. With advancements in related theories and 

processing techniques, a significant breakthrough came in 1975 when Chen [9] 

fabricated Pd-Cu-Si amorphous alloy rods with diameters between 1 and 3 mm via 

water quenching, marking the first time MGs reached the millimeter scale and thus 

initiating the era of BMGs. In 1984, Kui et al. [10] developed centimeter-sized 

amorphous rods of Pd40Ni40P20 by purifying the melt with a fluxing agent (B2O3) to 

reduce heterogeneous nucleation, indicating another major advancement in BMG 

fabrication. 

Although considerable progress has been made in alloy design and fabrication 

methods—enabling the production of large-sized BMGs-their application was long 

constrained by the high cost of Pd, relegating BMGs to the realm of fundamental 

scientific research with limited commercial use. As a result, the development of BMGs 

entered a period of stagnation. In the 1990s, Inoue and Johnson revitalized the field by 

adopting a multi-component alloy design strategy. This approach increased the 

complexity of the alloy systems and the viscosity of the molten metals, leading to the 

discovery of a wide range of new BMG-forming systems with excellent glass-forming 
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ability (GFA), such as Pd-based [11], Au-based [12], Cu-based [13], Zr-based [14] , 

Mg-based [15], Al-based [16], Fe-based [17], Co-based [18], Ni-based [19], and rare-

earth-based alloys [20], ushering in a new era for MGs. 

With the rapid advancement of BMGs, Inoue  [21] proposed three empirical rules 

for forming BMGs: (1) the alloy must contain at least three elements; (2) the atomic 

size difference among major elements should exceed 12%; and (3) the mixing enthalpy 

between the main components should be negative. Despite being empirical, these 

criteria have guided the development of many high-GFA systems. For example, the 

Pd₄₂.₅Cu₃₀Ni₇.₅P₂₀ alloy developed by Nishiyama et al. [22] currently holds the record 

for the highest glass-forming ability, with fully amorphous samples reaching diameters 

up to 80 mm. 

At present, casting and thermoplastic forming are the mainstream techniques for 

shaping BMGs. The casting method involves rapidly injecting the molten alloy into a 

pre-designed mold, allowing it to solidify into an amorphous state with minimal 

shrinkage, as the transition is not a first-order phase change [23]. This feature enables 

high dimensional accuracy in cast components, which are already being used in fields 

such as mobile phone hinges, frames, card slots, and watch cases [24]. However, due 

to the critical cooling rate required for amorphization, casting is limited to simple, thin-

walled parts. Additionally, the process is highly sensitive to raw material purity and 

vacuum conditions, which hampers further application. 
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In contrast, thermoplastic forming involves heating BMGs into their supercooled 

liquid region, where they exhibit low viscosity and can be shaped more easily. 

Compared to casting, which requires high vacuum and rapid cooling, thermoplastic 

forming can be performed in air with simple air-cooling afterward, significantly 

lowering the environmental constraints. It also allows for high-precision fabrication, 

including nanoscale features as small as a few tens of nanometers [25]. However, 

because BMGs remain amorphous in the supercooled liquid region only for a short 

processing window, this limits the ability to form large, complex 3D components using 

this method. 

Therefore, developing a reliable forming technique capable of producing large, 

geometrically complex BMG parts remains an urgent challenge in the field of MGs. 

2.2.2 Mechanical, functional, and structural characteristics of MGs 

Due to the unique disordered atomic structure of MG, compared with the 

traditional crystalline alloy materials, MG has unique performance characteristics in 

many aspects.  

(1) Excellent mechanical properties. MG is generally characterized by high 

strength, high hardness and high fracture toughness. So far, the highest reported 

strength among bulk metallic materials is the compressive strength of Co–Fe–Ta–B 

bulk glass, reaching 5185 MPa [26]. As shown in Fig 2. 1. The highest fracture strength 

amorphous alloy system is the Co55Ta10B35 system, which can reach 6 GPa [27]. The 

highest fracture toughness is 200 MPa m1/2 of Pd-based MG [28]. In addition, MG is 
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not only characterized by self-sharpening during the fracture process, but also its 

fracture toughness increases with the increase of strain rate during the dynamic 

deformation process under the action of high-speed load, which makes it one of the 

most excellent materials for the core of armor-piercing bullets found so far. These 

excellent mechanical properties make metal glass show attractive application prospects 

in structural materials. At present, high-precision products such as micro gears and 

folding cell phone hinges prepared with metal glass have been gradually popularized 

and applied in high-end 3C electronic products. 

 

Fig 2. 1 The strength and elastic limit of BMG comparison with other materials. 

(2) Large elastic limit. The maximum elastic strain of amorphous alloys can be up 

to 2.2%, while the elastic limit of conventional crystalline materials is usually less than 

0.5%, so amorphous alloys have higher elastic specific function, for example, Zr-based 

BMG have an elastic specific function of 19 mJ/m2, which is about nine times higher 

than that of the most elastic spring steel (2.24 mJ/m2) [29].  
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(3) Superplasticity in the supercooled liquid phase region. MG exhibits viscous 

flow behavior in the supercooled liquid phase region, which is characterized by 

superplastic deformation, and the elongation of some alloy compositions is even greater 

than 15,000% [30]. Utilizing superplasticity, MG can be accurately pressed and molded 

in this temperature interval to achieve near-net-shape, and thus it is also widely used in 

the production of a variety of fine components. 

(4) Excellent soft magnetic properties. Due to magnetic near-neighbor exchange 

interactions, MG exhibits macroscopic ferromagnetism. In addition, the structural 

isotropy makes it have small anisotropy, which is also one of the important reasons for 

its excellent soft magnetic properties [31]. Among the many soft magnetic properties, 

scholars currently focus on the high saturation magnetic induction Bs, low coercivity 

Hc, high permeability μe, and low loss of iron-based MGs [32]. 

(5) Excellent corrosion resistance. Corrosion resistance is one of the key 

evaluation criteria for engineering structural materials. Unlike crystalline materials, 

MGs lack grain boundaries, phase boundaries, and other crystal defects that are 

typically prone to corrosion. They also feature a uniform composition that can 

incorporate a high concentration of elements capable of forming stable passive films. 

In addition, MGs possess high hardness and strong adhesion between the passive film 

and the substrate, making the film less likely to peel or delaminate. Since their discovery, 

the outstanding corrosion resistance of MGs has attracted significant attention [33]. 
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(6) Excellent radiation resistance. With the growing emphasis on carbon peaking 

and carbon neutrality strategies, nuclear energy has attracted increased attention, 

thereby driving demand for materials with outstanding radiation resistance. Unlike 

conventional crystalline materials that suffer from displacement damage under 

irradiation, MGs possess a unique topologically disordered structure that imparts 

excellent radiation tolerance. Among them, Fe-based MGs offer a combination of high 

strength, high hardness, excellent corrosion resistance, high glass transition temperature, 

thermal stability, and low radioactivity. Furthermore, they are cost-effective and can be 

fabricated under relatively lenient conditions, making them highly promising 

candidates for applications in the nuclear energy sector [34]. 

(7) Excellent electrocatalytic performance. MGs can serve as ideal precursors for 

the fabrication of electrocatalytic materials via dealloying, offering several key 

advantages: (i) Their simple atomic structure facilitates the synthesis of nanoporous 

metals with uniform pore structures; (ii) The multicomponent composition of the 

precursors provides a broad compositional range and tunable elements, enabling pore 

structure modulation through alloying strategies; (iii) The precursors possess excellent 

flexibility, allowing for the fabrication of flexible, self-supporting electrodes when 

combined with suitable dealloying processes. By tailoring the precursor composition, 

it is possible to synthesize binary or even multicomponent nanoporous metals that 

combine high structural stability with superior catalytic activity. 
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However, MGs also have an obvious disadvantage, namely the intrinsic brittleness 

of MGs. MGs do not have a dislocation-dominated slip deformation mechanism, and 

all the plastic deformation during deformation is concentrated in nanometer-wide 

localized shear bands [35]. The material undergoes adiabatic temperature rise in the 

shear zone [36], leading to a decrease in viscosity in this region, which quickly 

transforms the shear zone into a crack and eventually leads to brittle fracture of the 

amorphous alloy. In order to solve the brittle problem of MGs, researchers have 

conducted extensive research on this issue, and the main idea at present is to introduce 

a non-uniform structure in MGs, thus hindering the rapid expansion of a single shear 

band and further inducing the sprouting of multiple shear bands, as a way to improve 

the plasticity of amorphous alloys and solve the problem of brittle fracture. One of the 

two ways in which the non-homogeneous structure can be introduced is by introducing 

a heterogeneous amorphous phase in the amorphous matrix [37, 38], and the other is 

by introducing a crystalline phase in the amorphous matrix [39, 40]. 

2.3 Additive manufacturing of MGs 

MGs have a series of advantages over crystalline alloys of the same composition, 

such as high strength, high elastic limit, excellent soft magnetic properties, excellent 

wear and corrosion resistance due to their long-range disordered atomic arrangement. 

However, MGs require rapid cooling from the molten state, which limits the achievable 

size and shape of MGs and hinders their development and application as emerging 

structural materials. In recent years, the emergence of 3D printing technology, thanks 
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to its layer-by-layer processing characteristics, has enabled formed into any complex 

shape parts, which provides a new idea to solve the two problems of small size and 

shape limitation of MG forming. This technology is different from the traditional 

machining method "subtractive manufacturing". Instead, it is an "additive 

manufacturing" process. First, a 3D digital model of the part is constructed by computer, 

then according to the process requirements, the model is divided into a series of two-

dimensional structures in the height direction according to a certain layer thickness. 

Finally, the material is stacked layer by layer according to the shape of each layer to 

produce the final three-dimensional structure. Theoretically, this processing method can 

produce any complex three-dimensional structure, which meets the modern 

manufacturing industry's demand for individualized and customized products.  

2.3.1 Additive manufacturing approaches for MGs 

In recent years, AM technology has rapidly developed into a novel manufacturing 

technique based on the principle of layer-by-layer material deposition. By transforming 

complex three-dimensional processing into simplified two-dimensional operations, it 

significantly reduces the difficulty of fabricating intricate components. This technology 

is particularly suitable for shaping complex amorphous alloy parts and holds promise 

for solving the forming challenges that traditional methods cannot overcome, thereby 

offering a new pathway for the engineering application of amorphous alloys [41]. 

In 2009, Zheng et al. from the University of California, Davis [42] were the first 

to report the fabrication of Fe-based MGs using Directed Energy Deposition (DED) 3D 
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printing with coaxial powder feeding. However, severe crystallization was observed in 

the lower layers of the 10 mm × 10 mm sample, with only a small amount of amorphous 

phase retained in the topmost layer. In 2012, Huang Weidong’s team from Northwestern 

Polytechnical University in China [43-45] began investigating the DED 3D printing of 

Zr-based amorphous alloys. They found that crystallized phases were distributed in the 

heat-affected zone, while the molten pool region remained fully amorphous. They also 

revealed the influence of the initial powder particle size on the amorphous content of 

the final printed part. 

In 2013, the Eckert group at the IFW Dresden in Germany [41] became the first to 

report the use of L-PBF to print Fe-based amorphous alloys, successfully producing 

three-dimensional scaffold structures. Their study revealed that the scaffolds exhibited 

a nearly fully amorphous, single-phase structure. Subsequently, other alloy systems 

such as Zr, Fe, Ti, and Cu based amorphous alloys have also been investigated using L-

PBF. 

Currently, the main 3D printing technologies for amorphous alloys include the 

following: 

(1) Laser Powder Bed Fusion (L-PBF): 

This technique uses powder as the raw material and relies on a high-energy laser 

beam for layer-by-layer fusion. With a small laser spot size (less than 80 μm) and 

precise layer thickness control, L-PBF offers high forming accuracy. More importantly, 

the high scanning speed (up to 15 m/s) leads to rapid cooling of the molten pool (10⁴–
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10⁶ K/s), which promotes the rapid solidification necessary for forming amorphous 

phases [42, 46]. 

(2) Directed Energy Deposition (DED): 

In DED, powder is continuously blown into a laser focal point on the part's surface, 

where it melts and solidifies to form the component. Unlike L-PBF, DED does not 

require a preformed powder bed, making it suitable for large-scale parts due to its faster 

build speed and larger working envelope [47]. However, the larger laser spot size (0.5–

5 mm) and lower scanning speed result in slower cooling rates, making crystallization 

more likely in amorphous alloys. 

(3) Thermal Spray 3D Printing (TS3DP): 

Originating from thermal spray coating techniques, TS3DP involves spraying 

amorphous powders into a hollow mold. After mold removal, the part retains its 

intended shape. Only the powder surface melts and deposits at ultra-high speeds, 

enabling both dense microstructure and sufficient cooling to avoid crystallization. This 

method is suitable for brittle amorphous alloys (e.g., Fe-, Ni-based), but tends to 

introduce oxides, limiting its use to oxidation-resistant systems [48]. 

(4) Fused Filament Fabrication (FFF): 

Widely used in thermoplastic printing, FFF leverages the thermoplasticity of 

amorphous alloys, which soften and become deformable above their glass transition 

temperature. Exploiting their superplasticity in the supercooled liquid region, FFF 
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enables metallurgical bonding between layers at lower temperatures, avoiding melting-

induced crystallization or cracking. However, it is only applicable to alloys with wide 

supercooled liquid regions and low viscosity [49]. 

(5) Laser-Induced Forward Transfer (LIFT): 

LIFT is a micro/nanoscale 3D printing technique in which amorphous alloy films 

are first deposited onto a transparent substrate. Pulsed lasers then melt the film into 

droplets, which are ejected and stacked layer by layer onto a receiving substrate to form 

3D structures. With extremely high cooling rates (up to 10⁸–10¹¹ K/s), LIFT enables 

forming even alloys with poor glass-forming ability [50]. 

(6) Laser Foil Printing (LFP): 

Using amorphous alloy foils as the feedstock, LFP involves layer-by-layer laser 

welding and contour cutting to produce large, complex parts. It features low material 

cost and high density in printed parts. However, the need to repeatedly fix foils and cut 

boundaries layer-by-layer results in low processing efficiency, limiting its widespread 

application [51]. 

(7) Direct Ink Writing (DIW): 

DIW mixes amorphous alloy powders with polymer binders to form inks, which 

are extruded and deposited along a predefined path to build 3D green bodies. After 

curing, the binder is removed via plasma sintering to obtain fully amorphous structures. 

Though DIW uses simple equipment and provides high precision, it requires highly 
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flowable ink precursors and optimized post-treatment to produce high-quality 

amorphous parts [52]. 

 

Fig 2. 2 3D printing techniques for BMGs. (a) Laser powder bed fusion [53]; (b) directed energy 

deposition[54]; (c) thermal spray 3D printing [48]; (d) fused filament fabrication [49]; (e) laser induced 

forward transfer [50]; (f) laser foil printing [55]; (g) direct ink [52].  

As illustrated in Fig 2. 2, a wide variety of 3D printing techniques for MGs exist, 

each with its own advantages and limitations. Among them, L-PBF and LFP, both 

utilizing high energy laser beams, have attracted the most research attention due to their 

ability to produce parts with high amorphous content, minimal porosity, and excellent 

mechanical properties. 

Although DED also employs high-energy lasers, its slower scanning speeds lead 

to reduced cooling rates and consequently lower amorphous content. In contrast, FFF 

and DIW avoid high-energy beams, offering simpler setups and lower costs. However, 

their use is restricted to specific alloy systems, and the weak interlayer bonding limits 

their suitability for load-bearing structural applications. 
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TS3DP offers high forming speed and density, making it ideal for large-scale 

production. However, oxide formation on powder surfaces can significantly degrade 

mechanical performance, restricting it to oxidation-resistant alloys. LIFT, while 

offering high precision at the micro/nanoscale, suffers from low efficiency and is not 

suitable for large-scale part fabrication. 

In conclusion, the optimal 3D printing technique should be chosen based on the 

characteristics of the amorphous alloy system and the specific requirements of the target 

part. 

2.3.2 Microstructures and defects in 3D-printed MGs 

As mentioned above, the most widely used technologies at present are L-PBF and 

DED, both of which use laser beams as the energy source. This is mainly because these 

two laser-based 3D printing methods effectively address the issue of metallurgical 

bonding between layers, resulting in printed parts with superior mechanical properties. 

The parameters of the laser 3D printing process have an important impact on the 

microstructure of the molded part and thus on its performance. These parameters 

include: laser power (P), scanning speed (v), scanning pitch (h), powder layer thickness 

(t), scanning strategy, etc. The energy density E (E = P/vht) of the laser input to the 

sample can be calculated from some of these parameters [56]. By tuning the relevant 

parameters, the microstructure of the 3D printed sample can be effectively improved 

and defects in it, such as holes, microcracks, and crystallization in the heat affected 
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zone, can be reduced. The Interaction and formation of defects during 3D printing 

shown in Fig 2. 3. 

 

Fig 2. 3 The interaction between laser and powder during 3D printing and the formation of 

defects [57].  

Laser 3D printing of amorphous alloys typically results in two distinct regions: the 

Molten Pool Zone (MPZ) and the Heat Affected Zone (HAZ), as shown in Fig 2. 3 

When the laser interacts with the amorphous powder, part of the powder and the upper 

surface of the printed layer melt to form a liquid. After the laser beam moves away, the 

molten metal rapidly solidifies, creating the molten pool zone. Due to the high scanning 

speed of the laser, the cooling rate of the micro molten pool can typically reach 104-106 

K/s, far exceeding the critical cooling rate required for most amorphous alloy systems, 

thus generally enabling the formation of an amorphous structure. 

However, the molten material in the upper layer exerts a thermal effect on the 

already solidified amorphous phase beneath, which can easily induce the precipitation 
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of crystalline phases. This region, where the temperature is lower than the alloy's 

melting point but higher than its crystallization temperature, is referred to as the HAZ 

[58]. Extensive studies have shown that the precipitation of brittle intermetallic 

compounds in the HAZ is a primary factor contributing to the poor room-temperature 

ductility and toughness of laser 3D printed MGs. 

In addition to the precipitation of crystalline phases, pores and microcracks are 

also common defects in laser 3D printed amorphous alloys. During the laser scanning 

process, the amorphous powder undergoes rapid melting and solidification. To form a 

dense solid, the gases trapped in the powder gaps must be completely expelled during 

this process. Xing et al. [59] found that different laser energy densities lead to the 

formation of various types of pores in 3D printed Zr-based MGs, including spherical 

pores, interlayer pores, open pores, and metallurgical pores. Spherical pores mainly 

occur under relatively low laser energy density, and are caused by incomplete melting 

of the powder. Interlayer pores and open pores typically form under moderate laser 

energy density, resulting from incomplete fusion between layers and insufficient filling 

within the molten pool. When the laser energy density is high, small metallurgical pores 

may form on the upper surface of the molten pool due to the escape of tiny gas bubbles 

during rapid solidification. 

Microcracks in laser 3D printed MGs can generally be classified into two types: 

thermal cracks and cracks induced by residual stress accumulation. Thermal cracks 

occur due to the mismatch in thermal expansion and contraction around the molten pool 
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during the laser scanning process. These cracks are typically influenced by laser 

scanning parameters and the fracture toughness of the alloy system. Specifically, lower 

cooling rates and alloys with higher fracture toughness are more effective in 

suppressing the formation of thermal cracks during laser 3D printing [60]. Cracks 

caused by residual stress accumulation are related to factors such as the geometry of 

the printed part and the laser scanning strategy. Smaller part sizes and alternating X–Y 

scanning paths are beneficial in reducing residual stress buildup and thereby help to 

suppress cracking in the printed components [61]. In addition, the size and distribution 

of pores in the printed part play a critical role in the formation of microcracks [62]. 

Microcracks tend to initiate near pores located at the edges of the molten pool, where 

thermal stresses during laser scanning can cause significant stress concentration, 

leading to the nucleation and propagation of cracks. Therefore, minimizing pore defects 

is also an important strategy for mitigating cracking in laser 3D printed MGs. 

2.3.3 Mechanical properties of 3D-printed MGs 

The mechanical properties of 3D-printed MGs are critical to their application as 

structural materials. Compared with conventionally cast MGs, the heterogeneous 

microstructures formed by layer-by-layer and track-by-track deposition in 3D printing 

significantly affect their mechanical performance. Ouyang et al. [58] found that the 

compressive strength of 3D-printed Zr-based BMG is 1.5 GPa with no plasticity, which 

is lower than that of cast BMGs, which exhibit a compressive strength of 1.87 GPa and 

0.5% plastic deformation. In addition, the fracture surface of the 3D-printed sample is 

oriented at 90°, in contrast to the 42° fracture angle observed in cast BMGs, which 
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corresponds to the direction of maximum shear stress. This difference is mainly 

attributed to the layer-by-layer stacking process of 3D printing, where the heat-affected 

zones between layers contain a large number of brittle nanocrystals. These features lead 

to stress concentrations between layers, causing premature failure, and the resulting 

cracks tend to propagate along interlayer regions. Subsequent studies have shown that 

when the amorphous content in 3D-printed BMGs exceeds a certain threshold, the yield 

strength and fracture mode become comparable to those of cast BMGs with the same 

composition. However, their plasticity and fracture toughness remain inferior. One 

important reason is the annealing effect between layers during the printing process, 

which reduces the concentration of “free volume” in the material. This lower free 

volume hinders the activation of multiple shear bands during deformation. 

Moreover, the presence of pores in 3D-printed BMGs significantly degrades their 

fatigue performance compared to cast counterparts [63]. The layer-by-layer fabricated 

laminated structure results in anisotropic fracture toughness [64], while the 

precipitation of nanocrystals enhances their tribological (friction and wear) 

performance. These unique properties of 3D-printed BMGs originate from the 

distinctive microstructures formed by their specialized additive manufacturing process. 

Table 2. 1 summarizes the compositions, microstructures, and mechanical 

properties of 3D-printed BMGs reported in the literature. As shown, the density, 

amorphous content, and compressive strength of 3D-printed BMGs are comparable to 

those of cast BMGs. However, their plasticity remains limited. Therefore, improving 
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the ductility and toughness of 3D-printed BMGs is essential for their further 

development and practical application. 

Table 2. 1 Composition, microstructure, and mechanical properties of 3D-printed BMGs via L-

PBF. 

Alloy composition (at%) Microstructure 

Sample 

Sizes 

(mm) 

Yeilding 

strength 

(MPa) 

Plastic 

strain 

(%) 

References 

Zr52.5Cu17.9Ni14.6Al10Ti5 

Crystalization Ф 3 × 6  600 0 [65] 

Nearly fully amourphous, 

Porosity:0.2% 
Ф 3 × 6 1500 0 [65] 

Nearly fully amourphous, 

Porosity:1.3% 
Ф 3 × 6 1500-1700 <0.5 [66] 

Nearly fully amourphous Ф 3 × 6 1710 0.5 [67] 

Zr55Cu30Al10Ni5 
Amorphopous content: 83%, 

Porosity:0.11% 
Ф 3 × 6 1504 0 [59] 

Zr48.5Cu47.5Al4Co0.5 
Amorphopous content: 76%-

95.7% 
Ф 7 × 8 1200 0.8 [68] 

Zr57.4Ni8.2Cu16.4Ta8Al10 
Amorphopous content>90%, 

Porosity:0.25% 
Ф 1.5 × 3 1710 2.15 [69] 

Zr50Cu50 
63% Amorphopous phase+ 

36% B2 phase, Porosity:0.76% 
Ф 2 × 4 957 3.17 [70] 

Zr47.5Cu45.5Al5Co2 

72.6% Amorphopous phase+ 

27.4% B2 phase, 

Porosity:1.6% 

Ф 2 × 4 1423 4.65 [71] 

Zr60.14Cu22.31Fe4.85Al9.7Ag3 
Amorphopous content: 95%, 

Porosity:0.11% 

Ф 3 × 6 1770 0.46 

   [72] Ф 2 × 4 1758 0.51 

Ф 1 × 2 1734 1.43 

Zr59.3Cu28.8Nb1.5Al10.4 
Nearly fully amourphous, 

Porosity<1% 
2 × 2 × 4 1450-1550 ~6 [73] 

Ti47Cu38Zr7.5Fe2.5Sn2Si1Ag2 
Nearly fully amourphous, 

Porosity=0.5% 
Ф 2 × 4 1690 0 [74] 

Cu50Zr43Al7  
Amorphopous content: 81%, 

Porosity:1.4%-2% 
Ф 4 × 8 1044 0 [75] 

Cu46Zr46Al8 
Amorphopous content: 88-

100% 
Ф 3 × 6 1180-1560 0 [76] 

Mg60Zn35Ca5 Nearly fully amourphous - 439.7 0.66 

   [77] Mg59Zn35Ca5Y1 Partial crystallization - 621.3 1.42 

Mg58Zn35Ca5Y2 Partial crystallization - 429.2 2.08 
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Pd43Cu27Ni10P20 
Nearly fully amourphous, 

Porosity:0.37% 
Ф 4 × 6 1138 0 [78] 

Fe43.7Co7.3C14.7B4.3Mo12.6- 

Cr15.5Y1.9 

Nearly fully amourphous with 

cracks 
Ф 3 × 6 100 0 [79] 

 

2.4 3D-printed metallic lattice structures 

2.4.1 L-PBF processing and mechanics of metallic lattices 

It is critical to use appropriate L-PBF processing parameters to fabricate lattice 

structures with optimal performance. Factors such as powder morphology, particle size, 

and chemical composition all play crucial roles [80] in determining the quality of L-

PBF-fabricated components. These parameters influence the mechanical properties, 

such as strength and elastic modulus, of lattice structures in distinct ways. Sing et al. 

