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Abstract  13 

In this work, we developed a strategy that can simultaneously enhance the strength and energy 14 

absorption of 3D-printed architectural Zr-based bulk metallic glass (BMG) through unit cell 15 

shape design. Strut-based body-centered tetragonal (BCT) with different scaling degrees were 16 

incorporated into the conventional metallic glass architectures to avoid the fast propagation of 17 

main crack bands and induce multiple micro fracturing of the metallic glass (MG) lattices. Thus, 18 

the failure characteristics of 3D-printed architectural BMG underwent a remarkable 19 

transformation from a catastrophic fracture to a sequential localized fracture, which effectively 20 

overcomes catastrophic failure. It is evidenced by the emergence of a smooth plateau in the 21 

stress-strain curves, signifying enhanced damage tolerance. Consequently, the energy 22 

absorption capacity increased by 2.2 times, with the compressive strength increased by various 23 

degrees compared to the body centered cubic (BCC) structure, indicating the viability of this 24 

shape design strategy. Therefore, this work provides a novel route for material-structure-25 

combined design to simultaneously improve the strength and energy absorption of BMG. This 26 

breakthrough also enables architected MGs to overcome their inherent extreme brittleness, 27 

unlocking their vast potential for crafting impact-resistant and energy-absorbing intricate 28 

structural components through lightweight design. 29 

 30 

 31 
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1. Introduction 36 

In future deep space exploration, spacecrafts will encounter increasingly complex and 37 

variable environments. Their internal precision instruments will impose higher demands on 38 

load-bearing and protective structures. It has already been observed that small size of debris 39 

can potentially cause damage to operational space systems. Spacecraft architects incorporate 40 

implicit protection into the vehicle architecture to mitigate the risk of function loss or mission 41 

failure resulting from collisions with small sized debris, especially particles ranging from 1 to 42 

5 mm in diameter [1]. Hence, Structural materials must meet specific criteria for the mechanical 43 

properties of advanced aerospace materials, including high strength, impact resistance, and 44 

excellent energy absorption capabilities. 45 

Though the above crystallized metallic structural materials boast impressive mechanical 46 

properties, they fall short of meeting the rigorous requirements of future aerospace materials. 47 

Bulk metallic glasses (BMGs) hold a prominent position in the realm of spacecraft materials 48 

due to their advantages such as high hardness, high strength, large elastic limits etc. [2], and 49 

have become a highly coveted materials in both spacecraft shielding and advanced structural 50 

applications [3-8]. In addition to its excellent mechanical properties, BMGs exhibit distinctive 51 

functional characteristics [9-13], including biocompatibility [14], catalytic properties [15], 52 