[81] found that among various processing factors, laser power had the most significant 

impact on the strength, modulus, and dimensional accuracy of printed lattice structures, 

more so than scanning speed or layer thickness. 

The mechanical behavior of lattice structures fabricated via L-PBF is highly 

sensitive to processing conditions, yet the relationship between these parameters and 

the resulting properties remains inadequately understood and warrants further 

investigation. Over the past decade, the rise of additive manufacturing has enabled rapid 

prototyping, small-batch production, and even large-scale manufacturing. Established 

alloys like Ti6Al4V and 316L stainless steel [82] have been widely used to produce 

dense and reliable components. In addition, a growing number of novel alloys [83] have 
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been developed specifically for AM applications, signaling that both AM technologies 

and materials are reaching a critical point in their evolution. 

Most mechanical tests on SLM-fabricated lattice systems are conducted under 

compression, as these tests are easier to perform than tensile tests. The typical 

mechanical properties evaluated include lightweight performance, static tensile and 

compressive strength, impact resistance, elastoplastic behavior, fatigue resistance, and 

thermal management. Although terms like “elastic modulus,” “yield strength,” or 

“tensile strength” are commonly used for both traditional and cellular materials, it's 

important to recognize that these terms refer to different physical phenomena. On the 

microscale, mechanical metamaterials behave more like discrete structures, whereas on 

the macroscale, they approximate homogeneous materials. 

Lattice structures are essentially grid frameworks composed of intersecting struts 

or shells connected at nodes, repeating periodically to form unit cells. Unlike large-

scale engineering structures, lattice structures are typically on the millimeter or 

micrometer scale and are considered a type of cellular material. Maconachie et al. [84] 

proposed that the unit cells forming lattice structures could be treated as space-filling 

lattices with distinct mechanical properties, which can be directly compared with those 

of the bulk materials from which they are made. 

Many experiments have been conducted to characterize the mechanical properties 

of lattice structures under static loading. Maconachie et al. [84] compiled a 

comprehensive dataset of such properties, while fracture and continuum mechanics of 



 

28 

 

lattice materials have also become important topics in recent years. Quintana and Fleck 

[85] reviewed developments in this area and contributed valuable insights to the field. 

One key limitation of SLM is that unmelted powder must be removed after fabrication, 

making it unsuitable for forming closed-cell pore structures. This further highlights the 

design and manufacturing constraints specific to AM-fabricated lattices. 

2.4.2 Classification of lattice structures 

Lattice materials are a class of cellular materials characterized by periodic 

arrangements of unit cells in two or three dimensions, resembling the ordered structure 

found in crystals. Among various material architectures, lattice structures exhibit the 

highest structural efficiency per unit weight [86] , making them ideal for weight-

sensitive applications such as aerospace and automotive engineering [87]. 

Historically, stochastic foams with millimeter-scale cells were used for thermal 

insulation and sandwich structures. However, their stiffness and strength degrade 

rapidly at low relative densities, limiting their use in lightweight structural applications. 

To overcome this limitation, periodic micro-truss lattices were proposed. These lattices 

exhibit a linear relationship between relative density and stiffness due to a stretch-

dominated deformation mechanism, a behavior commonly observed in truss structures 

with high connectivity [88]. 

Subsequent structural optimization led to the development of the most rigid 

isotropic truss lattice. Yet, its stiffness reaches only about 30% of the theoretical upper 
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bound proposed by Hashin and Shtrikman, suggesting the need for novel lattice 

topologies to further approach this limit [89].  

(1) Truss lattice structures 

Truss lattice structures are a class of cellular materials composed of regularly 

repeating unit cells in three-dimensional space [90]. Truss lattices are architected 

metamaterials characterized by a periodic arrangement of struts meeting at nodal 

junctions [91]. By carefully designing their microscopic structure, these materials can 

be made to deform primarily through stretching, as defined by Maxwell's criterion [92, 

93], meaning that external loads are primarily supported through the axial extension or 

compression of bars rather than through bending. Compared to earlier bending-

dominated stochastic foams, stretching-dominated truss lattices typically demonstrate 

superior stiffness and strength [94]. 

Among the most extensively studied truss architectures are three fundamental 

types [2]within the cubic symmetry group: body-centered cubic (BCC), simple cubic 

(SC), and face-centered cubic (FCC) (Fig 2. 4a). The octet truss, part of the FCC crystal 

family, resists forces primarily through stretching. In contrast, SC and BCC lattices are 

bending-dominated, meaning their struts bend unless forces are perfectly aligned with 

them [94]. 

To broaden the design space and enable customized mechanical and physical 

properties, various architectural strategies have been proposed. These include 

combining fundamental lattice types with tailored volume fractions [86] (Fig 2. 4a); 
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introducing bars with variable cross sections [94] (Fig 2. 4b); incorporating curved-

beam struts to alter deformation pathways [86, 95, 96] (Fig 2. 4c); adopting hollow bar 

cross sections to reduce weight and control stiffness [97] (Fig 2. 4d); and assigning 

different cross-sectional radii to different constituent bars for targeted mechanical 

tuning [98] (Fig 2. 4e). 

 

Fig 2. 4 Design principles and AM processes of truss lattices.  (a) SC, FCC, and BCC truss lattices 

within the cubic symmetry group, along with hybrid configurations derived from combinations of these 

three basic types [99]. (b) Truss lattices featuring variable cross sections assigned to different 

constituent bars [94]. (c) Truss lattices incorporating curved-beam struts for enhanced deformation 

control [100]. (d) Truss lattices with hollow strut cross sections to reduce weight and tailor stiffness 

[97]. (e) Truss lattices with different cross-sectional radii assigned to different bars for mechanical 

tuning [98].  
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(2) Plate lattice structures 

Although the design of truss lattices has been the subject of considerable research 

aimed at improving their mechanical and physical properties, their stiffness and 

strength remain well below theoretical upper bounds due to the fact that external loads 

are primarily supported through the uniaxial extension or compression of constituent 

bars [101, 102]. As a result, another class of lattice metamaterials-plate lattices-has 

attracted increasing attention. These structures consist of periodically arranged plate 

units connected through shared edges and have demonstrated excellent mechanical and 

physical properties compared to truss lattices [103, 104]. 

A recent advancement in metamaterials is the development of single-scale 

combined plate lattices. These architectures are engineered through the combination of 

elementary BCC, SC, and FCC plate lattices, with their volume fractions carefully 

tailored to yield superior isotropic elastic properties (Fig 2. 5a) [104, 105]. These 

lattices undergo stretching-dominated deformation when subjected to arbitrary external 

loads, characterized by bi-directional expansion or contraction within the plates' tangent 

planes. Consequently, their design can approach the theoretical limits of stiffness and 

strength, even at low relative densities [106, 107]. 

Furthermore, by integrating base lattice structures of different length scales, dual-

scale combined plate lattices have been created, exhibiting significantly improved 

energy absorption performance compared to their single-scale counterparts [108]. To 

further expand the design space and enable tailored mechanical and physical properties, 



 

32 

 

a family of parametric plate lattices has been proposed (Fig 2. 5b) [109]. This 

parametric model includes common structures like SC, BCC, and FCC plate lattices, 

but also extends to novel and less-studied designs such as the Fluorite, flat-plate vintile 

(FPV) lattices, and flat-plate tesseract (FPT) [109]. 

In addition, a class of rhombic dodecahedron plate lattices has been developed to 

achieve isotropic elastic moduli and nearly isotropic yield strength (Fig 2. 5c), [110] 

while cuboidal spherical plate lattices have been topologically optimized to enhance 

both strength and stiffness (Fig 2. 5d) [111]. However, the closed-cell nature of these 

lattice structures presents challenges for their AM and practical applications. To address 

this issue, half-open-cell plate lattices have been proposed [104], offering enhanced 

manufacturability with only a modest compromise in strength and stiffness (Fig 2. 5e) 

[112]. 
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Fig 2. 5 Various plate lattices. (a) Superior isotropic elastic properties are achieved in composite 

lattices by assembling elementary SC, BCC, and FCC cubic plate lattices with specific, optimized 

volume ratios [97]. (b) A new parametric plate lattice family enables an expanded design space for 

tuning target mechanical properties [109]. (c) A new series of rhombic dodecahedron-based plate 

lattices is presented, demonstrating concurrent isotropic elastic response and near-isotropic yield 

strength [110]. (d) Topological optimization of cuboidal spherical plate lattices enhances their stiffness 

and strength [111]. (e) Half-open-cell plate lattices improve additive manufacturability with only a 

moderate penalty to mechanical performance [112]. 

(3) Shell lattice structures   

Although plate lattices have the potential to approach the theoretical upper bounds 

of stiffness and strength, their closed-cell topology hinders fabrication with most AM 

techniques. This limitation also restricts their application in fields requiring efficient 

mass and heat transfer. In this context, shell lattices emerge as a promising alternative, 

offering more open architectures that are better suited for manufacturing and 

multifunctional applications [113], a distinct class of lattice metamaterials composed of 

periodically arranged, continuous, smooth, and non-intersecting shell surfaces, have 

attracted growing attention [114, 115]. Owing to their smooth geometries, shell lattices 

typically exhibit minimal stress concentration, and their open-cell configurations 

significantly improve manufacturability and suitability for lightweight, multifunctional 

applications [116, 117].  

Among various shell-based designs, triply periodic minimal surfaces (TPMSs) 

have emerged as the most widely explored. These surfaces are characterized by zero 

mean curvature, infinite periodicity in three orthogonal directions, and locally 
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minimized surface area [117]. Six representative TPMS types are illustrated in Fig 2. 

6a [113]. Owing to their reflectional symmetry about three orthogonal midplanes and 

rotational symmetry about the three principal axes, these surfaces enable the unit cell 

to be divided into a minimum of 48 identical subdomains. This extensive symmetry has 

been leveraged to develop numerical optimization techniques. These methods optimize 

the mid-surface geometry solely within the fundamental 1/48th tetrahedron to attain 

target geometric and mechanical/physical properties [113]. These include strategies to 

eliminate principal curvature peaks [115, 118] and to achieve isotropic elasticity [119] 

(Fig 2. 6b). 

The inherent property of TPMS to create two independent, interpenetrating void 

spaces within a defined volume makes them highly effective for enhancing convective 

mass and heat transfer in devices like pressure vessels [120] (Fig 2. 6c). Moreover, 

tailored performance characteristics can be achieved by directly combining different 

TPMS shell lattices in specific volume ratios [121, 122] (Fig 2. 6d). Alternatively, wall 

thickness can be treated as a design variable and optimized to achieve superior isotropic 

elasticity (Fig 2. 6e) [121].  

To further expand the design space, a parametric shell lattice model has been 

proposed, offering far greater tunability than conventional TPMS lattices. Customized 

mechanical and physical properties are achievable with this model, such as isotropic 

elasticity, increased stiffness, and tailored Poisson’s ratios [123, 124] (Fig 2. 6f). In 

another approach, slightly corrugated shell lattices can be created by introducing mild 
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undulations into plate lattices. These hybrid structures exhibit enhanced isotropic 

elasticity, along with remarkable improvements in strength and specific energy 

absorption [125]. 

Bone defect repair is inherently complex and remains a costly issue in modern 

medicine, prompting a growing demand for efficient and easy-to-fabricate bone 

substitutes. TPMS structures, which mimic the hyperboloidal trabecular architecture of 

natural bone, have emerged as promising candidates due to their unique geometries that 

support various cellular processes. In response to the growing interest in TPMS 

scaffolds, Dong and Zhao [126] reviewed the influence of key design parameters—such 

as pore size, shape, and porosity—on mechanical performance, permeability, and 

curvature. Their work guides future scaffold design and optimization. 

Kadkhodapour et al. [127] investigated the effects of TPMS core architecture on 

plastic deformation and failure using both simulations and experiments. They found 

that stress intensity and mass distribution significantly influence mechanical behavior, 

especially at lower volume fractions, differentiating TPMS scaffolds from conventional 

cellular materials. Similarly, Almeida and Bartolo [128] examined Schwarz and Schoen 

TPMS topologies using finite element analysis, highlighting their superior mechanical 

performance, high surface area, and high porosity. 

TPMS structures have emerged as a powerful tool for designing porous scaffolds 

due to their open-cell nature and geometrical complexity, which are favorable for cell 

proliferation and nutrient transport [129]. Their smooth surface transitions result in 



 

36 

 

reduced stress concentrations compared to traditional lattice designs. Furthermore, 

TPMS architectures can be designed with spatial gradients in pore size and porosity by 

defining weight functions or spatially varying porosity profiles, allowing precise 

control over local mechanical and biological properties. 

The increasing research interest in TPMS is also attributed to their natural 

occurrence in both biological systems and the environment, further reinforcing their 

relevance in biomedical applications [93,94]. 

 

Fig 2. 6 Various shell lattice structures. (a) TPMS surfaces including I-graph-wrapped package 

(IWP), Primitive (P), FCC rhombic dodecahedron (FRD), N14, Neovius (N) and OCTO [113]. (b) 

Shell lattice design involves the computational shape optimization of their internal mid-surfaces to 
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meet predefined mechanical goals [115, 119]. (c) Illustration of the P-surface as a TPMS that partitions 

a cube-like volume into two non-intersecting sub-volumes, bounded by blue and orange interfaces 

[120] d) Construction of shell lattices by combining elementary TPMS structures in appropriate volume 

ratios [130, 131] (e) Design of shell lattices with spatially variable wall thickness to enable 

performance optimization [113]. (f) A parametric shell lattice model is developed to significantly 

expand the design space, enabling precise control over target mechanical properties [124].  

(4) Functionally graded structures 

Functionally graded lattices (FGLs) are a class of inhomogeneous lattice structures 

characterized by spatially varying geometric parameters within the design domain [132]. 

They have been widely adopted as highly customizable, tunable, and multifunctional 

architectures in the field of lattice metamaterials [132]. Progress in additive 

manufacturing has reached a point where fabricating graded lattices with complex 

microarchitectures is feasible. This capability facilitates the multifunctional integration 

within a signle components via strategic graded design [133]. The primary 

classification of graded lattices into 1D, 2D, and 3D types is determined by the spatial 

dimensionality of their property gradients [132] (Fig 2. 7a). 

The key design parameters for FGLs typically include the scale and direction of 

mesoscale gradient vectors, as well as microarchitectural attributes such as volume 

fraction, orientation, shape, and feature size [134, 135]. A variety of methods have been 

found to design and optimize internal architectures with the goal of enhancing the 

mechanical and physical performance of graded lattices and broadening their practical 

applications. Among these, connectivity plays a critical role, ensuring smooth 
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geometric transitions and watertight connections between adjacent unit cells with 

differing parameters. 

For instance, by applying a 1D gradient in strut diameters while maintaining 

intercellular connectivity, graded truss lattices can be tailored to show progressive and 

localized failure modes, along with improved pecific energy absorption capacity and 

splateau stress [135] (Fig 2. 7b). 

Compared to truss lattices, TPMS-based shell lattices typically offer superior 

connectivity, which can be controlled via the implicit function parameters that define 

their surfaces. The relative density of TPMS shell lattices can be finely adjusted by 

modifying either the unit cell size or the shell wall thickness, thereby enabling effective 

tuning of both mechanical and thermal properties (Fig 2. 7c). 

 

Fig 2. 7 Various graded lattices. Graded lattices with design parameters that change gradually in one, 

two, or three dimensions. [132]. (b) A one-dimensional gradient in strut diameter is employed in 

graded truss lattices to tailor their mechanical performance. [135]. (c) By grading key design 

parameters like unit cell size and wall thickness, shell lattices can be engineered to achieve 

customizable mechanical and thermal performance [136].  
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2.4.3 Structure-Mechanism-Property relationship of 3D-printed lattices. 

The mechanical properties of lattice metamaterials are governed by two primary 

factors: the base material's properties and the complex spatial architecture of the solid 

material and voids. The internal microarchitecture that governs their mechanical 

behavior also plays a crucial role in determining their physical properties, such as 

acoustic, electromagnetic, and thermal performance. Through rational 

microarchitectural design, the property space of lattice metamaterials can be 

significantly expanded, enabling many unprecedented behaviors. For instance, it is 

possible to achieve non-positive effective parameters from materials with inherently 

positive parameters, generate chiral responses from achiral structures, produce 

anisotropic properties from isotropic configurations, and obtain nonlinear responses 

from linear materials. As a result, researchers have been continually exploring the 

intricate relationships between geometric architecture and the mechanical and physical 

properties of lattice metamaterials. 

2.4.4 Unique properties and application of 3D-printed metallic lattices 

The aerospace industry is particularly interested in AM due to its potential for 

lightweighting. For example, internal solid regions in components can be replaced with 

equal-strength lattice structures to reduce mass. Moreover, AM's ability to produce 

conformal cooling channels and other complex features makes lattice structures highly 

attractive for aerospace applications. Zhou et al. developed a lightweight, lattice-based 

thermal regulator capable of phase-shift thermal control for spacecraft. Compared with 
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traditional thermal management systems, which often add substantial weight to 

spacecraft, their L-PBF-fabricated thermal controller achieved a 50% improvement in 

thermal capacity at comparable mass. 

In the biomedical field, AM lattice materials have also found widespread use in 

medical implants, with the global market projected to reach $116 billion by 2022. SLM 

is particularly suitable for fabricating implants due to its ability to produce high-quality 

metallic parts with complex, patient-specific surfaces. Lattice materials are especially 

advantageous in biomedical applications because they can be engineered with 

mechanical properties that closely match those of natural bone. These structures not 

only support osseointegration but also promote healthy bone ingrowth and exhibit 

excellent implant fixation. Beyond conventional implant production, AM lattice 

structures also enable innovative functionalities. For instance, Burton et al. proposed 

implant designs with integrated drug reservoirs to enable antibacterial activity. 

In summary, lattice structures have been widely applied in aerospace, biomedical 

engineering, robotics, and various industrial domains due to their exceptional properties. 

The use of AM, particularly L-PBF, in designing and manufacturing lattice structures 

has reached a new stage, leading to significant advancements in performance and 

functional design. 

Inspired by the structural order found in nature, researchers have long sought to 

mimic natural cellular structures. Hollow configurations such as human bone, 

honeycomb geometries, and Voronoi patterns formed in foams have been employed in 
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several engineering applications. These natural forms exhibit optimized structures for 

strength and weight, making them ideal templates for engineering design. Rational 

microarchitectural design can greatly expand the property space of lattice metamaterials, 

enabling unprecedented behaviors such as achieving non-positive effective parameters 

from inherently positive materials, generating chiral responses from achiral structures, 

producing anisotropic properties from isotropic configurations, and obtaining nonlinear 

responses from linear materials. 

Excellent Mechanical properties 

The homogenized mechanical properties of a lattice metamaterial (e.g., density (𝜌), 

Young’s modulus (E), and strength (𝜎)) are governed by two interdependent factors: the 

intrinsic properties of its constituent material(s) (including bulk density 𝜌ₛ, Young’s 

modulus Eₛ, and strength 𝜎ₛ and the topology of its microarchitecture, which defines 

the spatial distribution of solid and void phases. 

Among them, the effective Young’s modulus E is a key indicator of the lattice’s 

ability to resist deformation under external loads. Both the relative density 𝜌/𝜌ₛ and 

relative Young’s modulus E/Eₛ are dimensionless parameters governed solely by 

internal geometry, independent of the specific material used. In contrast, relative 

strength 𝜎/𝜎ₛ depends not only on microarchitecture but also on the mechanical 

characteristics of the base material, such as buckling strength (𝜎bₛ), yield strength (𝜎ys), 

brittle fracture strength (𝜎fs) and ultimate strength (𝜎us),. 
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Fig 2. 8a and Fig 2. 8b show how Es and 𝜎s vary with 𝜌s for various solid materials 

[137]. The ratios Es/𝜌s and 𝜎s/𝜌s are commonly used to evaluate the specific stiffness 

and specific strength of solids. Notably, ultralight lattice materials are typically defined 

as those with 𝜌 < 10 kg/m³ or 𝜌/𝜌ₛ < 0.1%, and are mostly fabricated using 

micro/nanoscale manufacturing techniques. 

 

Fig 2. 8 Experimental plots of (a) Young’s modulus and (b) compressive strength as functions of 

density for various solid materials, periodic lattice metamaterials [137].  

The relationships between E/Eₛ, 𝜎/𝜎ₛ, and 𝜌/𝜌ₛ in lattice structures can be described 

by the Gibson–Ashby model using a power-law expression [92, 138]: 

𝐸

𝐸𝑠
=  𝐶𝐸 (

𝜌

𝜌𝑠
)

𝑛𝐸

(2.1) 

 

𝜎

𝜎𝑠
=  𝐶𝜎 (

𝜌

𝜌𝑠
)

𝑛𝜎

(2.2) 

Here, 𝐶𝐸  and 𝐶𝜎  are scaling coefficients, and 𝑛𝜎  and 𝑛𝐸  are exponents 

determined by the deformation mode of the lattice. For bending-dominated lattices, 

𝑛𝐸 ≥ 2 or 𝑛𝜎 ≥ 3/2; for stretching-dominated lattices, 𝑛𝐸 ≈ 1 or 𝑛𝜎 ≈ 1. 
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To determine the deformation mode, the Maxwell connectivity number m is often 

used [139, 140]:  

𝑚 = 𝑏 − 3𝑗 + 6 (2.3) 

where b is the number of struts and j is the number of nodes. If 𝑚 ≥ 0 the lattice 

is stretching-dominated; if 𝑚 ≤ 0, it is bending-dominated. 

The variation trends of E/Eₛ and 𝜎/𝜎ₛ with respect to 𝜌/𝜌ₛ for several representative 

lattice types will be further illustrated in the following sections 

Tuning Mechanical Properties 

One of the simplest yet most effective applications of cellular structures lies in 

tailoring their mechanical properties, particularly the effective stiffness. This tuning can 

be achieved not only at the bulk scale through homogeneous lattice designs but also 

locally, by adjusting density or modifying architectural features, such as thickening 

struts or altering cell geometry. It is well established that porosity and stiffness in lattice 

structures are strongly interrelated. This relationship is accurately captured by the 

Ashby–Gibson models [141], originally developed for foams. Based on these models, 

the stiffness of a lattice can typically be predicted from its porosity. Moreover, beyond 

porosity levels, the design of the unit cell itself plays a critical role in determining 

stiffness. This effect has been extensively explored in the literature across a wide range 

of unit cell configurations and porosity levels [142, 143]. AM lattice structures are 

increasingly used in medical implants, with the global market projected to reach USD 



 

44 

 

147 billion by 2027 [144]. Their patient-specific designs and bone-matching stiffness 

make them ideal for reducing stress shielding and promoting long-term implant 

performance [145]. Optimal bone replacement lattices require adequate strength, elastic 

modulus compatibility, and architectural features—such as high surface area for 

effective cell seeding and sufficient permeability to support nutrient transport and bone 

in-growth. 

Impact and energy absorption 

Energy absorption is the ability of a material to sustain applied loads without 

catastrophic failure, while impact absorption describes this behavior under high strain-

rate conditions. The absorbed energy is quantified by the area under the stress–strain 

curve up to failure or, in compression, to full densification. 

Cellular materials are well known for their excellent energy and impact absorption. 

For decades, aluminum foam sandwich panels have been used in industry, for instance, 

as crash protection in vehicles by placing foam cores between solid face sheets. Similar 

foam-based sandwich structures have also been widely adopted for impact protection 

in packaging, thermal insulation, and structural protection in construction, where 

lightweight design is particularly advantageous. Additionally, these structures provide 

excellent vibration damping due to their inherent energy absorption capabilities, which 

helps suppress vibration transmission. 

For high-velocity impacts or blast protection, metal lattice structures are generally 

more suitable than polymer-based ones. This is because metals can undergo irreversible 
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deformation mechanisms, such as buckling, plastic deformation, and fracture, during 

energy absorption, resulting in higher impact resistance. In impact protection scenarios, 

the event typically delivers an impulse rather than a steady energy load, so thick 

faceplates are commonly employed to absorb the force, following the same principles 

used in ideal energy absorbers [146]. However, for weight-sensitive applications, the 

demand for lightweight designs has grown significantly, and cellular lattice materials 

offer promising solutions in such contexts. 

Research on energy-absorbing structures often begins with quasi-static testing, 

predominantly under compression, and is then extended to dynamic testing at impact 

velocities more relevant to specific applications [147]. Overall, the energy absorption 

performance of cellular structures can be effectively optimized by tuning their 

architectural design and relative density. 

Fig 2. 9 illustrates a typical force–displacement response of a metallic lattice 

material under low strain rate compression. The curve features a broad plateau region 

with nearly constant load, flanked by two sharp increases in force. The initial rise 

corresponds to the elastic response of the structure, while the final rise marks the onset 

of densification. 

An ideal energy-absorbing material should exhibit a long, flat plateau at a stress 

level slightly below the peak stress tolerable by the protected object. It must absorb the 

required amount of energy before entering the densification phase. 
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Figure 2.9 illustrates a typical compressive stress–strain response, from which 

several mechanical parameters—such as compressive strength and plateau stress—can 

be derived. Among these, the most critical parameter for comparison is the specific 

energy absorption (SEA), which quantifies the amount of energy absorbed per unit mass 

(J/g), and is defined as: 

𝑆𝐸𝐴 =  
∫ 𝜎

0

𝜀𝐷 𝑑𝜀

𝜌
(2.4) 

where 𝜀𝐷 represents the densification strain and 𝜌 represents the density of the 

lattice structure. Another important metric is the energy absorption efficiency (η), which 

evaluates how closely a lattice material's energy absorption performance approaches 

that of an ideal absorber, based on a specified maximum allowable transmitted stress 

𝜎𝑝𝑒𝑎𝑘. 

𝜂 =  
∫ 𝜎

0

𝜀𝐷 𝑑𝜀

𝜎𝑝𝑒𝑎𝑘 ∗ 100%
(2.5) 

 

Fig 2. 9 Energy absorption performance of metallic lattices. (a) Typical compression load–

displacement curve of a metallic lattic. (b) Energy absorption efficiency versus displacement. 
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At high strain rates approaching impact velocities, the Kolsky bar, is the most 

commonly used method for testing. This technique has been extensively employed to 

investigate the mechanical behavior of cellular materials fabricated by metal AM 

processes under strain rates approaching 103s-1 [148]. 

However, applying the SHPB method to cellular structures presents several 

challenges. These include the limited diameter of the pressure bars relative to the size-

dependent behavior of cellular materials, the difficulty in achieving sufficient crushing 

throughout the plateau region, and the inherently low wave impedance of cellular 

materials, which makes it difficult to obtain strong signals when using metallic bars 

[149]. 

For testing at even higher strain rates, light gas guns offer a viable alternative [149]. 

When studying the blast response of cellular materials, a ballistic pendulum combined 

with explosive loading is typically used to sandwich and test the specimen [150]. 

High surface area 

Lattice structures inherently possess a highly interconnected pore network, which 

results in an exceptionally high surface-area-to-volume ratio. This attribute is one of 

several morphological characteristics that can be leveraged to evaluate and differentiate 

lattice architectures across various applications. For example, the study in [143] 

compared strut-based and sheet-based lattice designs, revealing notable differences in 

surface area despite identical densities. The findings also showed that while overall 

porosity may be similar, pore sizes can vary significantly, with some configurations 
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featuring dual or even multiple pore size distributions. Such comparisons are especially 

useful in applications requiring specific surface-related properties, such as maximized 

surface area. 

In addition to high surface area, metallic lattices produced by additive 

manufacturing tend to exhibit substantial surface roughness. This roughness enhances 

the effective surface area beyond what is predicted by idealized models, offering 

potential advantages for certain applications. For instance, in biomedical implants, 

rough surfaces have been found to promote bone cell attachment and early-stage bone 

tissue growth, thereby supporting better osseointegration [151]. Other fields that may 

benefit from increased surface area include heat exchangers, catalytic systems, battery 

electrodes [152], and materials used in chemical processing or corrosion-prone 

environments. However, it's important to consider that structural degradation or 

morphological changes over time could affect performance. For example, although 

gyroid-based thin-sheet lattices may offer excellent catalytic efficiency, they could 

degrade faster than thicker, strut-based alternatives. 

Moreover, surface morphology is closely related to other functional properties like 

permeability and thermal conductivity. Surface roughness not only adds to the total 

surface area but also influences fluid dynamics and heat transfer efficiency. Specifically, 

rougher surfaces can trigger localized turbulence near material boundaries, reducing the 

overall flow rate. While pore size and inter-strut spacing largely dictate fluid flow, 

surface characteristics become increasingly important as these spaces shrink. As pore 
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dimensions decrease and surface roughness grows, these effects are expected to become 

more pronounced, impacting the structure's overall performance. 

High permeability 

Architected cellular materials have shown significant promise in biomedical 

applications, particularly as orthopedic implants and scaffolds for bone tissue 

engineering [153, 154]. In this context, a central design challenge is achieving an 

optimal balance between mechanical strength and biological performance to closely 

replicate natural bone tissue. 
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Fig 2. 10 High permeability of architected cellular materials shows significant promise in 

biomedical applications.Pore size and scaffold porosity significantly influence the permeability of 

prosthetic devices, thereby affecting cell colonization, bone formation, and vascularization [155]. (b) 

Unit cells and their corresponding scaffold domains (grey) and fluid domains (green) [156]. (c) 

Simulation results showing pressure profiles in counter using an inlet velocity of 0.1. 

Among the various biological parameters that require optimization, fluid 

permeability plays a pivotal role in designing a biologically functional scaffold. A 

highly permeable scaffold facilitates the efficient transport of cells, nutrients, and 

growth factors, thereby supporting proper bone regeneration post-implantation (as 

illustrated in Fig 2. 10a). For instance, Kemppainen et al. [157] noted that low-

permeability structures are more likely to promote the formation of cartilaginous tissue 

rather than healthy bone. In light of this, extensive studies have focused on the 

permeability of lattice scaffolds fabricated via AM. Literature sources [158-160] 

consistently report that, beyond porosity (%), factors such as lattice unit architecture, 

pore size and morphology, and geometric features play crucial roles in tuning 

permeability. 

For example, Bobbert et al. [142] experimentally investigated the permeability of 

four different TPMS structures fabricated from Ti6Al4V using the L-PBF process. A 

total of 64 samples were tested (four structures across four density levels ranging from 

approximately 30% to 60%). The study revealed that permeability (quantified as water 

flow under pressure) decreased with increasing apparent density and also varied 

significantly across different lattice geometries at the same density. Additionally, an 

inverse correlation between permeability and surface area was observed, attributed to 
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increased frictional resistance. However, since higher surface areas are often associated 

with higher porosity and increased permeability, this suggests that porosity has a more 

dominant effect than frictional losses caused by surface area. 

Ali et al. [156] further compared different lattice architectures suitable for bone 

scaffolds using computational fluid dynamics (CFD). Specifically, they examined strut-

based and sheet-based TPMS structures (Fig 2. 10b), focusing on two key geometric 

parameters. The first is the ratio of the largest to smallest pore size (D/d), which 

characterizes channel constriction; narrower channels increase flow tortuosity and 

reduce permeability. The second is the ratio of unobstructed flow area to total inlet area 

(A/A₀), indicating the presence of straight flow paths between inlet and outlet. These 

findings indicate that, at equivalent porosities, TPMS structures generally exhibit lower 

permeability than strut-based lattices, a result consistent with previous studies [143]. 

Furthermore, while all the tested designs displayed permeability values within the range 

of human trabecular bone, the diamond-type TPMS lattice emerged as the most 

promising due to its higher permeability, elevated wall shear stress, and favorable 

convex surface morphology. Across all scaffold geometries, simulations indicated that 

pressure was highest at the inlet and progressively declined toward the outlet, 

approaching zero. This trend aligns with the boundary conditions defined in the models. 

The corresponding pressure distributions within the 3D geometries are presented in Fig 

3.10b as contour plots. 
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Du Plessis et al. [143] also emphasized the importance of high tortuosity in bone 

implant design. A more complex flow path ensures that nutrients reach a greater volume 

of the lattice structure, thereby enhancing cell seeding and promoting bone tissue 

growth. 

2.5 Research progress and potential applications of 3D-printed MG 

lattices 

Despite their excellent mechanical properties, MGs are typically limited to simple 

geometries such as foils, thin plates, or small-diameter rods due to the extremely high 

cooling rates required during their formation. Shen et al.[51] fabricated 3D, large 

dimensions of amorphous structures with complex geometry via LFP technology, which 

expands MG products to 3D arbitrary geometries with large dimensions due to the 

inherited advantages of the LFP technology which would open many potential 

applications. Unlike crystalline metals that typically deform through dislocation slip or 

grain boundary activity, BMGs primarily deform via shear band mechanisms , which 

are highly sensitive to structural length scales [161]. L-PBF enables the high-precision 

fabrication of personalized or customized metal components while avoiding the 

additional cost, time consumption, and material waste commonly associated with 

traditional plastic processing methods. Moreover, not all materials are suitable for L-

PBF, which partly explains the limited research on fabricating MG lattice structures 

using this technique. In addition to their outstanding mechanical properties, MGs also 

exhibit a range of unique functional characteristics, including but not limited to catalytic 
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activity, biocompatibility, corrosion and wear resistance, optical properties, energy 

absorption capability, soft magnetic behavior, and magnetocaloric effects. These 

functional properties can be further enhanced by structuring MGs into three-

dimensional lattice architectures. 

2.5.1 Enhanced catalytic performance of 3D-printed MG lattices 

Yang et al. [162] successfully fabricated Zr-based MG structures with varied 

geometries, including cubes, hollow forms, and lattice architectures, via L-PBF  

process coupled with dealloying. As shown in Fig 2. 11a, the study compared the 

degradation efficiency of methyl orange under identical conditions for three samples: 

an amorphous alloy lattice, a cubic sample subjected to the same dealloying process, 

and a polycrystalline copper plate. The lattice sample showed superior degradation, 

removing MO completely within 15 min, about four times faster than the cubic sample 

and nine times faster than polycrystalline copper. 

Moreover, the lattice structure with the highest degradation rate demonstrated 

excellent stability during cyclic degradation tests. As depicted in Fig 2. 11b, the 

degradation efficiency showed no significant decrease after four cycles, indicating 

outstanding catalytic durability. The degradation mechanism aligns with the classical 

advanced Fenton process [163]: the 3D bulk catalyst features a hierarchical porous 

structure where Cu reacts with H₂O₂ to generate hydroxyl radicals, which act as strong 

oxidants to decolorize the dye. 
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The lattice sample’s superior catalytic performance is primarily attributed to its 

larger specific surface area and hierarchical porous architecture. In degradation 

experiments with equal mass loading (27.2 g/L) across three 3D-printed samples, the 

lattice exhibited the largest total surface area (~25 m²), nearly three times that of hollow 

samples and 19 times that of cubic samples, as illustrated in Fig 2. 11c. This extensive 

reactive surface area, combined with the micron/nanoscale fractured porous structure, 

not only provides abundant catalytic active sites (e.g., pore edges and surfaces) [164], 

but also facilitates effective adsorption of dye molecules, promotes thorough water 

transport, and ensures timely removal of degradation by-products, thereby sustaining 

and enhancing the degradation reactions. 

 

Fig 2. 11 3D printing of Zr-based BMGs with enhanced catalytic properties. (a) Comparison of 

methyl orange degradation kinetics among 3D-printed MG samples with nanoporous surfaces—

specifically lattice and cubic geometries—alongside a polycrystalline copper reference. (b) Evaluation 
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of the catalytic durability of the dealloyed lattice structure over multiple degradation cycles. (c) 

Quantitative analysis of surface area across differently shaped 3D-printed MG architectures (left), and 

conceptual diagram (right) illustrating how hierarchical porous design enhances catalytic degradation 

efficiency[162].  

2.5.2 Biocompatibility advantages of 3D-printed MG lattices 

For many years, BMGs have been explored as promising candidates for 

biomedical applications-ranging from orthopedic and cardiovascular implants to dental 

devices and fillers-thanks to their exceptional strength, low elastic modulus, superior 

wear resistance, and excellent biocompatibility [163]. However, a major limitation in 

their clinical deployment lies in the restricted geometric flexibility of cast BMGs, which 

complicates the fabrication of intricate structures. AM offers a viable solution to 

overcome this challenge. 

Zhang et al. [85] investigated the mechanical behavior and biocompatibility of 

additively manufactured glassy Zr₆₀.₁₄Cu₂₂.₃₁Fe₄.₈₅Al₉.₇Ag₃ components. The 3D-

printed BMG exhibited a high yield strength of 1600 MPa, excellent fracture toughness 

(36 MPa·m¹ᐟ²), and a relatively low Young’s modulus (~80 GPa). Notably, complex 

porous structures could be readily fabricated via L-PBF, as demonstrated in Fig 2. 12a-

b. The printed porous BMG samples exhibited compressive strengths nearly three times 

higher than those of porous titanium with equivalent geometry and 70% porosity, while 

maintaining a substantially lower Young’s modulus of just 13 GPa (Fig 2. 12c–d)-a 

value closely matching that of human cortical bone. 
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Fig 2. 12e presents an L-PBF-fabricated BMG acetabular cup with an average pore 

diameter of 500 μm and 70% porosity, showing the technique’s ability to directly 

produce biomedical components with tailored architectures. The biocompatibility of the 

printed BMG was assessed through MG63 cell culture assays and benchmarked against 

both polymeric materials and Ti6Al4V alloy. As shown in Fig 2. 13a, the Zr-based 

BMG exhibited low cytotoxicity and a favorable cell proliferation profile, with MG63 

cells displaying significantly higher growth rates on the BMG surface than on Ti6Al4V 

over a five-day period. This indicates not only good biocompatibility but also biosafety 

of the printed glass. 

Interestingly, the porous BMG samples demonstrated enhanced cell compatibility 

compared to their dense counterparts, suggesting that the open porous network fosters 

improved cell adhesion and proliferation. Further insights are provided in Fig 2. 13, 

which display the morphology of A375 cells after 24 hours of incubation on different 

substrates. On the BMG surface (Fig. 2.13b), cells adhered robustly and adopted a 

rounded, spread-out morphology, which is typical of mesenchymal or stem-like 

phenotypes favorable for tissue regeneration. Additionally, the number of cells attached 

to the BMG surface surpassed those on Ti6Al4V (Fig 2. 13c), and was statistically 

comparable to that of the control group (Fig 2. 13d), further confirming the outstanding 

biocompatibility of 3D-printed BMGs. 
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Fig 2. 12 Zr-based porous BMG samples.(a) CAD models of porous scaffold architecture and (b) the 

resulting Zr-based MG structure fabricated via L-PBF. (c) SEM image showing the detailed surface 

topology of the 3D-printed porous MG. (d) Compressive stress–strain response of the L-PBF-produced 

porous BMG, indicating its mechanical performance. (e) An example of a 3D-printed MG acetabular 

cup featuring interconnected pores for potential biomedical implantation[72].  
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Fig 2. 13 Outstanding biocompatibility of 3D-printed BMGs. (a) Absorbance measurements of 

MG63 cells cultured on different substrates (3D-printed MG, Ti6Al4V alloy, and blank control) over 1 

to 5 days, used to evaluate cell proliferation behavior. Morphological comparison of A375 cells after 24 

hours of culture on three different surfaces: (b) 3D-printed MG, showing tight cell adhesion and 

spherical spreading; (c) plastic surface and (d)Ti6Al4V alloy.  

2.5.3 Energy-Absorption potential of 3D-printed MG lattices 

Over the last decade, BMGs have emerged as promising candidates for developing 

energy-absorbing cellular materials due to their near-ideal strength, which surpasses 

that of their crystalline counterparts [165, 166]. While monolithic BMGs are 

intrinsically brittle, their transformation into cellular forms, such as foams [167, 168] 

and honeycomb architectures [169] , has produced structures capable of significant 

plastic deformation at room temperature, thereby unlocking considerable energy-

absorption potential [169, 170]. These BMG-based architectures retain the high 
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strength of their parent alloys and consistently outperform traditional metal foams in 

terms of energy absorption [170, 171]. As a result, BMGs have become a promising 

base material for engineering advanced cellular structures tailored for energy-

dissipation applications. 

2.6 Summary 

3D-printed metallic lattice structures hold unique properties due to the designable 

and controllable geometries, which demonstrate wide-ranging applicability across 

diverse disciplines. Employing MGs as the parent materials can further enhance its 

mechanical and functional properties, since they have extraordinary mechanical 

properties and other unique properties. However, there is a lack of reports on the 3D-

printed MG lattices, which directly hinders their application in the aforementioned 

scenarios. Thus, in this thesis, we utilized different L-PBF systems to fabricate MG 

lattice structures with various geometries, thereby establishing an initial understanding 

of the structure – property relationships for this class of materials. We further 

investigated their mechanical properties and deformation mechanisms to enhance 

performance through structural design. In addition, we explored the catalytic behavior 

of these MG lattices, broadening the scope of their functional applications. This work 

provides valuable data support for the diverse potential applications of MG lattice 

structures. 
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Chapter 3 Research methodology 

3.1 Overview 

This chapter delineates the research methodologies employed in this study. Section 

3.1 provides a thorough overview of the approaches taken. Section 3.2 details the 

techniques utilized for geometric modeling of the lattice structure and the parent 

materials for the fabrication. Section 3.3 outlines the methodologies adopted for 

microstructure characterization, and Section 3.4 illustrates the techniques utilized for 

property measurements. Section 3.5 elaborates on the computational modeling 

techniques used, highlighting the theoretical framework and simulations that support 

the experimental findings. 

3.2 Materials and microstructure characterization  

The gas atomized equimolar ZrCuFeAlAg MG powder (ShanDong LianHong 

New Material Technology Co.,Ltd China), with a nominal particle size between 0 μm 

to 53 μm, was used in the L-PBF process for the specimen fabrication. The powder 

morphology was observed in scanning electron microscopy (SEM, Sigma 300, Zeiss, 

Germany), showing the spherical MG powders with a little satellite powder are 

fabricated by gas atomization process, as displayed in Fig 3. 1. The microstructure of 

HEA powder was investigated in SEM equipped with an energy disperse spectroscopy 

(EDS, X-Xax, Oxford Instruments, UK) detectors, illustrating with the even alloying 

element distribution after gas atomization process. The MG specimens including bulk 

and lattices were fabricated in a selective laser melting system (SLM 125 HL, SLM 
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Solutions Group AG, Germany) equipped with a single 400W IPG fiber laser under 

continuous Aron atmosphere, as the oxygen content during the full process below 

300ppm. And a zig-zag scanning strategy with a 67 ° rotation is used in the subsequent 

building layer during the process. The scanning speed was set as 1400 mm/s, while the 

layer thickness was 60 μm. To study the effect of heat input on the microstructure and 

the mechanical properties, the laser powers were the variables in this study, ranging 

from 120 W to 220 W with a power increment of 10 W. A pre-heated 60702 Zr substrate 

to 100 ℃ was used in this study to reduce the residual stress in fabricated samples. The 

printed samples fabricated by different laser power of were cut from the substrates by 

the electrical wire cutting machine for the subsequent tests.  

 

Fig 3. 1 The Zr60.14Cu22.31Fe4.85Al9.7Ag3 powder used in the L-PBF approach of (a) the morphology 

in SEM, (b) corresponding EDS element maps.  

The XRD results show that the powder has a completely amorphous structure with 

no crystalline phase precipitation. The DSC results show that the powder has a 

significant glass transition temperature (Tg) of 414°C and a crystallization temperature 
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(Tx) of 475°C shown in Fig 3.2. The SEM results show that the powder has good 

sphericity, uniform particle size and high surface quality, meeting the requirements of 

L-PBF forming experiments. The composition is similar to the nominal one, as shown 

in Table 3.1. 

 

 

Fig 3. 2 Zr60.14Cu22.31Fe4.85Al9.7Ag3 powders: (a)DSC; (b) XRD. 

Table 3. 1 The comparison between nominal and actual composition of powders. 

Composition Zr Cu Fe Al Ag 

Nominal (at%) 60.14 22.31 4.85 9.7 3 

Actual (at%) 57.23 27.1 4.95 8.46 2.26 

 

3.2.1 Paramters orthogonal test 

In order to investigate the effects of process parameters on the microstructure as 

well as mechanical properties of 3D printed samples, the final laser energy density was 

adjusted by changing the laser power and scanning speed, and a series of samples were 

prepared and obtained. The detailed orthogonal test process parameters are shown in 

Table 3. 2. 
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Table 3. 2 Process parameters of the L-PBFed Zr60.14Cu22.31Fe4.85Al9.7Ag3 BMG samples. 

 

After the parameters optimization in chapter 3.1.2, a good combination of 

parameters is chosen based on the XRD and DSC results and OP images of printed 

samples as the best parameter to fabricate all the lattice materials shown in Table 3.3. 

Table 3. 3 Process parameters of the L-PBFed Zr60.14Cu22.31Fe4.85Al9.7Ag3 lattices in this study. 

 

The samples prepared in the orthogonal test are shown in Fig 3. 3, and the size of 

a single square is 6 × 6 × 6 mm3. Some of the samples prepared at high energy densities 

had spheroidization on the surface (samples in the red box), which led to serious 

scraping between the squeegee and the samples during the powder spreading process, 

and therefore the printing of the corresponding samples was stopped in advance. Except 

Parameter Value 

Laser power 160 W 

Layer thickness 60 μm 

Scan speed 1400 mm/s 

Spot size 80 μm 

Hatch type Stripe 

Hatch distance 100 μm 
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for the above samples with poor forming quality due to spherification, the rest of the 

samples printed at energy densities had good forming quality and high surface quality. 

 

Fig 3. 3 The photographs of L-PBFed samples under different processing parameters. 

Table 3. 4 Process parameter, porosity, crystalline and mechanical properties of L-PBFed 

Zr60.14Cu22.31Fe4.85Al9.7Ag3 BMG samples (σc is the compressive strenghth). 
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Fig 3. 4 Optical images showing the samples with various porosities. (a) Porosity 3.39%, energy 

density 11.76J/mm3; (b) Porosity 0.62%, energy density 13.33J/mm3; (c) Porosity 0.19%, energy 

density 16.67J/mm3; (d) Porosity 0.12%, energy density 19.05J/mm3.  

Fig 3. 4 shows the cross-sectional optical microscopy images of four sets of 

samples prepared at different energy densities. The number of holes in the cross-section 

gradually decreases as the energy density increases, which is consistent with the results 

measured by Archimedes' method. In addition to the change in the number of holes, the 

morphology is also gradually changing. When the energy density is relatively low, the 

sample cross section has a large number of holes caused by unmelted powder, in 

addition to a large number of interlayer holes caused by insufficient remelting of the 

upper melt pool to the lower pool (Fig 3. 4 a). As the energy density gradually increases, 

the holes caused by the unmelted powder and the interlayer holes gradually disappear 

and are replaced by open holes (Fig 3. 4c-d). As the energy density continues to increase, 
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the sample becomes very dense. So the higher the laser power, the lower the porosity 

of the final sample obtained, which is consistent with the reports in the literature. 

 

Fig 3. 5 XRD and DSC curves of the L-PBFed samples fabricated under different energy 

densities, compared with the original powders. 

                                                                                                                                                                                                                                                                                                                                                                                        

Fig 3. 6 Correlation between the amorphous content/porosity fractions and the energy density of 

L-PBFed samples for mechanical properties test. 

To investigate the connection between process, structure and performance, a series 

of amorphous alloy samples with specific process parameters were prepared, and the 

process parameters are shown in Table 3. 2. Six groups of samples were selected from 
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them for XRD and DSC tests, and the results are shown in Fig 3. 5. Fig 3. 5a shows the 

XRD results of the powder and different samples, and it can be found that the structure 

of L-PBF formed Zr60.14Cu22.31Fe4.85Al9.7Ag3 amorphous alloy is closely related to the 

energy density. When the energy density is less than 11.76 J/mm3, the XRD results show 

complete diffuse scattering peaks, indicating that the sample is completely amorphous; 

when the energy density is 13.33 J/mm3, some low-intensity crystallization phase 

diffraction peaks start to appear on the diffuse scattering peaks of amorphous formation 

Subsequently, the amorphous content of each group of samples was tested using DSC. 

Fig 3. 5b shows the DSC results of the corresponding samples, and it can be found that 

the amorphous content decreases from 87.73% to 72.25% when the energy density 

increases from 11.76 J/mm3 to 19.05 J/mm3. Fig 3. 6 shows the trend of crystallization 

fraction and densification with energy density for all process parameters. The 

crystallization fraction exhibits an overall increasing trend with the increasing energy 

density. And the porosity is below 0.62% with the energy density range from 14.44 

J/mm3 to 19.05 J/mm3. And when the energy density is below 14.44 J/mm3, the porosity 

rapidly increases to 3.39% while the energy density equals 19.05 J/mm3. 

3.3 Morphology characterization 

The structural features of the different lattices were characterized by FF35 X-ray 

computed tomography (CT) (YXLON, Germany) in Fig 3. 7. VEGA 3 scanning 

electron microscope (SEM) (TESCAN, Brno) was used to investigate the surface 

morphology of the printed lattices. 
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Fig 3. 7 X-ray computed tomography system. 

To deeply analyze the manufacturing deviations from the L-PBF process, the 

actual relative densities of the printed lattices were measured by the dry weighing 

method. A wire-cut electrical discharge machining process was used to remove all 

specimens from the platform, and the wire-cut surfaces were then polished 

mechanically with sandpaper. The samples were then weighed after being dried, 

polished, and cleaned. To determine the total volume occupied by a lattice, all 

specimens were measured three times using a vernier caliper. 
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3.4 Measurement of properties 

3.4.1 Compression tests 

 

Fig 3. 8 Compression test machine. 

We used a 68TM-50 universal testing machine (Instron, USA), as shown in Fig 3. 

8, to obtain the room temperature compressive properties of fabricated MG lattices. 

Every test was performed under displacement control with a strain rate of 1.0 × 10-3 

s-1 at room temperature and stopped until totally collapse. Pre-load force were set as 

50N. We used a DSLR camera positioned nearby to record the compression 

deformation behavior of the MG lattices, capturing one image every 2 seconds. 

3.4.2 Electrochemical measurements 

All electrochemical measurements were conducted at 323 K using an 

electrochemical workstation (CHI 660E, Shanghai, China). The electrocatalytic 

performance for both the HER and OER was evaluated in 1.0 M KOH using a standard 

three-electrode setup, with the synthesized catalyst directly serving as the working 
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electrode. Contact angle measurements were performed using a Data Physics OCA15 

instrument, with both water droplets and gas bubbles set to a volume of 4 μL. For OER 

testing, high-purity oxygen was continuously bubbled through the electrolyte to 

saturate the solution and maintain the O₂/H₂O equilibrium potential at 1.23 V vs. RHE. 

For HER testing, high-purity nitrogen was purged through the electrolyte for 30 minutes 

before and during the measurements to remove dissolved oxygen. The polarization 

curves were obtained by linear sweep voltammetry at a low scan rate of 0.5 mV s−1 to 

eliminate the influence of double capacitance. All polarization curves presented in this 

work were undertaken iR-corrected with a level of 90%. The Tafel slope was calculated 

according to the Tafel equation, as follows: η = b log j + a, where η, j, b, and a are the 

potential (V), current density (mA cm−2), Tafel slope (mV dec−1), and intercept, 

respectively. The chronopotentiometry tests were recorded by applying a current 

density of 10 mA cm−2. Electrochemical impedance spectroscopy (EIS) was conducted 

at the open-circuit potential of each sample over a frequency range of 100 kHz to 

0.01 Hz, using an AC voltage amplitude of 5.0 mV. Cyclic voltammetry (CV) 

measurements were performed within a narrow non-Faradaic potential window at 

varying scan rates (20, 40, 60, 80, and 100 mV s⁻¹) to determine the double-layer 

capacitance (Cdl), which was then used to estimate the electrochemically active surface 

area (ECSA). 
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3.5 Computational modeling  

3.5.1 Finite element method 

 

Fig 3. 9 Representative uniaxial compressive stress versus strain response of L-PBF-built Zr-

based BMG. 

To elucidate the strengthening mechanism of the MG lattices, the linear finite-

element (FE) quasi-static compression simulation was conducted to investigate the 

stress distribution by the commercial software COMSOL multiphysics. Mechanical 

properties of 3D-printed Zr60.14Cu22.31Fe4.85Al9.7Ag3 for the FE method are illustrated in 

Fig 3. 9. We simulated experimental compression conditions by placing the BCC 

meshes between two rigid flat plates. The top plates were allowed to move only along 

the Z-axis, while the bottom plates were fixed in all directions (Fig 3. 10). The model 

was meshed using free tetrahedral elements. To account for static friction between the 

plates and the samples, the frictional coefficient was set to 0.15. 
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Fig 3. 10 Shematic diagram of compression process simulation of MG lattices. 

The representative uniaxial compression stress versus strain response was 

presented in Fig 3. 9. The solid parent 3D-printed Zr-based BMG under 19.23 J/mm3 

energy density has a compressive strength of 1509 MPa and Young’s modulus of 

72.0GPa. This data was used for normalizing the compressive strength and elastic 

modulus for MG lattices in this study. 3D printed Zr-based BMG only has the elastic 

stage; thus, the linear explicit finite element method was applied to study the stress 

distribution of MG lattices. And the discussion based on the simulation results only 

focuses on the elastic stage, to ensure the reliability of the simulation results. To analyze 

the elastic stress distribution in Zr-based MG structures under large deformation, we 

adopt a finite-deformation continuum framework, governed by the equilibrium 

equation: 

𝛻 ⋅ (𝐹𝑆)𝑇 + 𝐹𝑣 = 0, 𝐹 = 𝐼 + ∇𝑢 (3.1) 

where the first Piola–Kirchhoff stress tensor S accounts for both additional stress 

contributions and elastic responses through: 
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𝑆 = 𝑆𝑎𝑑 + 𝐽 F (𝐶: 𝜀𝑒𝑙)
−1
𝑖𝑛𝑒𝑙 𝐹𝑖𝑛𝑒𝑙

−𝑇 (3.2) 

Here, the elastic Green–Lagrange strain tensor is defined as 

𝜀𝑒𝑙 =
1

2
(𝐹𝑒𝑙

𝑇 𝐹𝑒𝑙 − 𝐼), 𝐹𝑒𝑙 = 𝐹𝐹𝑖𝑛𝑒𝑙
−1 (3.3) 

For purely elastic analysis of MGs, the inelastic deformation gradient 𝐹𝑖𝑛𝑒𝑙 can be 

assumed to be the identity tensor. 

3.5.2 Finite volume method 

Geometric deviations introduced during the L-PBF process were quantitatively 

assessed using micro-focus computed tomography (micro-CT, ZEISS Xradia Versa610). 

The 3D reconstructed models of the printed lattice structures were imported into 

VGSTUDIO software for fluid permeability and mass transport analysis. Fluid flow 

simulations were conducted using the Navier–Stokes equations for incompressible 

fluids with constant density and viscosity. A pressure gradient of 1 Pa was applied 

across all models, with the outlet pressure fixed at zero to evaluate steady-state flow 

behavior.  

Geometric deviations introduced during the L-PBF process were quantitatively 

assessed using micro-focus computed tomography (micro-CT, ZEISS Xradia Versa610). 

The 3D reconstructed models of the printed TPMS structures were imported into 

VGSTUDIO software for fluid permeability and mass transport analysis. Fluid flow 

simulations were conducted using the Navier–Stokes equations (Eq. 3.4) for 

incompressible fluids with constant density and viscosity. A pressure gradient of 1 Pa 



 

74 

 

was applied across all models, with the outlet pressure fixed at zero to evaluate steady-

state flow behavior.  

𝜌
𝜕𝜐

𝜕𝑡
− (𝜐 ∙ ∇)𝜐 +

∇𝑃

𝜌
− 𝜇∇2𝜐 − 𝐹 = 0 (3.4) 

Where ρ is the density of the transport fluid (kg/m3), υ is the fluid velocity (mm/s), 

and μ is the dynamic viscosity coefficient of the fluid (Pa s); ∇ and P are the del operator 

and pressure (Pa), respectively; and F denotes other forces (gravity or centrifugal force; 

in this case, F = 0). 𝜐 ∙ ∇ = 0. 
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Chapter 4 The enhancement of damage tolerance of 3D-

printed high strength MG lattices by unit cell shape design  

4.1 Introduction 

In future deep space exploration, spacecraft will encounter increasingly complex 

and variable environments. Their internal precision instruments will impose higher 

demands on load-bearing and protective structures. It has already been observed that 

the small size of debris can potentially cause damage to operational space systems. 

Spacecraft architects incorporate implicit protection into the vehicle architecture to 

mitigate the risk of function loss or mission failure resulting from collisions with small 

-sized debris, especially particles ranging from 1 to 5 mm in diameter [172]. Hence, 

Structural materials must meet specific criteria for the mechanical properties of 

advanced aerospace materials, including high strength, impact resistance, and excellent 

energy absorption capabilities. 

Though the above crystallized metallic structural materials boast impressive 

mechanical properties, they fall short of meeting the rigorous requirements of future 

aerospace materials. BMGs hold a prominent position in the realm of spacecraft 

materials due to their advantages such as high hardness, high strength, large elastic 

limits etc. [173], and have become a highly coveted material in both spacecraft 

shielding and advanced structural applications [29, 174-178]. In addition to its excellent 

mechanical properties, BMGs exhibit distinctive functional characteristics [22, 179-

182], including biocompatibility [72], catalytic properties [162], corrosion resistance 
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[72], wear resistance [183], optical properties, soft magnetic properties and energy 

absorption capacity. 

However, research on BMGs structural materials has remained stagnant due to the 

challenges posed by the large-scale production and their inherent brittleness at room 

temperature. Particularly, research regarding 3D-printed structural BMGs as energy-

absorbing materials is rarely reported. In this case, the relationship between the lattice 

structure and damage tolerance, as well as other mechanical properties, remains unclear. 

The exploration of energy absorption in BMG structures is still largely confined to the 

2D or microscopic level [161, 184]. 

Conventional fabrication methods are incapable of producing BMGs with 

complex shapes due to the requirement of having a sufficiently high cooling rate. In 

recent years, the emergence of AM technology, with its layer-by-layer processing 

capabilities, has enabled the production of fully glassy components with intricate 

shapes [185, 186]. This development offers a new approach to address the two 

challenges associated with amorphous alloy forming: size limitations and shape 

constraints [162, 187]. The compressive strength of 3D-printed BMGs (1000-2500 MPa) 

is comparable to that of as-cast BMGs [185]. By utilizing AM technology, structural 

BMGs can be designed and fabricated with tailored mechanical properties to meet the 

specific demands of the aerospace applications. Compared to random foams, lattice 

structures composed of periodic repeating unit cells offer a higher degree of 
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designability and controllability [188], making them more suitable for comprehensively 

summarizing deformation behavior and pursuing higher performance.  

The body centered cubic (BCC) structure is the most common and well studied 

strut-based structure [189]. With its simple configuration, it is suitable for establishing 

the structure-property relationship for new materials. Besides, triply periodic minimal 

surface (TPMS) structures, a novel lattice structure, are intriguing for their 

uninterrupted and sleek surfaces, facilitating extensive surface areas and unbroken 

internal passages. The diamond lattice (D-TPMS) is a type of TPMS structure that 

exhibits superior energy absorption capabilities compared to other TPMS structures 

[190]. TPMS lattice structures offer potential advantages over strut-based lattices in 

terms of manufacturability and mechanical properties, as they exhibit zero mean 

curvature at every point, thereby avoiding stress concentration at the nodes. 

In this chapter, utilizing the AM technology, we fabricated the 3D lattices BMG 

with a strut-based BCC lattice and a sheet-based TPMS lattice. Subsequently, an 

investigation of the compressive deformation behavior of the 3D-printed architectural 

BMG was conducted to establish a structure-property relationship for guiding future 

BMG structural designs. It was found that the issue of extreme brittleness remains a 

significant challenge in the context of BMG lattice structures. The D-TPMS lattices 

failed to demonstrate their superior energy absorption capabilities due to catastrophic 

failure. In contrast, BCC lattices exhibited better adaptability to the brittle BMG due to 

continuous crushing. Drawing inspiration from unit cell designs with the potential to 
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alter deformation behavior, we formulated a novel structural design strategy that 

optimizes unit cell configurations within BCC lattices [191]. The body-centered 

tetragonal (BCT) unit cell can be envisioned as a variation of the body-centered cubic 

(BCC) unit cell, with a slight decrease in height along one direction, where a = b ≠ c. 

As the BCC unit cell transforms into the BCT unit cell, alterations in stress distribution 

within the lattices result in the initiation of microfractures in struts. This leads to the 

progressive formation and propagation of crack bands, thereby avoiding catastrophic 

failure. Subsequently, the proposed design strategy was evaluated in the framework of 

the BCC structure with different strut lengths, and finally achieved the simultaneous 

enhancement of compressive strength and energy absorption capacity. More 

importantly, our strategy effectively changed the failure mode of the structural BMGs, 

marking a significant step toward addressing the challenge of brittleness in BMG lattice 

structures. 

4.2 Methodology 

4.2.1 Manufacture and modeling of lattice structures 

Gas-atomized equimolar Zr60.14Cu22.31Fe4.85Al9.7Ag3 MG powders (ShanDong 

LianHong New Material Technology Co., Ltd China), with a nominal particle size 

ranging from 0 μm to 53 μm, were used in the L-PBF process for the specimen 

fabrication. The powder morphology was observed in scanning electron microscopy 

equipped with an energy disperse spectroscopy (SEM, Sigma 300, Zeiss, Germany) 

detector. Fig 4. 1a shows the spherical MG powders fabricated by the gas atomization 
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process. The SEM results indicate that the powders exhibit good sphericity, uniform 

particle size, and high surface quality, meeting the requirements for L-PBF forming 

experiments. Table 4. 1 presents the comparison between the nominal composition and 

actual composition of MG powders. The MG specimens, including bulk and lattices, 

were manufactured using a selective laser melting system (SLM 125 HL, SLM 

Solutions Group AG, Germany). 

 

Fig 4. 1The design, fabrication of the 3D-printed BMG lattices. (a) The morphology in 

SEM of Zr60.14Cu22.31Fe4.85Al9.7Ag3 MG powder used in the L-PBF approach corresponding 

EDS element maps. (b) 3D-printed BMG specimens. CAD models of the unit cell of (c) BCC 

and (d) D-TPMS.  

 

Table 4. 1 The comparison between the nominal and actual composition of powders. 

Composition Zr Cu Fe Al Ag 

Nominal (%) 60.14 22.31 4.85 9.7 3 

Actual (%) 57.23 27.1 4.95 8.46 2.26 
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In this paper, we have selected a classical strut-based BCC lattice structure and a 

novel sheet-based D-TPMS structure for our initial attempt to integrate MG into cellular 

structures. Printed MG lattices shown in the Fig 4. 1b. COMSOL and Magics software 

were used to create 3D models and slice the 3D stereo-lithography (STL) files for 3D 

printing, as shown in Fig 4. 1c-d. The geometric properties of BCC are shown in Table 

4. 2. These four BCC structures (D0.8L2.8- D0.8L4.0) have cubic unit cells with 

decreasing side lengths so as to obtain diverse porosities (D and L refer to the diameter 

and the length of the structure of the unit cell). The TPMS structure's geometric model 

can be mathematically estimated through implicit methods [192]. This approach 

generates 3D surfaces as the solution of level set function Ф = c, referred to as the c-

level set. The Diamond surfaces of the structure are described by the following 

approximations： 

Φ𝐷(𝑥, 𝑦, 𝑧) = sin(𝜔𝑥) sin(𝜔𝑦) sin(𝜔𝑧) + cos(𝜔𝑥) sin(𝜔𝑦) sin(𝜔𝑧)

+  sin(𝜔𝑥) cos(𝜔𝑦) sin(𝜔𝑧) + sin(𝜔𝑥) sin(𝜔𝑦) cos(𝜔𝑧) = 𝑐 (4.1) 

where x, y and z are spatial coordinates, 𝜔 = 2𝜋/𝑙 and 𝑙 is the length of a unit 

cell.  

A 3D model of the TPMS sheet geometry (Fig 4. 1d) is created by extracting the 

zero-level surface from Eq. 1 in a MATLAB script, i.e., the surface defined by Φ = 0, 

and then offsetting the surface uniformly in both directions. The geometric properties 

of D-TPMS are shown in Table 4. 2. These four TPMS structures have the same cubic 

unit cells with increasing shell thickness to obtain diverse decreasing porosities (T 
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refers to the shell thickness). The porosity of the TPMS was set consistent with the BCC 

lattices to have a better comparison.  

Table 4. 2 Geometrical specifications of the BCC and TPMS lattices. 

Lattice 

sample 

code 

Nominal 

shell 

thickness 

(mm) 

Strut Diameter 

(mm) 

Strut 

length of 

Unit Cell 

(mm) 

Unit cell 

size 

(mm) 

Number 

of cells 

(x,y,z) 

D0.8L4.0 / 0.8 4.0 
2.31× 

2.31×2.31 
(4,4,4) 

D0.8L3.6 / 0.8 3.6 

2.10 × 

2.10 × 

2.10 

(4,4,4) 

D0.8L3.2 / 0.8 3.2 
1.85 × 1.85 

× 1.85 
(4,4,4) 

D0.8L2.8 / 0.8 2.8 
1.62 × 1.62 

× 1.62 
(4,4,4) 

T293 293 / / 
2.5 × 2.5× 

2.5 
(4,4,4) 

T345 345 / / 
2.5 × 2.5× 

2.5 
(4,4,4) 

T403 403 / / 
2.5 × 2.5× 

2.5 
(4,4,4) 

T468 468 / / 
2.5 × 2.5× 

2.5 
(4,4,4) 
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4.2.2 Morphological and microstructure characterization of the 3D-printed BMG 

lattices 

The structural features of the BMG lattices were characterized using FF35 X-ray 

computed tomography (CT, YXLON, Germany). The CT tests were conducted at a 

voltage of 150 kV and a current of 30 μA. To evaluate the densification level of the 3D-

printed lattices, a representative BCC lattice structure with dimensions of 

2.31×2.31×2.31 unit cells was scanned. Commercially available image analysis 

software, VG Studio Max 3.5 (Volume Graphics GmbH, Heidelberg, Germany), was 

employed for further data analysis and visualization. The porosity P of the lattices was 

calculated as 

𝑃 = (1 −
𝜌

𝜌0
) × 100% (4.2) 

where 𝜌 is the density of the structural alloys,  𝜌0 is the densitiy of the bulk 

alloys. 

The phases in the original MG powders and 3D-printed BMG lattices were 

investigated by X-ray diffractometer (XRD, Rigaku SmartLab 9KW, Japan) with a 2𝜃 

range from 20° to 80° and a differential scanning calorimeter (DSC 250, TA, USA) with 

a heating rate of 20K/min. Mechanical properties of 3D-printed BMG were tested in 

accordance with ASTM E9-09, where the compressive strength represents the 

maximum stress at or before fracture for brittle materials. The sample sizes of the BCC 

and TPMS lattices are provided in Table 4. 2. 
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4.2.3 Unit cell shape design on BCC structure to enhance the damage tolerance. 

Since strut-based BMG lattices demonstrate a superior capacity to inhibit the 

expansion of impact-induced crack penetration through local fracture, we initially 

selected the BCC lattice as our baseline model. In the context of macro lattice structure 

design studies, the compressive deformation behavior of the meshes is influenced by 

the coupled mechanisms of bending and buckling. Drastic buckling behavior can be 

mitigated by increasing the bending component through unit cell shape design. Thus, 

to address the inherent brittleness of BMG during compressive deformation, unit cells 

are designed to increase the bending component of the load applied to the struts. These 

specially designed BCT structures (D0.8L3.2-90%- D0.8L3.2-70%) are derived from 

the cubic unit cell: D0.8L3.2, by scaling the unit cell in the z-axis direction using the 

corresponding multiplier α (ranging from 90% to 70%), as depicted in Fig 4. 2b. This 

method of altering the unit cell shape maintains consistent porosity across the entire 

mesh, facilitating meaningful comparisons of different unit cell shapes under the same 

volume fraction. Table 4. 4 indicates the geometrical specifications of the BCT lattices. 

 

Table 4. 3 Geometrical specifications of the BCT lattices. 

Lattice 

sample code 

Unit cell size 

(mm) 

Number 

of cells 

(x,y,z) 

Angles between the 

applied load and the 

beam 

(°) 

Measured 

porosity 

(%) 

D0.8L3.2-

90% 

1.85 × 1.85 

× 1.66 
(4,4,4) 32.47 40.8 
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D0.8L3.2-

85% 

1.85 × 1.85 

× 1.57 
(4,4,4) 31.01 39.2 

D0.8L3.2-

80% 

1.85 × 1.85 

× 1.48 
(4,4,4) 29.50 39.6 

D0.8L3.2-

70% 

1.85 × 1.85 

× 1.29 
(4,4,4) 26.33 39.4 

 

4.3 Results  

4.3.1 Morphological characteristics and microstructure of the 3D-printed BMG 

lattices. 

 

Fig 4. 2 SEM images of the outside surface of 3D-printed BMG lattices:(a) BCC and (b) D-

TPMS.  

Fig 4. 2 a-b illustrates the SEM images of 3D-printed BMG lattices characterized 

by low roughness and a defect-free structure. However, it is noteworthy that some 

residual, unmelted powder adhered to the outer surface, resulting in deviations between 

the measured and designed porosity levels of the lattices. 
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Fig 4. 3 Morphological characteristics of 3D-printed BMG lattices. (a) Three-dimensional pores 

distribution of BCC BMG lattices and (b) data statistics of the number of pores distributed at nodes and 

struts. (c) Three-dimensional surface deviation maps and (d) statistical surface deviation distributions 

of BCC BMG lattices (Dp was the peak surface deviation, 0.102 indicated the intercepts for 90% of the 

cumulative percentage.) 

3D-printed BCC specimens were quantitatively evaluated by the X-ray CT method 

(Fig 4.3 a-d). From the defect volume distribution data presented in Fig 4. 3a, it is 

evident that the internal pores within the fabricated lattice predominantly measure 

below 0.001 mm2, resulting in a mere 0.06% defect volume ratio. This signifies that the 

sample's density exceeds 99.9%. We counted the number of the pores distributed at the 

nodes and struts in Fig 4. 3b, which were 523 and 828, respectively. The distribution 
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histogram indicates that the pores are more likely to appear at the nodes. The 

predominant green coloration within the contours in Fig 4. 3c-d denotes surface 

deviations, which exhibit a commendable acceptability level, with 90% of deviations 

measuring below 0.13 mm. 

Table 4. 3 shows the dry weight of 3D-printed BMG lattices. Due to the different 

structures, the measured average mass ranges from 2.32 g to 4.92 g, and porosities range 

from 59.5%-16.1%. For the four BCC structures, the mass deviations: 𝜂𝑚 =

|𝑚𝑑−𝑚|

𝑚
× 100%,  are below 4%. These deviations came from the error caused by the 

wire cutter and the powder aggregation on the struts and nodes as shown in the SEM 

figures in Fig 4. 3a, which are acceptable results for small dimensions lattices within 

10 mm. 

Mass deviations 𝜂𝑚  in TPMS structures exceed 14%, which is influenced by 

various factors due to their unique shell-based design. To efficiently design the 

geometries, TPMS structures offer inherent advantages but require discretization into 

mesh models for additive manufacturing. Enhanced calculation accuracy is essential. 

Despite the influence from the input mesh model, the large melt pool size and over-

melting during the fabrication process made the residual particles more likely adhere to 

the surfaces; thus, the measured average weights m of TPMS lattices are all bigger than 

the designed md. As the nominal thickness increases, the volume fraction increases, 

while the deviation decreases. One of the primary reasons is that the nominal thickness 

setting is too small compared to the laser spot size (80 µm). The overmelting 
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phenomenon significantly impacts the relative densities. As the nominal setting 

increases, the effect of overmelting decreases, bringing m closer to the designed md. 

The nominal thickness designed in this study is constrained by overall dimensions to 

maintain porosity consistent with the BCC structures. 

Table 4. 4 Geometrical characteristics of the as-designed lattices and mass comparison of the as-

built lattices and as-designed lattices. 

Lattice sample 

code 

Designed md 

(g) 

Measured 

average m (g) 

Deviation 

𝜼𝒎 (%) 

Measured 

porosity 

(%) 

D0.8L4.0 2.41 2.32 ± 0.03 3.88 59.5 

D0.8L3.6 2.05 2.02 ± 0.01 1.49 52.1 

D0.8L3.2 1.71 1.73 ± 0.08 1.16 42.6 

D0.8L2.8 1.36 1.39 ± 0.04 2.16 30.6 

T293 3.04 4.07± 0.01 25.3 41.3 

T345 3.59 4.42± 0.02 18.78 35.8 

T403 4.22 4.97± 0.01 15.09 28.0 

T468 4.92 5.78± 0.01 14.88 16.1 

 

Fig 4. a-b shows the XRD and DSC results of the Zr-based MG powders and the 

3D-printed BMG. The XRD pattern of the powders exhibits a broad halo diffraction 

peak without any detectable crystalline peaks, demonstrating a fully glassy structure. 

The 3D-printed BMG exhibits a similar broad diffraction peak with small crystalline 

peaks on it, with the nanocrystalline maybe induced during the 3D-printng process in 

the heat-affected zone (HAZ) [193]. DSC results also indicate that there exists partial 
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crystallization in the printed BMG. The amorphous content of the 3D-printed samples 

was determined using the equation Am.% = ΔH/ΔHp [43], where Am.% represents the 

fraction of the amorphous phase, and ΔH and ΔHp denote the crystallization enthalpies 

of the printed samples and the original amorphous powders, respectively. From the DSC 

results, it can be inferred that the amorphous content in 3D-printed BMG is 72.25%. 

Generally, the BMG has a smaller amorphous fraction than the porous MG because the 

3D-printed lattice exhibits significantly larger molten pools due to less constraint in S 

regions. 

 

Fig 4. 4 (a) XRD patterns and (h) DSC plots of the 3D-printed BMG and MG powders, 

respectively.  

4.3.2 Mechanical properties of 3D-printed BMG lattices. 

Fig 4. 5 displays the compressive stress-strain curves for BCC lattices and TPMS 

lattices with various porosities. For crystalline ductile metallic lattices, the stress-strain 

curves can be divided into three regions: an elastic deformation region before the first 

peak value is reached, a plateau region combining buckling and bending deformation, 

and a final densification region corresponding to rapid stress increase [194]. When it 
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comes to MG lattices, their compression behavior is similar to that of brittle metallic 

lattices. The stress-strain curves of MG also exhibit three stages, as shown in Fig 4. 5a-

b: an elastic deformation region before collapse strength 𝜎𝑐 (0- I), an extensive failure 

stage characterized by a dramatic drop in stress (I-II), a continuous local failure with 

decreasing low stress (II-III). Fig 4. 5c-j shows the deformations behavior and failure 

mechanisms of diverse porosities BCC lattices and TPMS lattices. For MG BCC lattices 

with high porosities (>50%), the compressive deformation behavior ends at stage II, 

with a single long fracture band throughout the whole structure due to catastrophic 

failure, leading to the stress suddenly dropping to 0 in the stress-strain curves (refer to 

I-II and I’-II’ in Fig 4. 5c-d). The fracture angle measured from SEM figures is 

approximately 45°, consistent with the classical BCC lattice fracture mode. 

Furthermore, as the porosities decrease to less than 50%, the significant stress drop 

observed in stage II is reduced to a lesser extent. This behavior is clearer when the 

porosity decreases to 30.6% (specimen D0.8L2.8), at stage II (I”’-II”’), and this 

dramatic drop is manifested as a single significant reduction rather than multiple 

discontinuous drops. This corresponds to the propagation of multiple crack bands inside 

the structure (as shown in Fig 4. 5f), leading to the beam fracture at various locations 

until the entire structure collapses. The lower porosity introduced here corresponds to 

smaller pore sizes, which hinder the connection of crack bands under loading, thus 

preventing catastrophic failures. However, it remains challenging to completely avoid 

the dramatic stress drops in stage II by controlling pore size and porosity.  



 

90 

 

 Unlike BCC structures that consist of struts and nodes, TPMS structures lack 

nodes, which reduces stress concentrations. From previous FE results of the Diamond 

TPMS structure [190], sheet-based structures exhibit a homogeneous failing manner, 

where all layers demonstrate relatively uniform deformations under applied loads. 

However, due to the brittle materials characteristics, TPMS MG lattices did not behave 

better than BCC structures as expected. They exhibit high strength but with catastrophic 

failure under compression. At porosities higher than 30%, multiple cracks rapidly 

propagate the structures in the loading direction. In Fig 4. 5g-h, we can clearly see that 

the crack bands separate the lattices into several parts. However, since the crack 

propagation direction is parallel to the loading direction, the lattices can maintain 

structural integrity for a while to bear the load in the Z direction. However, due to severe 

damage, the load-bearing capacity is maintained at low-stress levels with a continued 

detachment of the broken parts from the structure. When the porosity decreases below 

30%, the crack band becomes singular, and the fracture angle is 45% (Fig 4. 5i-j). As 

the porosity decreases, the fracture mode of the TPMS MG lattices is contrary to that 

of the BCC MG lattices. Compared with the sheet-based structure TPMS, more stress 

fluctuations occur on strut-based BCC structure, and localized fracture of the struts 

absorbs the compression energy, thus avoiding primary crack generation and rapid 

penetration throughout the sample.  

In summary, when the loading stress exceeds the elastic limit of the brittle material, 

these artificially introduced porous structures dissipate the input energy by proliferating 
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microcracks as the applied strain increases. As the energy in the material is dissipated 

and the stress is relaxed, there is no main crack penetration. This is the result of quasi-

static loading of the porous structure to enhance the deformability and damage 

resistance of brittle materials.  

 

Fig 4. 5 Compressive stress-strain curves of 3D-printed BMGs with diverse porosities: (a) BCC 

lattices (b) TPMS lattices. Deformation behavior and fracture mode of diverse porosities of BCC BMG 

lattices: (c) D0.8L4 (d) D0.8L3.6 (e) D0.8L3.2 and (f) D0.8L2.8 and TPMS BMG lattices (g) T293 (h) 

T345 (i) T403 (j) T468. The red arrow indicates the crack bands.  
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4.3.3 Ashby predicted model.  

 

Fig 4. 6 Mechanical properties of BCC BMG lattices (a-c) and TPMS BMG lattices (d-f): 

Compressive strength, Young’s modulus, Energy absorption versus the measured relative density. 

Comparison on (g) normalized elastic modulus (h) normalized compressive strength.  

Variations in compressive strength σ, Young’s modulus E, and energy absorption 

W with measured porosities of two types of lattices are shown in Fig 4. 6a-c for BCC 

lattices and Fig 4. 6d-f for TPMS lattices. The strength ranges from 50 MPa to 300 MPa 

for BCC lattices and 150 MPa to 450 MPa for TPMS lattices. Young’s modulus E ranges 

from 1.0 to 3.0 GPa for BCC lattices, and from 5.0 to 8.0 GPa for TPMS lattices. Energy 
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absorption capacity, namely the amount of energy absorbed per unit volume of cellular 

solids, is determined by the area under the stress-strain curve up to the densification 

strain: 

𝑊 = ∫ 𝜎(𝜀)𝑑𝜀
𝜀𝑐

0

 (4.3) 

Since the BMG in this study is extremely brittle, the collapse strain 𝜀𝑐 (point III 

in Fig 4. 5) is used instead of the densification strain. If BMG lattices cause catastrophic 

failure and do not have stage III, only the former two stages are considered to calculate 

the energy absorption. Energy absorption requires an optimum combination of large 

collapse strain and high plateau stress. Thus, for the brittle foams, avoiding the abrupt 

stress drop at stage II and extending the plateau region at stage III is vital for enhancing 

the energy absorption ability. 

Based on the classic theory of cellular solids, the structure-property relationship 

of different unit cell MG lattices can be established. The normalized compressive 

strength σ and the normalized elastic modulus E of the porous structure can be 

represented as a function of relative density by power laws [195, 196]: 

𝐸

𝐸𝑆
= 𝐶1𝜌̅𝑛1 (4.4) 

𝜎

𝜎𝑠
= 𝐶2𝜌̅𝑛2 (4.5) 

Where σ and Es are the compressive strength and Young’s modulus of the raw 

material, Zr-based BMG. The exponents n1, n2, along with the coefficients C1, C2, serve 

to characterize the mechanical properties of the distinct geometries of unit cells, and 
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the exponents are more representative since they follow power laws. It is important to 

note that the relative densities of the lattices in this work are measured densities, not 

nominal relative densities. Many previous investigations have used the nominal relative 

density to establish the structure-property relationship, but greater precision is 

necessary, especially when manufacturing errors are significant and must be taken into 

account. It also lacks persuasiveness when compared with other cellular materials in 

terms of nominal relative density, particularly for specimens with significant fabrication 

deviations [197].  

Fig 4. 6g-h shows the normalized elastic modulus and normalized compressive 

strength. In this study, the mechanical properties along the <100> direction are 

calculated because of the anisotropy of lattice structures. For the normalized elastic 

modulus, the fitting exponent of the TPMS structure is 0.872, which is smaller than that 

of the bending-dominated BCC lattices (1.26). The fitting exponents are obtained from 

the nonlinear curve fitting results based on Eq 4.4 and Eq 4.5. The small exponent of 

the TPMS structure means that the compressive modulus decreases were slowly with 

decreased density compared to the BCC lattice, amplifying the advantage in the low-

density range. As an example, based on the fitting equations in Fig 4. 6g, Young’s 

modulus of the TPMS structure is 2.05 times that of the BCC lattice at a relative density 

of about 0.58. Similar experimental results in previous literature indicated that the 

TPMS structure outperforms BCC lattices in regard to the modulus [190]. However, 

unlike most BCC lattices with exponents greater than 2, the BCC MG lattice in this 
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study has a much lower exponent than in previous works. This suggests that BCC 

structures perform better on BMG than expected. For compressive strength (Fig 4. 6h), 

the fitting exponent of the TPMS structure is 2.28, which is also slighter smaller than 

for BCC lattices (2.84). At approximately the same relative density of 0.58, BCC BMG 

lattices even exhibit slightly higher compressive strength than TPMS BMG lattices. 

This result contrasts with findings in other works on ductile materials, such as 316L 

stainless steel and maraging steel [190, 198, 199]. Modest stress fluctuations occur 

during the elastic stage (Stage I) of BCC MG lattices in Fig 4. 5, indicating that some 

small parts of the struts fracture inside the lattices to release the stress. This allows the 

entire lattice to bear more loading until it fails. In contrast, TPMS structures with 

smoother surfaces are less prone to break at stress concentration points for releasing 

internal energy. As a result, their stress curves form straight lines without fluctuations 

during the elastic stage. 

 The above experimental phenomena indicate that for brittle materials, the 

optimum and suitable structure is different due to the different failure mechanism and 

materials characteristics; hence, the structure design strategy cannot follow that of 

ductile cellular materials. A novel design method should be developed based on the 

compression experimental results of BMG lattices, considering the failure 

characteristics of brittle materials.  
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4.3.4 Enhanced damage tolerance of designed unit cell shape BMG lattices. 

 

Fig 4. 7 Schematics of unit cell shape design strategy. (a) compression test and load direction (b) 

BCC unit cell shape design: the original BCC lattice and BCT-90%, BCT-70%. (c) The enhancement of 

damage tolerance of designed lattices.  

It was found that the deformation characteristics mainly depend on the geometries 

of the unit cell rather than the relative density. In this study, the unit cell design is based 

on the original BCC structure (D0.8L3.2). The BCC unit cell was transformed into a 

BCT unit cell, being compressed in the z-direction to different degrees. α represents the 

scaling degree in the z-direction. Detailed geometrical information for the BCT lattices 

is provided in Table 4. 4. Visible enhancements in the damage tolerance were 

investigated through the stress-stain curves with increasing multiplier α in Fig 4. 7 c. 

From the compression results and deformation phenomenon in Fig 4. 8a-b and 

Fig 4. 8c-d, a clear transition from catastrophic fracture to sequential localized fracture 

was observed with the scaling degree. For the BCT structure with a slight scaling degree 
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(𝛼 = 90%), the stress drops to 50 MPa immediately after the compressive strength 𝜎 

reached 136 MPa (Fig 4. 8b). Two main cracks could be seen in the deformation process 

(Fig 4. 8a) at 𝜀 =10%. Two cracks propagated rapidly and divided the lattices into 

several big parts that no longer bear any stress at 𝜀 =15%.  

Table 4. 5 Geometrical specifications of the BCT lattices. 

Lattice 

sample code 

Unit cell size 

(mm) 

Number 

of cells 

(x,y,z) 

Angles between the 

applied load and the 

beam 

(°) 

Measured 

porosity 

(%) 

D0.8L3.2-

90% 

1.85 × 1.85 

× 1.66 
(4,4,4) 32.47 40.8 

D0.8L3.2-

85% 

1.85 × 1.85 

× 1.57 
(4,4,4) 31.01 39.2 

D0.8L3.2-

80% 

1.85 × 1.85 

× 1.48 
(4,4,4) 29.50 39.6 

D0.8L3.2-

70% 

1.85 × 1.85 

× 1.29 
(4,4,4) 26.33 39.4 

In Fig 4. 8d, the designed BCT structure with a large scaling degree (𝛼 = 70%) 

displays an enhanced stress level after the elastic deformation region, which is close to 

the plateau region of the ductile metallic lattices. Multiple small crack bands occur but 

no main crack bands through the entire lattices; thus, no rapid stress drop at stage II 

after lattices reach the compressive strength 𝜎 of 156 MPa. At stage II-III, the stress 

fluctuates from 100 to 140 MPa for a strain rate of approximately 17.7%, corresponding 

to the continuous crushing of the struts. The direction of the crack bands is along the 
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loading direction, thereby maintaining a high-stress level in a long region. The rapid 

stress drop was postponed significantly, and the whole lattices still maintained 102 MPa 

at 𝜀 =25%. 

 

Fig 4. 8 Mechanical performance of designed BCT lattices. (a) Deformation process and (b) stress-

strain curves of the designed BCT lattices with slight scaling degree: D0.8L3.2-90%, D0.8L3.2-85% 
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and D0.8L3.2-80%. (c) Deformation process and (d) stress-strain curves of the BCT lattices with a 

large scaling degree: D0.8L3.2-70%. Increasing energy absorption performance with the increased 

scaling degree of the lattices(e) Absorbed Energy (f) Energy absorption efficiency.  

To absorb more energy when compressed, ideal absorption materials had a long 

plateau. The absorbing ability of porous structures is demonstrated solely by W. The 

energy absorption efficiency, denoted as η, serves as an indicator of the energy 

absorption capacity of engineered lattice structures, relative to the product of the 

maximum stress σ and strain. The value of η can be calculated by[200]: 

𝜂 =
𝑊

𝜎𝜀
 (4.6) 

The BCT lattice possesses a greater energy absorption capability, resulting from 

its unique mechanical deformation behavior, compared to the original BCC structure. 

The absorbed energies of the fabricated BCT MG lattices gradually increased with 

decreasing angles 𝜃  between the applied load and the beam. From Fig 4. 8e, the 

absorbed energy of the original BCC (𝜃 = 33.89 °) is 13.67 MJ/ mm3. As the angle 𝜃 

of the unit cell decreases to 26.33°, the absorbed energy of the BCT lattice is 29.25 MJ/ 

mm3 (almost 2.2 times that of the original BCC). The energy absorption efficiencies of 

the fabricated different BCT MG lattices (Fig 4. 8f) with 30% strain are 26.06%, 29.00, 

and 60.03%, respectively. The results also indicate that the unit cell shape design has a 

significant positive influence on the absorption efficiencies of 3D-printed BMG lattices, 

attributable to the high-stress level in the plateau region. Especially for D0.8L3.2-70%, 

the energy absorption efficiency at 30% is close to the highest energy absorption 
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efficiencies of the amorphous metal nano-honeycomb (70%-90%) [201] and is higher 

than that of the open-cell lattice structure (50%) [200].  

4.4 Discussion 

4.4.1 Principles to improve the damage tolerance of BMG lattices through unit 

cell shape design. 

 

Fig 4. 9 Stress analyses of the designed BCC lattices. (a) FE predicted stress distributions at different 

strains for BCC lattices. (b) Mean value of equivalent stress of N point of the BCC lattice and BCT 

lattices at 1% and 5% overall deformation. (c) Orthogonal cross-section and (d) Force analysis diagram 
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of the BCC unit cell and the BCT unit cell with different scaling degrees: D0.8L3.2, D0.8L3.2-90% 

and D0.8L3.2-70%. (e) FE predicted stress distributions (orthogonal cross-section) at different strains 

for the BCC lattice and BCT lattices: D0.8L3.2, D0.8L3.2-90% and D0.8L3.2-70%.  

Clear enhancement in the damage tolerance of the BCT lattices (Fig 4. 8) was 

observed from the compression results and deformation phenomena in the deformed 

unit cell. In this section, theoretical analysis is used to elucidate the factors behind this 

transformation. To precisely evaluate the mechanical properties like collapse strength 

and elastic modulus through geometry information of unit cells and the intrinsic 

properties of raw material, a basic model was formed based on those deformation 

modes [202, 203]. To better understand the influence of the designed structure on 

mechanical behavior, the load P applied on a z-axis strut is separated by two 

components P1 and P2, where P1 represents the load along the bending direction (Fig 

4. 9c-d), and P2 represents the load along the buckling direction. Obviously, P2 

decreases with decreasing 𝜃  of the unit cell, whilst on the contrary, the bending 

component P1 increases. This tendency is consistent with the other material lattices 

deformation behaviors under compression [191].  

However, a different mechanism is at play when dealing with brittle BMG. The 

increased force P1 induces vertical fracture at various positions inside the lattices, while 

the decreased force P2 reduces the stress concentration in the direction of the diagonal, 

avoiding the fast propagation of the main crack bands. This point is substantiated by 

the numerical results obtained from finite element analysis. From the linear-elastic 

simulation models in Fig 6a, the stress is concentrated on the nodes (N point) of the 
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BCC lattices. The lower mean value of the equivalent stress at point N in the BCT 

lattices at 1% and 5% overall deformation (elastic stage). Fig 4. 9b indicates that the 

D0.8L3.2-70% lattices have lower stress concentration at the N point, consistent with 

the decrease in the component P2. The reasons for the transition of this fracture mode 

can be intuitively determined from the orthogonal cross-section of the stress 

distribution results in Fig 4. 9e. It was found that the maximum von Mises stresses 

observed in the original BCC unit cell were distributed nearby the nodes but formed 

localized high-stress bands along the diagonal line. With the decrease of the component 

P2, higher amounts of high-stress distribution were concentrated in the struts rather than 

the nodes. Low-stress areas were presented between the nodes and struts in the 

D0.8L3.2-70% lattices, acting like a wall that blocks the rapid propagation of cracks 

along the diagonal direction. Hence, multiple crack bands along the vertical direction 

appeared instead of a single crack band along the diagonal.  
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Fig 4. 10 Crack surface and fractography of designed BCC BMG lattices. SEM images of 

exemplary compression test sample after crack initiation: (a)D0.8L3.2-90%: crack propagate along the 

diagonal line (b-c) fracture morphologies: dimple-like pattern. (d) D0.8L3.2-70%: crack propagate 

along the vertical direction (e-f) fracture morphologies: vein-like pattern.  

The transformative crack extending behavior of the BCT lattice can be 

investigated from the fracture surface of the lattices. As shown in Fig 4. 10a, the 

trajectories of the cracks follow the junctions between the nodes and struts, which are 

areas of high von Mises stress, and propagate rapidly along the diagonal direction 

throughout the entire lattice. In D0.8L3.2-90% lattices with larger θ, the fracture surface 

displays a dimple-like pattern (Fig 4. 10b-c), a typical feature of quasi-cleavage brittle 

fracture in MGs. For D0.8L3.2-70% lattices with the smallest 𝜃 (Fig 4. 10d), since 

there is a low-stress area between the nodes and struts, cracks no longer extend along 

the diagonal direction. Instead, they deflect along the vertical direction and are 
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restricted by the porosities, preventing them from propagating throughout the entire 

structure. In addition, a typical fracture (Fig 4.10 e-f) of the molten pool region of MG 

was observed. Many molten droplets were observed in the vein-like structure, 

demonstrating that concentration of elastic energy causes temperature increase over the 

Tg of the MG, while the energy is released in instantaneous fracture, and localized 

remelting occurs. This indicates that the deformation behavior of original BCC lattices 

is just fast crack propagation along the crack band compared to the BCT lattices with 

smaller 𝜃. When the 𝜃 decreases, multiple small crack bands cause incompleteness 

of the structures with the complex stress distribution, and the struts make it easier to 

achieve the elastic limit that causes localized remelting of MP, which bears more 

loading. This result verifies the increased stress level at the plateau region. 
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4.4.2 Applying the present enhancement strategy in the future. 

 

Fig 4. 11 Primary results on applying the present strategy to BCC BMG meshes. (a) the energy 

absorption capacity against compressive strength: the arrow points in the direction of 𝜽 reduction. (b-

c) compressive strength and specific compressive strength comparing the mechanical properties of MG 

meshes with other cellular structures [191, 204-207].  

This work is the first attempt to combine the lattice structures with BMGs to 

achieve high damage tolerance of brittle structural materials with high strength. By the 

introduction of the designed unit cell with almost constant porosity, appreciable 

enhancement of the mechanical properties can be well obtained. 
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Fig 4. 12 An instance of implementing the present strategy for future lattice design to achieve 

improved mechanical performance. The introduced porosity based on original BCC lattices (c) is 

hard to effectively inhibit the intrinsic single crack band of BMG meshes (e, g). Designed BCT BMG 

meshes (d) with multiple crack bands (f) to achieve a better performance (h).  

To verify the viability of the present strategy, we also designed the same shape for 

BCC lattices with different strut lengths and then measured the mechanical properties 

of 3D-printed BMG lattices under compression. Fig 4. 11a exhibits the active influence 

on both absorption energy capacity and compressive strength on BCC lattices with 

different strut lengths. The scatter with the darker color represents the BCT lattices with 

smaller 𝜃. The compressive strength of the original BCC lattice (D0.8L3.6) is 108MPa, 

and when the deform multiplier 𝛼 =70%, the compressive strength increase to 285 

MPa. The absorbed energy also increased by 8.5 times, which is a significant 

improvement. For the D0.8L3.2 BCC structure, we can see that there is a positive effect 

on the energy absorption capacity with the increasing deform multiplier 𝛼 . Thus, 

establishing an accurate structure-property relationship for the present structure 

strategy based on different unit cells is essential to synergistically enhance the 
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compressive strength and damage tolerance for meeting the high-performance 

requirements for energy absorber applications. In comparison with other cellular 

structures (Fig 4. 11b-c), BMG lattices exhibit outstanding strength-to-weight ratios, 

which shows the potential comparable ability of the MG lattices for the high strength 

need in the automobile and aerospace industries.  

The schematic approach, which applies the current strategy for designing strut-

based lattices, is depicted in Fig 4. 12. At room temperature, brittle BMGs have zero 

compressive plasticity (Fig 4. 12a-b). The complex BCC lattices can be simplified as 

2D BMGs with artificial holes (Fig 4. 12e-f). Through unit cell design, the distribution 

of the high-stress bands can prevent the 45° main crack band under compressive loading, 

which leads to catastrophic failure (Fig 4. 12e). After unit cell design, micro cracks do 

not easily penetrate the neighboring pores and the linkage between the main crack and 

the microcracks can be avoided, and multiple small vertical crack bands occur which 

postpone the catastrophic failure (Fig 4. 12f). Small region fracture releases the energy 

concentration, the stress concentration is relaxed, and the stress state becomes complex 

with the variation of the lattices, thus improving the failure resistance of brittle BMG 

meshes. This design method can simultaneously improve compressive strength and 

damage tolerance. However, the structural anisotropy induced by this strategy leads to 

its limitations, as it can only improve the damage tolerance of unidirectional lattice 

structures. 
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4.5 Conclusions 

To sum up, BMG meshes with BCC and TPMS cells were printed using the L-

PBF method. It was found that the deformation behavior of these lattices can be 

summarized into three stages: an elastic deformation region before collapse strength, 

an extensive failure stage characterized by a dramatic drop in stress, and continuous 

localized fracture with a decreasing low stress. Unexpectedly, the BCC structures 

outperform TPMS structures in terms of absorption energy because the multiple 

fractures of the struts release partial energy, thereby postponing the collapse of the 

structures. This result suggests that BCC lattice may be more suitable for highly brittle 

materials than TPMS structure to prevent the fast propagation of the main crack band, 

causing catastrophic failure. 

Based on the influencing effects of the deformed BCC unit cell shape on the 

compressive deformation behavior, BCT lattices with increased multiple cracks were 

designed to enhance the damage tolerance of the lattices effectively. The catastrophic 

failure of the MG lattices was avoided by inducing localized fracture through reducing 

the angle  of the unit cell. Compression test results showed that BCT BMG lattices 

have a positive impact on both absorption energy capacity and compressive strength. 

By employing this design strategy on the BCC MG meshes with different strut lengths, 

the energy absorption of the designed BCT lattices increased by nearly 8.5 times 

compared to the original BCC lattices. Simultaneously, the compressive strength 

increased synergistically by about 2.5 times. These results confirm that our method is 
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effective in mitigating the catastrophic failure of brittle BMGs and enhancing the 

fracture behavior of BMG lattice structures, demonstrating their high potential for high-

strength absorber applications. 
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Chapter 5 High strength bioinspired MG lattices with 

excellent energy absorption 

5.1 Introduction 

Chapter 4 examined the effect of unit size and shape on the damage tolerance of 

MG lattices, demonstrating that structural configuration can markedly enhance their 

energy absorption. However, the absorbed energy did not reach the desired performance 

level. Accordingly, Chapter 5 investigates the use of specialized structures to further 

improve the energy absorption of MG lattices, with the goal of achieving properties 

comparable to those of other metallic materials. 

BMGs often undergo catastrophic failure (Fig 5. 1a-b) instead of elastic buckling 

or plastic yielding, mainly due to strain softening caused by uncontrolled localized 

shear band deformation. Therefore, BMGs have only a limited energy absorption 

capacity in the elastic deformation region, seeking architectural design to alter the 

localized deformation mode is the way to solve this longstanding dilemma (Fig 5. 1c-

d). Bio-inspired structures[208, 209], like the honeycomb pattern [210] found in 

beehives or the hierarchical architecture of nacre (mother of pearl) [211-213], offer 

exceptional energy absorption properties. These natural designs have evolved to 

efficiently manage and dissipate energy, and their principles can be mimicked in 

engineered materials to create robust, lightweight structures [214]. The skeletons of sea 

urchins, one of the most renowned natural biomineralized porous structures, exhibit 

strength-to-weight ratio surpasses that of brick and concrete, attributed to the crack-
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confined effect of their highly porous structure [215], thereby protecting them from 

impacts, fractures, wear, and particularly predator attacks. Butterfly wings are natural 

porous hybrid materials, composed of various components arranged in precise 

geometries and scales to create a unified structure [216]. The topology of its inner 

porous layer maximizes structural stiffness while minimizing weight, thereby 

exhibiting optimized mechanical behavior under bending loads [217]. TPMS-like 

structures are open cell structures that been investigated in the sea urchin spines [218] 

(Fig 5.1e) and butterfly wings[219] (Fig 5. 1f), lightweight materials based on the 

TPMS structure exhibit outstanding performance both in the specific strength and 

energy absorption [190, 220, 221]. This also provides a feasible way for improving the 

energy absorption capability of MGs from the perspective of structural design. 

In this work, by adjusting the unit cell shape and relative densities, we designed 

and prepared four typical TPMS structures: Diamond (D), Gyroid (G), Primitive (P) 

and I-graph-wrapped (IWP) using Zr60.14Cu22.31Fe4.85Al9.7Ag3 MG powders via the 

micro laser powder bed fusion (μL-PBF) technique. We systematically studied the 

deformation process and the failure mode of different TMPS structures during loading 

and compared their specific strength and energy absorption performance. To visualize 

the appearance and propagation of internal fractures during loading, the Digital Volume 

Correlation (DVC) method during in situ XCT compression testing was employed to 

study the failure modes in detail. A long-stress plateau characteristic was observed in 

TPMS MG structures during failure, which contributed to a hybrid ductilization 
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mechanism at both the macro and micro levels. Two bio-inspired TPMS MGs 

simultaneously achieved high strength and excellent energy absorption, representing 

the highest level compared to other similar structural materials. 

5.2 Methodology 

5.2.1 Manufacture and modeling of lattice structures 

Same gas-atomized Zr60.14Cu22.31Fe4.85Al9.7Ag3 MG powders, were utilized in the 

μL-PBF process for fabricating specimens. The MG specimens in chapter 5 were 

produced using a micro-selective laser melting (μL-PBF) system (Han’s Laser M100µ). 

Unlike conventional L-PBF machines, the μL-PBF system features a laser spot size of 

25 μm, which ensures high precision in the printed samples[222]. The system utilizes a 

500W IPG fiber laser and operates under a constant flow of Argon gas. During the entire 

process, the oxygen levels were maintained below 100 ppm. The laser scanning speed, 

power, and layer thickness were set to 1500 mm/s, 150W, and 10 μm, respectively. 

TPMS structures possess a unique characteristic of mean curvature of zero at all 

points, which helps prevent stress concentration—an essential factor for brittle 

materials like metallic glasses to avoid catastrophic failure. The geometric 

characteristics of these TPMS structures are detailed in Table 5. 1. All types of TPMS 

structures are designed with cubic unit cells, featuring progressively smaller side 

lengths to achieve different porosity levels. The shell thickness was kept uniform across 

all structures to ensure that variations in shell thickness did not influence the results. 

The geometric model of the TPMS structure can be mathematically approximated using 
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implicit equations[192]. The Diamond (D), Gyroid (G), Primitive (P), and I-graph-

wrapped (IWP) surfaces are defined by the following approximations: 

Φ𝐷(𝑥, 𝑦, 𝑧) = sin(𝜔𝑥) sin(𝜔𝑦) sin(𝜔𝑧) + cos(𝜔𝑥) sin(𝜔𝑦) sin(𝜔𝑧)

+  sin(𝜔𝑥) cos(𝜔𝑦) sin(𝜔𝑧) + sin(𝜔𝑥) sin(𝜔𝑦) cos(𝜔𝑧) = 𝑐 

Φ𝐺(𝑥, 𝑦, 𝑧) = cos(𝜔𝑥) sin(𝜔𝑦) + sin(𝜔𝑧) cos(𝜔𝑦) + sin(𝜔𝑥) cos(𝜔𝑧) = 𝑐 

Φ𝐼𝑊𝑃(𝑥, 𝑦, 𝑧) = 2[cos(𝜔𝑥) cos(𝜔𝑦) + cos(𝜔𝑦) cos(𝜔𝑧) + cos(𝜔𝑧) cos(𝜔𝑥)]

− [cos(2𝜔𝑥) +cos(2𝜔𝑦) + +cos(2𝜔𝑧)] = 𝑐 

Φ𝑃(𝑥, 𝑦, 𝑧) = cos(𝜔𝑥) + cos(𝜔𝑦) + cos(𝜔𝑧) = 𝑐 (5.1) 

x, y, and z represent the spatial coordinates, while ω = 2π/l, where l denotes the 

length of a unit cell. Using a MATLAB script, four 3D models of various TPMS sheet 

geometries were generated. The process involved extracting the zero-level surface 

defined by Eq 5.1, where Φ = 0, and then uniformly offsetting this surface in both 

directions. 

Table 5. 1 presents the dry weight of the 3D-printed TPMS lattices. The relative 

densities (RDs) range from 10% to 36% due to changes in the form and size of the unit 

cells. The D type and IWP type have larger surface areas compared to the G type and P 

type, resulting in higher relative densities despite having similar sheet thickness levels. 

In this study, the measured RDs were used for analysis, as they are more reliable than 

the designed RDs. 

Table 5. 1 Geometrical characteristics of the TPMS structures in this study. 
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Lattice 

sample code 
Unit cell 

size(mm) 
Number of 

cells(x,y,z) 
Measured 

average m(g) 

Measured 

relative 

densitiy (%) 
2.5P 2.5 (4,4,4) 0.70±0.006 10.22 
2P 2 (4,4,4) 0.850±0.002 12.39 

1.5P 1.5 (4,4,4) 1.13±0.001 16.60 

1P 1 (4,4,4) 1.55±0.001 22.62 

2.5G 2.5 (4,4,4) 0.93±0.005 13.54 

2G 2 (4,4,4) 1.07±0.005 15.70 

1.5G 1.5 (4,4,4) 1.42±0.004 20.74 

1G 1 (4,4,4) 1.99±0.008 29.19 

2.5D 2.5 (4,4,4) 1.08±0.007 15.80 

2D 2 (4,4,4) 1.39±0.000 20.37 

1.5D 1.5 (4,4,4) 1.66±0.001 24.32 

1D 1 (4,4,4) 2.47±0.013 36.15 

2.5IWP 2.5 (4,4,4) 1.20±0.001 17.60 

2IWP 2 (4,4,4) 1.33±0.003 19.44 

1.5IWP 1.5 (4,4,4) 1.79±0.008 26.21 

1IWP 1 (4,4,4) 2.47±0.013 36.16 

 

5.2.2 In situ compression test and fracture behavior analysis  

In this study, we employed the Digital Volume Correlation (DVC) technique to 

examine the deformation and damage processes of TPMS MG structures. Unlike ductile 

materials, where plastic deformation is the primary mode of deformation, cellular BMG 

structures experience deformation primarily through brittle fracture. As a result, 

conventional testing methods struggle to capture the complex fracture behaviors, as 

techniques like digital image correlation (DIC) can only assess surface strain. DVC, an 

extension of 2D DIC, tracks 3D displacements of naturally occurring microstructural 



 

115 

 

features under load and maps strains using correlation algorithms. Therefore, DVC is 

the most suitable technique for investigating and analyzing complex fracture 

deformations within and throughout the porous structures.  

The DVC procedure relies on 3D models reconstructed from X-ray computed 

tomography (CT, XPloreVista 2000). CT scans were performed at a voltage of 150 kV 

and a current of 110 μA under various compression strains. With a voxel size of 3.213 

μm, the scans were able to capture detailed microstructural features. Scanning was 

performed at each failure stage by pausing the load and allowing it to remain static for 

1 hour for CT imaging. A total of 5-6 stages were analyzed for each TPMS structure. 

To analyze the failure mechanisms of TPMS structures, we conducted linear quasi-

static compression simulations using the Structural Mechanics simulation module in 

the commercial software VGSTUDIO MAX. The solid parent material, a 3D-printed 

Zr-based BMG with the same printing parameter as the TPMS structures, has a 

compressive strength of 1509 MPa and a Young’s modulus of 72.0 GPa. These 

parameters were used as the material properties in the simulation. By using the actual 

3D reconstruction model rather than the design CAD model, we eliminated the effects 

of fabrication deviations. The minimum element size was set to 4 voxels, and the 

applied load was maintained at 1 kN.  



 

116 

 

5.3 Results 

5.3.1 Microstructure and morphological characteristics of the 3D-printed TPMS 

lattices 

 

Fig 5. 1 Design and preparation of bioinspired TPMS structures for enhancing the absorbed 

energy of brittle BMG. (a-b) BMG exhibit room temperature brittleness. (c-d) 3D-printed TPMS MG 

structures exhibit ductile-like deformation with enhanced energy absorption. SEM images of TPMS-

like structures found in nature: (e) sea urchin skeleton (reproduced with permission from [218] 2020, 

Elsevier); and (f) butterfly wings (reproduced with permission from [219] 2017, Wiley). Four 

bioinspired (g) D-, (h) G-, (i) P-, (j) IWP-type TPMS structures: (i) CAD models of structure with (ii) 
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corresponding SEM images of the 3D-printed structures with the outside surfaces. The scale bar is 500 

μm.  

As shown in Fig 5. 1g-j ii, the TPMS structures demonstrate excellent surface 

quality, which is attributed to the finer laser beam size and smaller layer thickness. The 

sheet thickness of the TPMS structures, as measured in the SEM images, ranges from 

100 to 120 μm across different unit cell types (Fig 5. 2), with only slight variations 

within the error range. Fig 5. 3 also displays the corresponding EDX mapping diagrams 

for each structure type, revealing a uniform distribution of the five elements without 

noticeable segregation areas or significant differences among the various TPMS 

structures. Overall, the high printing quality ensures that the mechanical performances 

are not compromised by defects or atomic-scale variations. 
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Fig 5. 2 SEM images of the outside surface of 3D-printed TPMS lattices, demonstrating high 

printing precision and good surface quality, with minimal unmelted powder adherence. Scale bar is 

500um.  

 

Fig 5. 3 SEM images of (a) D-, (b) G-, (c) P-, (d) IWP-type structure and corresponding (b-h) 

EDX mapping images. Scale bar is 500um.  

The base material of MG powders is highly sensitive to the energy density input 

and heat accumulation during the 3D printing process. Excessive beam power can lead 

to severe crystallization of the printed specimen, while improper layer thickness or 

scanning strategies can cause heat buildup in the heat-affected zone. To assess the 

impact of various unit cell shapes and volumes on the amorphous content, the 

amorphous content (Am.%) of the 3D-printed TPMS structures can be assessed by DSC 

curves (Fig 5. 4). As shown in Fig 5. 5, the structures generally exhibit a high 

amorphous level of approximately 80%, with the P-type structure featuring a unit cell 

size of 2.5 achieving an especially high amorphous content of 88%. Fig 5. 6 displays a 
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representative crystalline region (i.e., heat-affected zone, HAZ) and a fully amorphous 

region (molten pool, MP) within a printed MG lattice. In the HAZ region, spherical 

nanocrystals with diameters ranging from 50 to 200 nm are randomly distributed. The 

majority of nanocrystals in the HAZ are under 50 nm in diameter, while a few larger 

nanocrystals, between 150 and 200 nm, are found near the boundaries. Compared to 

BMG with amorphous content over 92%[187], the smaller size of these nanocrystals 

and the narrower width of the HAZ region are notable. This is likely due to the porous 

structure, which helps to reduce thermal accumulation to a certain extent. 

 

Fig 5. 4 DSC curves of the TPMS MG lattices: (a) P-type, (b) D-type, (c) IWP-type, (d) G-type.  
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Fig 5. 5 Variations of Amorphous content of the 3D printed MG TPMS structures with different 

type and RD. (a) Volume of the cubic, (b) Measured relative densities and (c) Amorphous content of 

the printed different type TPMS MG structures.  

 

Fig 5. 6 Microstructure Characterization of L-PBFed MG lattices. (a) TEM bright-field images 

show the molten pool (MP) and heat affected zone (HAZ). (b) The selected area electron diffraction 

(SAED) pattern of MP and HAZ, respectively.  
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5.3.2 Mechanical performance of 3D-printed TPMS lattices. 

 

Fig 5. 7 Mechanical behavior of the TPMS MG structures. Stress-strain curves of the different type 

TPMS MG structures with diverse relative densities: (a) P-, (b) G-, (c) D- and (d) IWP. Energy 

absorption efficiency of the different type TPMS MG structures with diverse relative densities: (e) P-, 

(f) G-, (g) D- and (h) IWP.  
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The compressive stress-strain curves of TPMS lattices with different porosities are 

shown in Fig 5. 7a–d. Unlike ductile materials, which exhibit a plateau region 

characterized by a combination of bending and buckling deformation after the elastic 

stage, MG meshes release energy through brittle fracture while maintaining high stress 

levels. As shown in Fig 5. 7, different TPMS structures exhibit distinct compressive 

behaviors. For instance, P-type structures experience catastrophic failure, while other 

types display a certain degree of damage resistance. Upon reaching compressive 

strength, the MG structure undergoes its first fracture, which significantly determines 

its energy absorption capacity and damage tolerance. Here, the extent of the first stress 

drop is used to compare the effect of the initial fracture on the failure mode of different 

types of structures. It is calculated as the ratio of the stress drop at the first fracture to 

the compressive strength. Another important factor is the propagation path of the crack. 

The P-types show a slight stress drop at the first fracture, but the stress quickly 

decreases to zero, indicating a poor damage tolerance.  

Failure mode dominates the energy absorption efficiency. Fig 5. 7e-h illustrates 

varying trends in η across different TPMS types and RDs. Overall, the stress-strain 

curve is largely governed by the fracture mode, which significantly impacts on the 

energy absorption efficiency, resulting in distinct behaviors across different structures. 

In the next section, we examine the fracture modes shown in Fig 5. 9 to further explain 

the varying behavior of η. 
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Fig 5. 8 Mechanical performance comparison. (a) Ashby map of the compressive strength based on 

the varying RDs of TPMS structures. (b) Ashby map of the elastic modulus based on the varying 

relative densities of TPMS structures. Mechanical performance comparison among the different types 

of TPMS MG structures: (c) Specific strength, (d)SEA.Fig 5. 8a illustrates the variations in 

compressive strength with the measured relative density (RD) for the four types of 

TPMS structures. The D-type and IWP-type MG structures clearly outperform the G-

type and P-type in terms of strength. For compressive strength, the fitting curve 

exponents for the G-type and P-type MG structures are slightly lower, highlighting 

their advantage in the low-density range. However, in the high-density range, the D-

type and IWP-type structures exhibit exceptionally high strengths exceeding 200 

MPa. Young’s modulus ranges from 0.8 to 5.7 GPa (Fig 5. 8b), which is relatively 
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low compared to metallic cellular materials, contributing to the large elastic limit of 

the BMG.  

5.3.3 Failure mode of different 3D-printed TPMS lattices. 

 

Fig 5. 9 Deformation behaviors and fracture modes of BMG lattices with different TPMS 

structure. Stress-strain curves of different unit cell type with the same unit cell size: (a)2.5-P (b) 2.5-

IWP (c) 2.5-G (d) 2.5-D, corresponding images of fracture process captured from the four stages: (i) 

compressive stress (ii) first fracture (iii) strain at 0.3 (iv) strain at 0.5 (for (a)2.5-P specimen, (iii) strain 

at 0.15 (iv) strain at collapse). The scale bar is 4 mm.  

From Fig 5. 9a-d, it is evident that different types of TPMS structures exhibit 

distinct stress-strain curves, indicating that the unit cell shape significantly affects their 

mechanical performances. The differences are primarily due to the various failure 
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modes. Here, we compare different types of TPMS structures with the same unit cell 

size of 2.5mm. As shown in Fig 5. 9a, the P-type MG structure exhibits catastrophic 

failure, with cracks quickly propagating through the entire structure after the elastic 

stage, characterized by typical 45° shear fractures (Fig 5. 9a iii). In Fig 5. 9b, the IWP-

type MG structure exhibits a hybrid failure mode. Initially, shear fractures cause a 

dramatic stress drop (Fig 5. 9b ii), followed by continued fractures around the shear 

crack band (Fig 5. 9b iii), leading to a continuous collapse with a slight increase in 

stress (Fig 5. 9b iv). Due to the severe damage at the first fracture, the stress during the 

collapse stage remains very low. Thus, preventing severe first fracture is a critical 

challenge. The G-type and D-type MG structures exhibit a layer-by-layer collapse mode 

(Fig 5. 9c-d). Fractures typically initiate at the upper load surface (Fig 5. 9c ii, Fig 5. 

9d ii), causing a smaller stress drop at the first fracture. This initial fracture leads to a 

continuous stress drop as new fractures develop within the first layer (Fig 5. 9c iii, Fig 

5. 9d iii). As loading progresses to subsequent layers (Fig 5. 9c iv, Fig 5. 9d iv), the 

stress increases again, maintaining structural integrity. Consequently, the entire 

structure shows a generally stable stress level during compression, with periodic 

fluctuations.  
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Fig 5. 10 Deformation behaviors and fracture modes of 2:1 aspect ratio MG lattices with different 

TPMS structure. Stress-strain curves of different types of TPMS lattices: (a)2.5-P (b) 2.5-IWP (c) 2.5-

G (d) 2.5-D, corresponding images of fracture process captured from deformation stages. 

Fig 5. 10 further elaborates the mechanical behavior on the 2:1 aspect ratio MG 

lattices with varying unit cell shape. The results indicate no significant differences; 

the fracture modes remain consistent with those observed in the 1:1 aspect ratio 

samples 
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Fig 5. 11 Deformation behaviors and fracture modes of BMG lattices with different unit cell size. 

Stress-strain curves of same unit cell type with increasing RD (e) 2.5-IWP (f) 2-IWP (g) 1.5-IWP (h)1-

IWP, corresponding images of fracture process captured from the four stages: (i) compressive stress (ii) 

first fracture (iii) strain at 0.3 (iv) strain at 0.5. The scale bar is 4 mm.  

Increasing the RD of the MG structure is an efficient way to lower the first stress 

drop degree in Fig 5. 12, so there is a clear trend of a greater stress drop with decreasing 

RD. A significant transformation in the failure mode is observed in the IWP structure 

(Fig 5. 11 a-d) as the RD increases. As the RD increases from 0.175 to 0.361, the degree 

of the first stress drop decreases, leading to a higher plateau stress. This improvement 

is due to a change in the failure pattern: the main crack band initially forms diagonally 

(Fig 5. 11a ii-iv) but shifts to a horizontal direction (Fig 5. 11b ii-iv) with higher RD. 
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A diagonal crack band signifies extensive damage to the structure, impairing load 

bearing ability during deformation. In contrast, a horizontal crack band indicates that 

the fracture occurs within a single layer, allowing the remaining parts of the structure 

to maintain their integrity. Consequently, the structure can support the load throughout 

the deformation process until collapse. Notably, Fig 5. 11d shows that the 1-IWP MG 

structure with the highest RD exhibits a significantly high stress level after the elastic 

deformation region, demonstrating a pseudo-ductile fracture. During the collapse of 

each layer (Fig 5. 11d ii), multiple high-frequency stress fluctuations are observed, 

corresponding to the propagation of local cracks along the TPMS walls. This behavior 

resembles the formation of multiple micro shear bands (Fig 5. 11d iii), resulting in a 

jagged stress curve similar to the plastic deformation of solid BMGs. Additionally, a 

second reinforcement stage (Fig 5. 11d iv) is observed after the stress fluctuation phase 

in the 1-IWP MG structure, further enhancing its load-bearing and energy absorption 

capacities. This phenomenon is discussed in the next section with reference to the DVC 

analysis. 
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Fig 5. 12 First Fracture degree of different of the printed different type TPMS MG structures. 

 For the P-type MG structure, which experiences catastrophic failure, the value 

of the 𝜂 peaks (Fig 5. 7e) at the compressive strength limit (elastic limit) and drops to 

zero as the structure collapses, indicating that there is no energy absorption during the 

failure process. Ideal energy-absorbing materials feature a long plateau at a high stress 

level throughout the deformation process, thus the energy absorption behavior after the 

elastic stage is more crucial. The G-type MG structures with a layer-by-layer fracture 

mode exhibit stable energy absorption performance (Fig 5. 7f). The 1-G specimen 

maintains approximately 60% of its energy absorption capacity throughout the fracture 

process until a strain of 0.8 is reached, which is comparable to ideal open-cell absorbers. 

The energy absorption performance of D-type (Fig 5. 7g) and IWP-type (Fig 5. 7h) 

structures shows a dependence on RD, with improved efficiency observed in MG 
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structures with higher RD. MG structures with lower RD (unit cell sizes of 2 and 2.5) 

show a decreasing trend in energy absorption after reaching compressive strength, due 

to severe initial fractures. The 𝜂 of 2.5-IWP MG structures at strain levels of 0.2 and 

0.6 are 30% and 40%, respectively. MG structures with the highest RDs show high 𝜂 

values, with the 𝜂 of 1-D MG structures at strain levels of 0.2 and 0.6 reaching 54% 

and 68%, respectively, increasing with the failure process. For the 1-IWP MG structures, 

𝜂 values at strain levels of 0.2 and 0.6 are 66% and 63%, respectively, demonstrating 

stable high efficiency during the whole deformation process. Both types of structures 

exhibit excellent average energy absorption efficiency, exceeding 60% throughout the 

entire deformation stage, which surpasses most open-cell lattice structures. 

The high specific strength of the MG significantly enhances its energy absorption 

capacity. While most lightweight metallic materials achieve ideal specific energy 

absorption (SEA) by being soft and easily deformable, resulting in generally lower 

strength. This result demonstrates that high strength and excellent energy absorption 

can be achieved simultaneously with BMG. As shown in Fig 5. 8 c-d, both 1-IWP and 

1-D MG specimens achieve a high specific strength exceeding 0.08 MPa/kg/m³, along 

with an outstanding SEA of approximately 30 kJ/kg. The results indicated that the 

influence of unit cell shape and unit cell size on the absorption efficiencies of TPMS 

MG structures is substantial. 
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5.4 Discussion 

5.4.1 DVC and FE analysis based on in situ X-ray computed tomography 

 

Fig 5. 13 Stress-strain curves of 1-IWP and 1-D MG structures.  

 

Fig 5. 14 Stress distribution FE simulation based on the CT- reconstruction TPMS structures 

under the different deformation stage. Stress distribution at the original states of 1-D MG structure: 

(a-b) and 1-IWP MG structure: (e-f). Stress distribution at the fractured states of 1-D MG structure: (c-

d) and 1-IWP MG structure: (g-h).  
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The D-type and 1-IWP-type MG structures exhibit exceptional SEA and specific 

strength due to their high damage tolerance. Fig 5. 13a shows the stress-strain curves 

for these two MG structures, highlighting their differences. The 1-D MG structure 

exhibits a significant stress drop at the first fracture, followed by a continuous upward 

trend in stress. In contrast, the 1-IWP MG structure shows a relatively flat decreasing 

trend with slight fluctuations in stress. The two distinct behavior stages marked in Fig 

5. 13a were analyzed using stress distribution FE simulations. Fig 5. 14a and 5. 14e 

display the stress distribution of the 1-D and 1-IWP MG structures at their initial states. 

Compared with the 1-IWP MG structure, the 1-D MG structure shows a more 

concentrated stress distribution (Fig 5. 14b), which explains its greater susceptibility to 

severe initial fractures as it releases significant stress concentrations. In contrast, the 1-

IWP structure exhibits a more homogeneous stress distribution (Fig 5. 14f), which helps 

avoid severe initial fractures. After fracturing, the stress concentrations are somewhat 

relaxed in both MG structures. Notably, in the 1-D MG structure (Fig 5. 14d), the peak 

of the high stress concentrations has dissipated, yet higher von Mises stress (Fig 5. 14c) 

remains in the non-fractured regions compared to the 1-IWP structure (Fig 5. 14g). This 

is due to the extensive small localized fractures in the 1-IWP structure, which result in 

a more fragmented overall structure that bears relatively lower stresses (Fig 5. 14h).  

The fracture mode analysis based on images captured during compression tests, is 

limited to 2D observations and cannot effectively capture the complex crack 

propagation within 3D cellular structures that extends beyond a single plane[223]. 



 

133 

 

Therefore, this study employs in situ Digital Volume Correlation (DVC) analysis to 

observe the deformation process of structural materials in 3D space, offering a more 

comprehensive understanding of the fracture mechanisms in these TPMS structures. 

 

Fig 5. 15 DVC analysis based on the in situ X-ray CT of TPMS MG structures. The force–

displacement curves of (a)1-D and (c)1-IWP specimens from in situ compression tests. (b) Strain 

distribution diagrams of deformations stages of 1-D specimen (from first fracture stage) obtained from 

DVC calculations. (i) force at 863N, (ii)1805N, (iii) 1331N. (d) Strain distribution diagrams of 

deformations stages of 1-IWP specimen (from first fracture stage) obtained from DVC calculations. (i) 

force at 3035N, (ii)2466N, (iii) 2549N. Deformation stages corresponding to the curve with highlighted 

data points in (a) and (c).  
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Fig 5. 16 In-situ compression X-ray CT test. (a)Schematic diagram. (b) X-ray projection images of 

deformation stages of 1-IWP specimen corresponding to the curve with highlighted data points in Fig 

5.15 (a). (c) X-ray projection images of deformation stages of 1-D specimen corresponding to the curve 

with highlighted data points in Fig 5.15(c).  

A similar stress variation trend was exhibited in the in-situ compression tests 

compared to the ex-situ measurements of 1-D structures (Fig 5. 15a) and 1-IWP 

structures (Fig 5. 15c). For the 1-D MG structure, the first fracture causes a significant 

force drop to 863 N. Corresponding projection images (Fig 5. 16b iii) reveal a single 

crack band oriented diagonally. However, the 3D strain diagram (Fig 5. 15b i) shows 

that, while the diagonal crack damages most of the structure, it does not extend 

throughout the entire volume, stopping near the bottom. During the compressive 

process (Fig 5. 15b ii), the crack does not continue along the original diagonal path. 

Instead, a new crack band forms along a different diagonal direction, interfering with 

the progression of the primary crack. This critical turning point prevents catastrophic 

failure and significantly affects the level of subsequent stresses. To better understand 
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this crack propagation mechanism, we simulated the stress distribution in the 1-D 

structure following the first fracture. 

 

 

Fig 5. 17 Stress distribution at the first fracture stage obtained from FEM results:(a) 1-IWP, (b) 1-

D. 
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Fig 5. 18 X-ray reconstruction slice of the damage bands appeared in the last deformation stages: 

(a) side view (b-c) top view of 1-D specimen, (d) side view (e-f) top view of 1-IWP specimen.  

As shown in Fig 5. 17b, the stress is concentrated on a plane roughly perpendicular 

to the original crack plane, with lower stress levels around the original crack tip. These 

finite element method (FEM) results align with observations of secondary crack 

formation during the in-situ compression test. This fracture behavior coincides with the 

crack propagation mechanism in all-brittle systems[224], if a plane of weakness or 

potential cleavage exists and is approximately perpendicular to the plane of the original 

crack, this interface may fracture and create a secondary crack, thereby hindering the 

progression of the primary crack. The crack continues to propagate along these two 

directions, as shown in Fig 5. 15b iii, resulting in ongoing local fractures that reduce 

the stress level in a limited area. Another turning point occurs at the final deformation 

stage (Fig 5. 15a), where the stress begins to increase without a stress drop, and a 

vertical damage band becomes visible as seen in Fig 5. 18a. Damaged bands found in 

architected ceramics have proved essential in enhancing the energy absorption capacity 

[225, 226]. In Fig 5. 18b-c, the development of these damage bands, driven by 

microfractures and local jamming, leads to fragments becoming lodged within the 

porous structure, causing further densification under load. The displacement vector 

diagram in Fig 5. 19 reveals a clear interface: the displacement vectors of the upper and 

lower portions of the fracture surface move in opposite directions, both converging 

towards the fracture surface. This movement continuously compresses the central 

vertical damage bands, leading to gradual crushing and effective energy dissipation.  
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Fig 5. 19 Displacement vector diagrams of (a) 1-D specimen and (b) 1-IWP specimen corresponding 

to the strain distribution diagrams from Fig 5.15 b and d. 

 1-IWP TPMS MG lattices also exhibit excellent energy absorption capacity 

due to their ductile-like plateau stress level during the deformation process. Unlike 1-

D lattices, 1-IWP MG lattices demonstrate a layer-by-layer collapse without a large 

main crack band extending through the entire structure. Hence, there are no dramatic 

stress drops during deformation; instead, the fractures appear to be localized in the 

upper layer (Fig 5. 15d i) and then slowly propagate to the next layer (Fig 5. 15 ii). In 

Fig 5. 15d i, the first fracture is localized within the upper layer, and there is no clear 

stress concentration after the initial fracture (Fig 5. 17e) during the loading process. As 

a result, multiple localized fractures continuously occur (Fig 5. 15 iii) while 

maintaining a high stress level. In Fig 5. 18d, localized crack bands are evenly 

distributed throughout the structure with no obvious locations of aggregation. From the 

top view, some traces of the initial formation of the damage bands can be seen in Fig 5. 
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18e-f. Due to the decentralized location of the crack bands, it is more difficult for 1-

IWP structures to form extensive damage bands, tut it has the advantage of more 

uniform structural deformation.  

 

Fig 5. 20 SEM images of the fractured specimen with (a) shear bands and (b) jamming of the 

fractured fragments.  

By examining the SEM images of the MG structures after the compression test, 

we can clearly observe that a large fragment (red-shaded region in Fig 5. 20) is jammed 

by the surrounding structure. Additionally, we find a surprising number of shear bands 

(Fig 5. 20) appearing in the undamaged regions around the fractured fragments. MG 

exhibits macroscopic brittleness but has been shown to exhibit plastic deformation at 

the micro-level, primarily through highly localized shear. Its plastic deformation 

capacity is closely related to the formation, expansion, and proliferation of shear 

bands.[227]. One significant external factor influencing plastic deformation in MG is 

the stress state[228]. Due to the fragments being jammed in the pores, the stress state 
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surrounding the damage bands becomes complex and non-homogeneous, which more 

readily facilitates the nucleation of shear bands. 

Overall, these two MG structures exhibit different fracture modes, yet both achieve 

excellent energy absorption efficiency. It is crucial to avoid severe initial fractures that 

can cause extensive structural damage; instead, localized fractures should be managed 

to allow uniform deformation, stress release, and maintenance of stress levels. Even if 

the primary crack band causes significant damage, damage bands can form at the 

fracture interfaces under continued loading. Fractured fragments may become lodged 

in the pores, leading to ongoing defragmentation. Energy dissipation occurs through the 

reorientation, friction, and deformation of these fragments within the damage bands, 

while the remaining intact structure maintains high strength. At the microscopic level, 

the complex stress state triggers the formation of multiple shear bands in MGs, reducing 

the occurrence of brittle fractures and allowing the structure to undergo complete 

compression to the densification stage (Fig 5. 20). 

5.4.2 Ductilization mechanism of Bio-inspired TPMS MG 
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Fig 5. 21 Crack features and fracture morphologies of P- and D-type MG lattices. (a) P-type MG 

lattices with simple fracture. (b-c) A few shear bands on the shell near the fracture surface and the 

corresponding fracture morphology. (d) D- type MG lattices with damage bands formed during 

compression. (e-f) Numerous shear bands on the shell within the damage band zone and the 

corresponding fracture morphology.  

To better understand the ductilization mechanism during the collapse process, two 

typical MG lattices were selected to observe fracture morphologies at the 

microstructural level. Fig 5. 21a shows the simple fracture of the P-type MG lattice 

without further interaction of fractured fragments. Only a few parallel shear bands were 

observed on the shell (Fig 5. 21b), indicating the limited plasticity of the MG. A dimple 

structure, commonly observed in brittle Zr-based BMGs[229], was noted in the 

corresponding fracture morphology (Fig 5. 21c). Fig 5. 21d shows the macro damage 

bands formed during the fracture of the D-type lattice. Numerous shear bands, 

displaying bifurcation, were observed on the shell, indicating strong interactions 

between shear bands (Fig 5. 21e). The fracture morphologies exhibit typical vein 

patterns and multiple droplet traces (Fig 5. 21f), suggesting localized remelting and 

more complex deformation behavior, which dissipates additional energy. 
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Fig 5. 22 Schematic diagram of a hybrid ductilization mechanism of Bio-inspired TPMS 

structure at macro and micro level. (a) elastic deformation. (b) localized fracture and microcracking. 

(c) damage band formation. (d) damage band propagation and further densification. (e) emergence of 

multiple shear bands induced by the complex stress fields.  

From the analysis combining the fracture mode and fracture morphology, we 

recognized this is a hybrid ductilization mechanism during the 1-IWP and 1-P MG 

structures deformation process. At the macro level, damage bands formed by localized 

fractures result in fractured fragments jamming inside the pores, creating a jamming 

zone (Fig 5. 22c). Further densification (Fig 5. 22d) of these jammed fragments—

through processes such as fracture reorientation, friction, and deformation—continues 

to dissipate energy while maintaining a high stress level. At the micro level, localized 

fractures and the formation of damage bands lead to structural heterogeneity. This 

results in complex stress distributions and stress fields. Under a multi-axial stress state, 

MG exhibits ductile-brittle transition behavior, which promotes the emergence of 

numerous shear bands (Fig 5. 22e). This hybrid mechanism, operating at multiple scales, 

results in amorphous toughening and mutually reinforces itself. Macroscale fracture 

modes initiate damage bands, which in turn stimulate the formation of nanoscale shear 

bands. The interaction of these multiple shear bands further prevents large-scale 

fractures from occurring at the macroscale. 
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5.4.3 Advantages on utilizing MG as the absorber materials. 

 

Fig 5. 23 Mechanical properties comparison for various cellular materials.(a) The comparison 

diagram of specific energy absorption versus specific compressive strength for various cellular 

materials. (b) Comparison of SEA of various cellular materials[206, 225, 230-232].  

The hybrid ductilization mechanism enables the TPMS MG lattices to achieve 

ductile-like failure modes, expanding their potential structural applications. Once the 

catastrophic failure of BMGs is ameliorated, they can be utilized as energy-absorbing 

structural materials in many engineering applications. SEA is a common factor that is 

used to evaluate its energy absorbed capacity. The SEA data for TPMS MG lattices and 

other cellular materials are compared in Fig 5. 23a. The SEA of TPMS MG lattices 

exceeds 30 kJ/kg, which is notably high among cellular metallic materials and surpasses 

that of ceramics and polymers with similar structures. Additionally, when considering 
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specific strength, as shown in Fig 5. 23b, TPMS MG lattices are positioned in the top 

right corner of the graph. These results suggest that TPMS MG lattices are strong 

candidates for the next generation of energy-absorbing materials, combining both high 

strength and excellent energy absorption capabilities. 

5.5 Conclusions 

In this chapter, BMG lattices with four bioinspired TPMS structures were 

fabricated using the μL-PBF method. The 3D-printed MG lattices demonstrated high 

precision and excellent fabrication quality, exhibiting remarkable energy absorption 

capacities and high compressive strength. The exceptional energy absorption of the MG 

TPMS lattices is attributed to controlling the fracture mode, thereby avoiding 

catastrophic failure and achieving macro-plasticity comparable to that of ductile 

metallic materials. 

Through DVC analysis using in-situ X-ray CT technology, the failure process, 

including the first fracture and fracture propagation path, has been clearly investigated. 

The first fracture was found to be crucial for the damage tolerance of MG lattices, with 

the structures experiencing severe fractures throughout all layers exhibiting low stress 

resistance. The IWP-type TPMS MG meshes displayed a more uniform stress 

distribution and a layer-by-layer collapse during the deformation process. Although D-

type TPMS meshes demonstrate considerable SEA, their high energy absorption is 

more attributable to their extensive damage bands.  
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Combining with the investigation of fracture morphology, we found that the 

ductilization mechanism of MG TPMS is a hybrid mode involving both macro and 

micro levels. Localized fractures cause the formation of damage bands, which induce 

complex stress fields around the fractured fragments. MG exhibits microscopic 

plasticity by promoting the emergence of multiple shear bands within these complex 

stress fields, constituting a synergistic multiscale ductilization mechanism (from nm to 

µm to mm) during the failure process of TPMS MG meshes. This work presents a novel 

approach to enhancing the toughness and plasticity of MG through bio-inspired 

structural design, achieving excellent SEA with high strength in cellular MG materials. 

These findings indicate that structural MG is a strong candidate for the next generation 

of energy-absorbing materials in engineering applications. 

  



 

145 

 

Chapter 6 Multiscale structure engineering in hierarchical 

metallic glass lattice catalysts for ultra-efficient water 

splitting 

6.1 Introduction 

The advancement of additive manufacturing technology offers a feasible approach 

for fabricating catalysts with tunable mass transfer and mechanical properties through 

various architectural designs [93, 208, 233, 234]. In chapter 5, TPMS lattices, 

characterized by periodic implicit surfaces with zero mean curvature [235], offer 

particularly promising structural advantages. Their highly interconnected, non-tortuous 

pore networks provide exceptional volume-specific surface area and mechanical 

properties [215], with permeability and mechanical properties being readily adjustable 

through structure type and relative density modifications [208, 236]. MG TPMS lattices 

combine excellent mechanical and mass transport properties, making them strong 

candidates for catalyst scaffolds. Therefore, chapter 6 explores the functional potential 

of MG TPMS lattices in catalysis, further broadening their prospective applications.  

Hydrogen energy has emerged as a promising decarbonization vector capable of 

reshaping the global energy paradigms through a carbon-neutral alternative to fossil 

fuels [237, 238]. Within hydrogen production technologies, electrolytic water splitting 

stands unrivaled in sustainability metrics, though its industrial implementation remains 

constrained by fundamental electrocatalyst limitations [239]. Consequently, extensive 

research efforts have been dedicated to developing highly efficient electrocatalysts to 
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enhance the performance of water electrolysis [240-243]. Maximizing water-splitting 

efficiency requires concurrent engineering across four critical axes in catalytic 

electrode design [244]. First, the intrinsic activity of catalytic sites should be boosted, 

particularly to overcome the kinetically demanding four-electron pathway in the 

oxygen evolution reaction (OER) [245]. Second, enhancing charge transport efficiency, 

requiring a metallic conductor to minimize polarization losses [246]. Thirdly, 

optimizing mass transport, balancing electrolyte permeation with gas bubble expulsion 

dynamics [247, 248]. Lastly, ensuring structural resilience, addressing mechanical 

degradation from cyclic hydrodynamic stresses [249]. Catalysts frequently face 

challenges such as airflow impact and material compression during operation. The 

tendency of powder catalysts to detach and the brittleness of porous solid catalysts 

further limit their long-term stability [250]. Therefore, the development of highly 

efficient metal-based water electrolysis catalysts, optimized across multiple scales, 

remains a significant challenge. 

MGs further elevate this paradigm through their inherent atomic disorder and 

nanoscale compositional fluctuations. Their high-density, low-coordination 

environments facilitate the formation of high-spin states [173], thereby enhancing 

intermediate adsorption/activation and reducing the catalytic reaction barriers [251, 

252]. Consequently, MGs have emerged as highly promising and competitive catalysts. 

Recent studies demonstrate that MGs with disordered, homogeneous structures exhibit 

nano-scale structural inhomogeneities that significantly influence various properties, 
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including catalytic performance [253, 254]. For instance, Feng et al. reported that Ni-P 

nano-structured MGs exhibit remarkable nanoscale structural inhomogeneities at the 

interfaces. This unique interface structure plays a significant role in improving 

performance during electrocatalytic reactions [255]. Similarly, Lin et al. discovered that 

the abundant structural inhomogeneities, particularly in the interface regions, in Fe-

based MGs significantly reduce the overpotential for the hydrogen evolution reaction 

(HER) [256]. Therefore, designing amorphous structures with highly inhomogeneous 

characteristics provides a novel pathway for the development of high-performance 

catalytic materials.  

 While 3D printing enables macro-architecture modulation, catalytic 

performance primarily depends on the microstructure of the active material [208, 257]. 

This scale dichotomy finds resolution in pulsed electrodeposition (PED) – a temporal-

field modulated synthesis enabling nanoscale metallic structure design [258]. When 

synergistically combined, these technologies permit hierarchical integration of macro-

architected TPMS scaffolds with microstructurally optimized catalytic surfaces, 

presenting a highly promising approach for developing efficient catalysts across 

multiple dimensional scales. Thus, in chapter 6, we constructed NiMo@Zr-based 

metallic glass hierarchical catalysts (denoted by NiMo@Zr MGHCs) through 3D-

printed Zr-MG TPMS lattice substrate integrated with PED-synthesized NiMo-MG 

heterointerfaces. NiMo@Zr MGHCs exhibit remarkable superhydrophilic and 

superaerophobic properties, along with outstanding bifunctional activity for both HER 
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and OER. Remarkably, it achieves an ultra-low cell voltage of 1.438 V @ j = 100 

mA cm−2 (in alkaline media) with the outstanding durability over 200 hours for overall 

water-splitting. Our work demonstrates the powerful synergy between 3D printing and 

PED in creating multifunctional catalysts with co-optimized mechanical strength, mass 

transport, and catalytic activity across multiple scales, opening new avenues for 

advanced water electrolysis technologies. 

6.2 Methodology 

6.2.1 Geometric modeling and fabrication of Zr-based MG substrates  

Same Zr-based MG powders introduced in early chapter were employed as 

feedstock for substrate fabrication via μL-PBF process. MG substrates were fabricated 

using a BLT-S200GX μL-PBF system, which differs from standard L-PBF equipment 

by offering a refined laser spot size of just 30 μm, enabling the production of high-

resolution components. The system is equipped with a 500 W IPG fiber laser and 

operates in a controlled Argon atmosphere, maintaining oxygen levels below 100 ppm 

throughout the build process. Key processing parameters included a laser power of 150 

W, a scanning speed of 1500 mm/s, and a layer thickness of 20 μm. 

The geometric characteristics of the three TPMS structures are summarized in 

Table 6.1. These TPMS geometries can be mathematically described using implicit 

equations that approximate their surfaces [192]. The Diamond (D), Gyroid (G) 

structures were introduced in the early chapter. Fischer-Koch S (S) surfaces are defined 

by the following approximations:  
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Φ𝑆(𝑥, 𝑦, 𝑧) = cos(2𝜔𝑥) sin(𝜔𝑦) cos(𝜔𝑧) + cos(2𝜔𝑦) sin(𝜔𝑧) cos(𝜔𝑥) +

cos(2𝜔𝑧) sin(𝜔𝑥) cos(𝜔𝑦) = 𝑐 (6.1)
 

x, y, and z represent the spatial coordinates, while ω = 2π/l, where l denotes the 

length of a unit cell. The process involved extracting the zero-level surface defined by 

Eq. 6.1, where Φ = 0, and then uniformly offsetting this surface in both directions. 

Table 6. 1 Geometrical characteristics of the 3D printed Zr-based MG lattice substrates.  

Lattice 

sample code 

Unit cell 

size(mm) 

Number of 

cells(x,y,z) 

Measured average 

m(g) 

Measured 

porosity (%) 

from CT 

S 1 10*10*0.5 0.244±0.02 52.0% 

G 1 10*10*0.5 0.135±0.02 72.3% 

D 1 10*10*0.5 0.127±0.03 71.7% 

 

6.2.2 Synthesis of NiMo@Zr MGHCs 

Several chemical reagents were purchased from Macklin (Shanghai, China), 

including nickel sulfate hexahydrate (NiSO4·6H2O, 98.5%), sodium molybdate 

dihydrate (Na2MoO4·2H2O, 99.5%), trisodium citrate dihydrate (C6H5Na3O7·2H2O, 

99.5%), sodium chloride (NaCl, 99.5%), and ammonium hydroxide solution (NH4OH, 

25–28%). All reagents and solvents were used as received from commercial suppliers 

without further purification. 

The 3D printed Zr-based MG substates were carefully detached from the baseplate 

via wire cutting, then subjected to ultrasonic cleaning to ensure surface integrity before 

the PED process. Subsequently, NiMo coating was in situ electrochemically deposited 

on the Zr-based MG structure using an electrolyte solution composed of 0.375 M 

NiSO4⋅6H2O, 0.25M Na2MoO4⋅2H2O, 0.17M NaCl and 0.55M H5NO. 
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Electrodeposition was performed in a three-electrode system employing a saturated 

Hg/HgO reference electrode, the High-Purity Platinum Sheet counter electrode, and the 

Zr-based MG substrate as the working electrode. Next, the deposition parameters were 

carefully controlled with pulse on (0.25A, 16 ms) and off (0 mA, 4 ms) for 1 hour at 

323 K. After the detailed characterization, both anodic reaction (OER) and cathodic 

reaction (HER) were conducted in an alkaline solution (1 M KOH) to test the catalytic 

performance.  

6.3 Results 

6.3.1 Multi-scale structure engineering in NiMo@Zr MGHCs 

 

Fig 6. 1 Synthesis and multi-scale modulation strategy of NiMo@Zr MGHCs. (a) Schematic of 

NiMo@Zr MGHCs. (b) Schematic of the L-PBF technology used to fabricate the Zr-based MG lattice 

substrates. (c) Schematic of the PED technology used to deposit NiMo on the substrates. (d) 3D printed 

Zr-based MG substrates with different lattice structures. (e) SEM images of NiMo@Zr MGHCs 

fabricated via PED process. (f) SEM images illustrating the hydrangea-like architecture of NiMo at the 

micro level. (g) HAADF-STEM images of the NiMo atomic structure. 
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A multiscale modulation strategy was demonstrated from the macro-architecture 

of the MG substrates to the atomic structure of the NiMo MG, achieving highly efficient 

performance in bi-functional water splitting of the NiMo@Zr MGHCs (Fig 6. 1a). The 

realization of the multiscale modulation relies on the combination of these two 

technologies: L-PBF (Fig 6. 1b) and PED (Fig 6. 1c). SLM was first employed to 

fabricate the Zr-based MG lattice substrates, with its high accuracy and moderate cost. 

Considering the requirement of the catalysts for high surface area, excellent electrical 

conductivity and superior mechanical properties, Zr-based porous MGs were identified 

as promising substrate candidates by advanced 3D printing. Our previous research on 

the influence of architectural design on the mechanical properties and morphology of 

Zr-based MG TPMS lattices[235] provides compelling evidence that structural 

architecture exerts a substantial influence on catalytic performance. This correlation 

arises from the ability to precisely modulate both surface morphology and mass 

transport properties through the strategic selection of distinct TPMS geometries (Fig 6. 

1d). After 3D printing, Ni and Mo atoms were deposited onto the surface of 3D-printed 

Zr-based substrates through PED, forming a NiMo@Zr MGHCs (Fig 6. 1e). By tuning 

the electroplating parameters, we can further modulate the surface morphology of the 

NiMo@Zr MGHCs with resulting NiMo structures that adopt a hydrangea-like 

morphology with complex, grooved surfaces (Fig 6. 1f) to regulate their wettability and 

bubble adhesion characteristics. Meanwhile, the microstructure of the NiMo (Fig 6. 1g) 

was controlled as atomic disorder and nanoscale heterostructure to further elevate the 

catalytic activity of the NiMo@Zr MGHCs. 
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6.3.2 Mechanical performance and transport responses of 3D-printed TPMS 

lattice substrates 

 

Fig 6. 2 Morphological structure of Zr-based MG TPMS lattice substrates. (a) CAD model of three 

types of TPMS structures of hierarchical catalyst substrates: G, S and D. (b) Shell thickness distribution 

and (c) pore diameter distribution derived from micro-CT-reconstructed 3D models of three types of 

TPMS lattices. Comparison of (d) Pore size distribution profiles.  

Three types of TPMS structures with high surface area and favorable 

permeability—Gyroid (G), Fischer-Koch S (S), and Diamond (D)—were selected as 

architectural models for fabricating Zr-based MG lattice substrates (Fig 6. 2a). Micro-

computed tomography (micro-CT) reconstruction (Fig 6. 2b) verified the high 

geometric fidelity and printing quality of the structures. A single-channel scanning 

strategy was employed to control the shell thickness, which ranged from 90 to 

150 µm—near the resolution limit of current L-PBF systems. Porosity measurements 

derived from micro-CT revealed significant variations among the TPMS architectures: 

the S-Zr MG exhibited the highest relative density (RD) and the lowest porosity (~52%), 
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while the D- and G-Zr MG showed higher porosities (~72%). Pore sizes of different 

types of substrates can be directly investigated based on the 3D reconstructed model 

(Fig 6. 2c). Although the D- and G- Zr MG exhibit similar overall porosity, the G-Zr 

MG clearly shows a larger average pore diameter and a broader pore size distribution, 

with a bimodal peak between 200–600 µm (Fig 6. 2d), indicative of a hierarchical pore 

network. In contrast, the D structure shows a narrower pore size range of 100–500 µm, 

while the S structure features predominantly sub–300 µm pores, with minimum 

diameter as small as 20 µm. 

 

Fig 6. 3 Mechanical performance of Zr-based MG TPMS lattice substrates. (a) Stress-strain 

curves, and (b) Specific strength across the three TPMS lattices. 

Damage-resistant, high-strength catalysts are essential for the long-term durability 

and operational stability of electrocatalytic systems. To assess the mechanical 

properties of the 3D-printed Zr-based MG substrates, uniaxial compression tests were 

conducted on 4 mm cubic samples. The resulting stress–strain curves (Fig 6. 3a) show 

high compressive strength and an extended stress plateau following the elastic region, 
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indicating excellent damage tolerance of the printed structures. Among them, the S-Zr 

MG demonstrated the highest compressive strength, exceeding 300 MPa, which 

correlates with its maximum relative density (RD). When specific strength is 

considered (Fig 6. 3b), the S-Zr MG achieved the highest value—over 110 MPa·kg-

1·cm-3—surpassing many conventional metallic cellular materials. In contrast, the G-Zr 

MG exhibited a lower specific strength of 78 MPa·kg-1·cm-3 due to its geometric 

characteristics. Notably, even the lowest-performing G-Zr MG surpassed typical 

catalyst support requirements, such as nickel foam[259], by ten times while retaining 

the porosity critical for mass transport. 

 

Fig 6. 4 Transport performance of Zr-based MG TPMS lattice substrates. (a) Schematic 

illustration of the fluid flow simulation, showing flow direction (left to right) through the 3D-

reconstructed lattice model. (b) Pressure contours (Pa) for different types of TPMS lattices. (c) Velocity 

streamlines reveal distinct flow patterns across the three TPMS lattices. 
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Based on the 3D reconstruction model of the Zr-based MG substrates, the transport 

performance was analyzed to evaluate how different lattice architectures influence fluid 

flow behavior (Fig 6. 4a). Efficient mass transport minimizes concentration 

polarization and ensures stable electrochemical performance. The fluid flow behavior 

was simulated using a voxel-based finite volume method (FVM) that directly 

incorporates the actual microstructural features obtained from CT scans, including pore 

shape and connectivity, thereby avoiding geometric simplification inherent to 

conventional mesh generation techniques. This method offers superior fidelity by 

inherently accounting for manufacturing-induced variations and imperfections in the 

additively fabricated substrates. Under standardized simulation conditions with a 1Pa 

pressure difference between the inflow surface and outflow surface (Fig 6. 4b), the G-

Zr MG and D-Zr MG structures exhibited continuous and extended velocity streamlines 

(Fig 6. 4c), indicative of higher permeability compared to the S-Zr MG structure, which 

exhibited shorter, more tortuous streamlines due to its lower porosity. 
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Fig 6. 5 Two-dimensional velocity contour maps of a representative cross-section, showing 

localized flow acceleration zones (red) and stagnation regions (blue): (a) G-Zr MG, (b) D-Zr MG 

and (c) S-Zr MG.  

 

Fig 6. 6 Effective voids and mean velocity of the different types structure.(a) Axial variation of 

effective void fraction and (b) normalized average velocity along the primary flow direction (x-axis). 

(c) Transverse flow components (y- and z-directions) quantified by mean flow velocity magnitude, 

highlighting anisotropic transport behavior.  
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 Velocity contour maps of the cross-sections reveal localized increases in flow 

velocity within G-Zr MG (Fig 6. 5a), suggesting the presence of flow instabilities that 

promote enhanced mixing. In contrast, the D-Zr MG shows less velocity fluctuation 

across the structure (Fig 6. 5b). Interestingly, despite D-Zr MG and G-Zr MG having 

nearly identical overall porosities (~28%), they display markedly different flow 

behaviors. G-Zr MG shows fluctuations in effective void fraction along the flow 

direction (Fig 6. 6a) with the highest mean flow velocity (Fig 6. 6b), whereas D-Zr MG 

maintains a relatively uniform distribution with a lower velocity. Although the overall 

porosity of S-Zr MG is approximately 50%, the effective void fraction within the 

internal region drops to only ~30% (Fig 6. 6a), resulting in a significantly lower mean 

velocity compared to the other two structures (Fig 6. 6b). Furthermore, G-Zr MG 

demonstrated significantly enhanced vertical transport (z-direction velocity component; 

Fig 6. 6c), enabling multidimensional reactant flow beyond the primary x–y plane, in 

contrast to the more uniform but less efficient flow patterns observed in D-Zr MG. This 

comprehensive analysis identifies G-Zr MG as the optimal catalyst substrate, offering 

a well-balanced combination of high local flow velocity, high permeability, and 

sufficient mechanical strength. 

6.3.3 Superhydrophilicity/Superaerophobicity and multi-scale structure of 

NiMo@Zr MGHCs 

 



 

158 

 

 

Fig 6. 7 Wettability and bubble adhesion characteristics and of NiMo@ G. (a) SEM images 

comparing the surface morphology of as-printed Zr-based MG substrate G with (b) corresponding 

NiMo@G after PED. (c) Images of water contact angles of 103.65° when water droplets are dropped 

on the surfaces of the G substrate. (d) The wetting behavior demonstrating superhydrophilic properties 

of NiMo@G. (e) Under electrolyte conditions, quantitative bubble adhesion measurements show that 

the G substrate without PED treatment exhibits a contact angle of 155.0° ± 3.9°, while (f) NiMo@G 

demonstrates a significantly enhanced superaerophobic surface with a contact angle of 169.0° ± 1.4°.  

The surface morphology of catalysts serves as a crucial design parameter for 

regulating their wettability properties, where an optimal balance between 

superhydrophilicity (enhancing electrolyte wetting) and superaerophobicity (prompt 

bubble detachment) significantly improves the efficiency and durability of water-

splitting systems[260, 261]. The optimal catalyst substrate G (Fig 6. 7a) and all other 

substrates were observed using SEM, showing no internal defects such as pores or 

cracks apart from minor surface-adhered unmolten powder particles. These residual 

particles caused slight surface roughness, which beneficially increased the surface area 
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and enhanced the adhesion of Ni and Mo atoms during the subsequent PED process. A 

large number of uniform hydrangea-shaped NiMo particles ranging in size from 

approximately 60 to 100 µm , were observed on NiMo@G (Fig 6. 7b)and across all 

substrate variants after PED[262]. NiMo flowers grown on the substrate surface create 

a hierarchically complex morphology that enables precise tuning of the surface 

wettability in the NiMo@Zr MGHCs.  

 

Fig 6. 8 Microstructure of NiMo particles.(a-b), SEM images illustrating the hydrangea-like 

architecture of NiMo grown on the Zr-based MG substrate via PED. (c), HRTEM image with an insert 

SAED pattern, revealing two distinct regions: (I) interfacial area and (II) clustered structure. (d-e) FFT 



 

160 

 

patterns and autocorrelation images of region I and region II from panel i, respectively, confirming the 

coexistence of structural inhomogeneity.  

 

Fig 6. 9 Nanoscale compositional uniformity and elemental distribution of Ni–Mo particles(a) 

Corresponding EDS elemental maps for Ni and Mo and the associated HAADF-STEM image revealing 

nanoscale compositional uniformity. (b) Line scan of elemental distribution across a selected region 

from panel i confirming the spatial variation of Ni and Mo. (c) Atomic ratios of Ni and Mo from two 

distinct regions identified in the panel i.  
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Fig 6. 10 Contact angles of Zr-MG substrates. (a) Images of water contact angles of different types 

of substrates. (b) The bubble contact angle tests of different types of substrates. 

 

Fig 6. 11 Contact angles of NiMo@Zr MGHCs. (a) Images of water contact angles of different 

types of substrates. (b) The bubble contact angle tests of different types of substrates. 
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Fig 6. 12 HER and OER polarization curves of G substrate. 

The contact angle of the bare substrate G is 103.65° after 300s (Fig 6. 7c) with all 

the other substates exhibiting a similar level of hydrophilicity (Fig 6. 10a), whereas all 

NiMo@Zr MGHCs exhibit superhydrophilicity (Fig 6. 11a), with water droplets 

spreading completely upon contact, particularly for NiMo@G (Fig 6. 7d) which 

achieves instantaneous wetting (0° contact angle within just 35 ms). Concurrently, these 

NiMo@Zr MGHCs demonstrate remarkable superaerophobic characteristics in 

aqueous environments. Specifically, the bubble contact angle of substrate G is 155° (Fig 

6. 7e) whereas the NiMo@G shows the ultra-hydrophobicity (CA > 169°) (Fig 6. 7f). 

The bubble contact angles significantly improved to varying extents after surface 

modification of all the different substrates via PED (Fig 6. 10b and Fig 6. 11b). 
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Fig 6. 13 Microstructure of NiMo particles. (a) EDX elemental mapping showing the uniform 

distribution of Ni (cyan) and Mo (red) elements across the deposited structures. (b) HADDF and (c) 

HRTEM images of NiMo flower, two distinct regions found in the image: region (I) and region (II). 

 A closer inspection (Fig 6. 8a-b) reveals the detailed morphology of the NiMo 

particles, characterized by a highly wrinkled and uneven surface, which increases the 

specific surface area and exposes more active catalytic sites. The bare substrates, 

without NiMo deposition, exhibited minimal catalytic activity (Fig 6. 12). To further 

boost catalytic activity, we modulate the microstructure of the NiMo particles. While 

elemental mapping demonstrates macroscale uniformity in Ni and Mo distribution 

across the entire flower-like structures (Fig 6. 13a), nanoscale analysis through 

HAADF-STEM reveals distinct contrast variations (Fig 6. 13b), indicating phase 

separation. The overall selected area electron diffraction (SAED) pattern (Fig 6. 8c 
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insert) exhibits a halo ring, indicative of an amorphous structure. HRTEM analysis 

reveals a disordered region (region I) and a more loosely arranged, medium-range 

ordered atomic cluster (region II) (Fig 6. 8c and Fig 6. 13c). The interface region (I) 

exhibits a highly disordered maze-like structure with inner circular fringes (Fig 6. 8d) 

and a featureless FFT pattern, whereas the cluster region (II) displays clear crystalline 

fringes (Fig 6. 8e) with distinct diffraction spots in the FFT pattern. HAADF-STEM 

reveals distinct contrast variations (Fig 6. 9a), indicating phase separation into Ni-rich 

(bright) and Mo-rich (dark) amorphous domains. EDS mapping confirms this structural 

heterogeneity, showing significant local Ni concentration variations while Mo 

maintains a relatively uniform distribution. 

 

Fig 6. 14 EDX mapping of the Ni and Mo elements. 
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 Integrated compositional line scans (Fig 6. 9b) quantitatively verify that the 

brighter STEM regions correspond to Ni78Mo22 domains, while darker areas exhibit 

Ni68Mo32 stoichiometry - a 10% compositional difference statistically confirmed by 

EDX mapping (Fig 6. 9c and Fig 6. 14). Atomic-scale characterization reveals that the 

PED-fabricated NiMo hydrangea structures form an amorphous chemical 

heterostructure, featuring numerous interfaces between compositionally distinct 

domains (Ni₇₈Mo₂₂ and Ni₆₈Mo₃₂). These interfaces are believed to offer abundant 

highly active sites for catalytic reactions. 

6.3.4 Excellent bi-functional performance with HER and OER of NiMo@Zr 

MGHCs 

 

Fig 6. 15 HER and OER performance of the NiMo@Zr MGHCs. (a) HER polarization curves and 

(b) corresponding Tafel plots of NiMo@Zr MGHCs. (c) Overpotentials at 10, 50, 100, and 300 mA cm -

2 for HER (d) OER polarization curves of different NiMo@Zr MGHCs. (e) Tafel plots of NiMo@Zr 

MGHCs for OER. (f) Overpotentials at 10, 50, 100, and 300 mA cm-2 for OER. (g) PDOS for the Ni 

and Mo active sites in different NiMo MGs (Ni78Mo22, interface, and Ni68Mo32).  
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We further evaluated the electrocatalytic performance of the NiMo@Zr MGHCs 

for water electrolysis in 1 M KOH, as shown in Fig 6. 15. NiMo@G (Fig 6. 15a) 

exhibits a remarkably low HER overpotential of 26 mV at 10 mA cm-2, significantly 

outperforming NiMo@S (59 mV), NiMo@D (81 mV), and commercial Pt/C (55 mV). 

Tafel analysis (Fig 6. 15b) reveals NiMo@G's exceptional HER kinetics with a record-

low 27.91 mV dec-1 slope, outperforming NiMo@S (76.79 mV dec-1), NiMo@D (91.94 

mV dec-1), and commercial Pt/C (76.79 mV dec-1) by 2.7-3.3 times, demonstrating its 

superior charge transfer efficiency. NiMo@G exhibits outstanding HER performance 

at industrially relevant current densities (Fig 6. 15c), requiring only 79 mV and 126 mV 

of overpotential to achieve 100 and 300 mA cm-2, respectively. This performance 

surpasses that of NiMo@S (165/210 mV) and NiMo@D (189/224 mV) by 53–98 mV. 

This superior activity under high-current conditions highlights its strong potential for 

practical water-splitting applications. The OER remains the primary bottleneck in water 

splitting due to its sluggish kinetics and high overpotential, necessitating high-

performance electrodes for efficient operation. Therefore, we further assessed the OER 

performance of the NiMo@G, as shown in Fig 6. 15d. All samples display a prominent 

oxidation peak during the OER process, attributed to the oxidation of Ni, which 

promotes OER activity. This indicates that the NiMo@Zr MGHCs possess excellent 

electrocatalytic performance. To accurately evaluate the overpotential and minimize the 

influence of the oxidation peak, cyclic voltammetry was employed. NiMo@G 

demonstrates exceptional OER performance with an ultralow overpotential of 155 mV 

at 10 mA cm-2, significantly outperforming NiMo@S (181 mV), NiMo@D (204 mV) 
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and commercial IrO2 (Fig 6. 15d). Tafel analysis (Fig 6. 15e) reveals NiMo@G's 

superior OER kinetics with a record-low Tafel slope of 31.08 mV dec−1, outperforming 

NiMo@S (42.79 mV dec−1), NiMo@D (54.90 mV dec−1), and IrO2 (128.99 mV dec−1), 

demonstrating significantly faster reaction rates. Fig 6. 15f presents the overpotentials 

at various current densities (10, 50, 100, and 300 mA cm-2). Notably, NiMo@G 

consistently delivers the lowest overpotentials across all current densities, especially in 

industrial-grade currents. For example, NiMo@G demonstrates superior performance 

with significantly lower overpotentials (204 mV @ 100 mA cm-2; 261 mV @ 300 mA 

cm-2) compared to NiMo@S (249 mV; 306 mV) and NiMo@D (274 mV; 339 mV), 

representing a 18-23 % reduction in overpotential across industrial-relevant current 

densities 
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6.4 Discussion 

6.4.1 Evaluation of the overall water splitting performance of NiMo@Zr 

MGHCs 

 

Fig 6. 16 Overall water splitting performance of NiMo@G. (a) Schematic illustration of overall 

water splitting using NiMo@G as the double electrode. (b) The Cdl values of NiMo@Zr MGHCs. (c) 

Overall water splitting polarization curves before and after a 200-h stability test, demonstrating 

performance retention.  

The NiMo@G hierarchical catalysts demonstrate exceptional HER and OER 

performance, rendering them highly suitable for overall water-splitting applications. A 

dual-electrode electrolyzer was assembled using NiMo@G as both the anode and 

cathode (Fig 6. 16a). The electrochemically active surface area (ECSA) was evaluated 

by extracting the double-layer capacitance (Cdl) from the cyclic voltammetry (CV) 
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curves in the non-Faradaic region (Fig 6. 16b). NiMo@S, with a Cdl of 36.45 mF cm-2, 

exposes more active sites than NiMo@D (Cdl = 4.65 mF cm-2), leading to higher 

catalytic activity. Remarkably, NiMo@G exhibits the highest active site density, with a 

Cdl of 105.31 mF cm-2, which correlates with its outstanding catalytic performance. The 

polarization curves (Fig 6. 16c) reveal that this system achieves current densities of 100 

and 500 mA cm-2 at ultra-low cell voltages of 1.438 V and 1.707 V, respectively—

significantly lower than that of the benchmark IrO₂//Pt/C system (1.783 V @ 100 mA 

cm-2). 

 

Fig 6. 17 Chronopotentiostatic stability and catalytic performance comparison.(a) 

Chronopotentiostatic stability test at 100 mA cm-2, showing minimal voltage fluctuation over 200 hours 

of continuous operation. (b) Comparison of cell voltages at 100 mA cm-2, benchmarking NiMo@G 

against state-of-the-art catalysts reported in literature (Data in Table 6.2).  
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Fig 6. 18 The radar chart comparing the properties of the different types of electrolytes.(more 

details presented in Supplementary Table 6.3).  

Table 6. 2 Comparison of the overpotentials of NiMo@G catalyst and recently reported noble 

metal catalyst for overall water splitting at 100 mA cm-2 in 1.0 M KOH solution. 

Electrocatalysts Current 

density  (mA 

cm-2) 

Cell Voltage (V) References 

NiMo@G 100 1.438 This work 

NiFeMoS/NF-P 100 1.52 [263] 

Ni-Co-Fe-P NBs 100 1.58 [264] 

a/c-RuCoMoyOx/NF 100 1.578 [251] 

Ru-CoOx/NF 100 1.59 [265] 

NiMoOx/NiMoS 100 1.63 [266] 

Mo-NiPx/NiSy 100 1.7 [267] 

Ni-MoO2/NF-IH 100 1.75 [268] 

NW-MnCo2O4/GDY 100 1.76 [269] 

Ni-Ru-Fe@CNT 100 1.77 [270] 

Pt/C//IrO2 100 1.783 This work 

CuNi@NiFeCu 100 1.8 [271] 

Pt@CoS2-NrGO 100 1.84 [272] 

CoMoS-NF-31 100 2.1 [273] 
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Fig 6. 19 Bubble size distribution of the IrO2 electrode and NiMo@G electrode. 

 
Fig 6. 20 XPS survey spectra of NiMo@G before and after the stability test. 

High-speed imaging of bubble dynamics at 100 mA cm−2 clearly demonstrates the 

operational advantages of this design (Fig 6. 19): while the bubble-release behaviors of 

conventional porous IrO2 electrodes suffer from persistent bubble adhesion and 

coalescence into large (> 500 μm) gas pockets that block active sites, the NiMo@G 

catalyst enables rapid release of small (~ 70 μm) bubbles. Stability testing via 
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chronopotentiometry (Fig 6. 17a) confirms the excellent durability of NiMo@G, with 

negligible current density loss over 200 hours of continuous operation at 1.438 V. 

Interestingly, the overall water splitting performance slightly improved after the 200-

hour test, as shown by the enhanced polarization curve (pink line in Fig 6. 16c). XPS 

analysis reveals that, after extended stability testing, the Ni2+ binding energy decreases 

by 0.88 eV, which may contribute to the observed enhancement in catalytic performance 

(Fig 6. 20). Furthermore, during the initial operation, the NiMo@G//NiMo@G 

configuration demonstrated one of the lowest cell voltages among reported catalysts at 

high current densities (1.438 V @ 100 mA cm-2; Fig 6. 17b). This work highlights the 

synergistic combination of 3D printing technology, which enables precise geometric 

control, flexible design capabilities, and tunable mechanical/mass transfer properties, 

with PED that addresses the limitations in microstructural control. Compared to 

conventional porous metal catalysts, precious metal catalysts, and metal microlattices, 

the NiMo@G hierarchical catalysts fabricated through this integrated 3D printing-PED 

approach uniquely combine the multiple advantages of structural strength, super 

hydrophobic and superhydrophilicity, low economic costs and extraordinary catalytic 

activity (Fig 6. 18), establishing a new paradigm for designing high-performance 

electrocatalytic system. 
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Table 6. 3 Comparison of the overpotentials of NiMo@G catalyst and recently reported noble 

metal catalyst for overall water splitting at 100 mA cm-2 in 1.0 M KOH solution. 

6.5 Conclusions 

In summary, this work presents a comprehensive strategy for designing high-

performance electrocatalysts through multiscale structural engineering. By integrating 

3D-printed Zr-based MG substrates with precisely controlled TPMS geometries and 

subsequent PED of NiMo amorphous particles, we achieve simultaneous optimization 

of catalytic activity, mechanical robustness, and mass transport properties of NiMo@Zr 

MGHCs. In the macro architecture scale, the Gyroid (G-Zr MG) architecture emerges 

as the optimal substrate, combining efficient mass transfer with exceptional 

compressive strength (>300 MPa) and enhanced transverse flow characteristics. In the 

micro-scale, hydrangea-shaped NiMo particles (60–100 μm) were fabricated on the 

Types Materials 
Mass 

Transfer 

Hydrophilic/ 

Hydrophobic 

Mechanical 

strength 

Economics 

cost 

Catalytic 

performance 
References 

Non-porous 

precious 

metal 

catalysts 

Pt-

Ni2Fe1-T 

 

√ √√√ √√√ √ √√√√√ [274] 

Porous 

Metal 

catalysts 

NiFe-

MOF 

 

√ √√√√ √ √√√√√ √√√√ [275] 

Cu2O/Cu 

 
√ √√√√ √√√ √√√√√ √√√√ [276] 

N-(Co-

Cu)Sx 
√ √√√√ √√ √√√√√ √√√√ [277] 

3D printed 

metal 

microlattices 

316 L √√√√√ √√√√ √√√√ √√√√√ √ [278] 

This work NiMo@G √√√√√ √√√√√ √√√√√ √√√√√ √√√√√  
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substrates via a controlled PED process, exhibiting combined superhydrophilic and 

superaerophobic properties. This NiMo@Zr MGHCs catalyst fabricated through 

multiscale structure engineering demonstrates exceptional overall water-splitting 

performance, in which NiMo@G requires only 1.438 V to achieve 100 mA cm-2 in a 

1.0 M KOH solution while maintaining stable operation for 200 hours. This study 

establishes a new paradigm in electrocatalyst design, demonstrating how multiscale 

architectural control from macroscale substrates to atomic-scale compositional 

engineering can overcome traditional performance trade-offs in electrochemical energy 

conversion systems. 
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Chapter 7 Overall conclusions 

In this project, we additively manufactured a series of MG lattices through the 

different L-PBF approaches. Structure–mechanical property relationship has been 

established for MGs, a novel class of materials, which can serve as a foundation for the 

future design of MG lattice structures. Through the implementation of diverse lattice 

architectures, outstanding mechanical performance has been achieved, characterized by 

high strength and exceptional energy absorption capacity. Building on this, the 

functional properties of MG lattices were further investigated, with a particular focus 

on catalytic performance. A multiscale structural design strategy, integrated with AM 

and PED techniques, was employed to develop catalysts with outstanding bifunctional 

water-splitting performance. Owing to the limited prior research on MG lattices, this 

study systematically investigates their characteristics, encompassing parameter 

optimization, fabrication using different L-PBF systems, and the tailoring of 

mechanical and functional properties. The findings provide significant insights and 

strong support for their potential applications. The main conclusions are as follows: 

1) BMG lattices with BCC and TPMS architectures were fabricated using the 

conventional L-PBF method, and three distinct deformation stages were 

identified: elastic deformation, abrupt collapse, and progressive localized 

fracture. Based on these observations, BCT lattices were subsequently 

designed by modifying the unit cell geometry to promote localized cracking 

and enhance damage tolerance. Compression tests confirmed that this strategy 
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markedly improved performance, with energy absorption increasing by nearly 

8.5 times and compressive strength by approximately 2.5 times compared to 

the original BCC design. These results highlight the effectiveness of this 

design approach in mitigating brittle failure and advancing the application 

potential of BMG lattice structures for high-strength, energy-absorbing 

systems 

2) BMG lattices with four bioinspired TPMS architectures were successfully 

fabricated using the μL-PBF technique, achieving high precision, excellent 

quality, and outstanding mechanical performance. The enhanced energy 

absorption was attributed to controlled fracture modes that prevented 

catastrophic failure and induced macroscopic plasticity. In-situ X-ray CT 

combined with DVC analysis revealed that the location and mode of the initial 

fracture play a critical role in determining damage tolerance. Among the 

designs, IWP-type lattices exhibited uniform stress distribution and 

progressive layer-by-layer collapse, while D-type structures demonstrated 

high energy absorption due to the formation of extensive damage bands. 

Fractographic analysis indicated a multiscale ductilization mechanism, in 

which localized fractures generated complex stress fields that promoted shear 

band formation at both micro- and nano-scales. This synergistic interaction 

enhanced toughness and plasticity in otherwise brittle MGs. Overall, these 

findings demonstrate a promising strategy for achieving high strength and 

superior energy absorption in MG lattices through bioinspired structural 
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design, positioning them as strong candidates for next-generation energy-

absorbing materials in engineering applications. 

3) A multi-scale structural engineering strategy was proposed to design high-

performance hierarchical MG electrocatalysts. By combining 3D-printed Zr-

based MG TPMS architectures with electrodeposited hydrangea-like NiMo 

amorphous particles, the resulting NiMo@Zr MGHCs catalysts exhibit 

optimized catalytic activity, mechanical strength, and mass transport properties. 

Among the macro-architectures, the Gyroid structure offers the best 

performance, featuring efficient mass transfer, superior compressive strength 

(>300 MPa), and enhanced transverse flow. At the microscale, the engineered 

NiMo particles (60–100 μm) provide superhydrophilic and superaerophobic 

properties. As a result, the NiMo@G catalyst achieves outstanding water-

splitting performance, requiring only 1.438 V to reach 100 mA cm⁻² in 1.0 M 

KOH and demonstrating long-term operational stability (200 hours). This 

work establishes a new design paradigm by leveraging hierarchical structural 

control to break conventional trade-offs in electrocatalyst performance. 



 

178 

 

 

Fig 7. 1 Macro-micro-nano scale structural features and their synergistic effects on strength, 

kinetics and stability. 

Overall, this work demonstrates that multiscale structural engineering is an 

effective and universal strategy for unlocking the full potential of metallic glass 

lattices (Fig 7. 1). By deliberately coupling architectural design at the macro-scale, 

deformation and surface engineering at the micro-scale, and interfacial and 

compositional control at the nano-scale, a strong structure–mechanism–function 

synergy is established. This synergy enables the simultaneous optimization of 

mechanical robustness, mass transport efficiency, and catalytic activity, which are 

traditionally considered competing properties. The insights gained from this study 

not only deepen the fundamental understanding of deformation and functional 

mechanisms in metallic glass lattices, but also provide a clear design framework 

for developing next-generation multifunctional metamaterials for structural and 

energy-related applications. 

  



 

179 

 

Chapter 8 Suggested future work 

8.1 Break the strength-ductility tradeoff through metamaterial 

structure design. 

Traditional MG materials struggle to overcome the strength–ductility trade-off. 

Metamaterial structural design offers a novel pathway to enhance ductility while 

maintaining high strength in cellular MG materials. Therefore, future work should 

explore metamaterial architectures tailored to the unique properties of metallic glasses, 

aiming to further mitigate their intrinsic brittleness through structural design. Pursuing 

excellent mechanical performance for potential MG applications, such as implants and 

impact-resistant components. Metallic implants are widely used biomaterials in 

orthopedics. They can be applied in both bone fixation and joint arthroplasty. Their 

mechanical properties, biocompatibility, and corrosion resistance make them 

extensively used in orthopedic applications. However, conventional medical metals 

such as Co-based and Ti-based alloys still exhibit certain limitations when used as 

implants, such as poor mechanical compatibility (i.e., high elastic modulus) and 

relatively low corrosion resistance. The unique properties of BMGs offer promising 

solutions to these challenges. Additionally, 3D-printed porous bone implants can fully 

reconstruct the structure of human bone and allow for customized designs tailored to 

specific clinical needs, thereby meeting patient-specific requirements. In this study, we 

conducted an investigation into the static compressive performance of MG lattice 

structures and obtained promising results. In the next phase of our research, we will 
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further explore their dynamic impact resistance to provide more comprehensive data 

support for practical applications. 

8.2 Design, additive manufacture, and evaluation of mechanical 

strength, catalytic activity, and mass transport performance in MG 

metamaterials. 

In this study, we demonstrate that mechanical properties, catalytic performance, 

and mass transport can be synergistically tuned through targeted metamaterial design 

strategies. Building on these findings, our next stage of work will focus on the precise 

design and fabrication of hierarchical structures across multiple length scales, achieved 

through structural engineering in combination with advanced fabrication techniques. 

This integrated design approach aims to develop MG metamaterials for multifunctional 

applications, enabling the simultaneous optimization of mechanical strength alongside 

catalytic activity, heat transfer, electrical conductivity, and mass transport performance. 
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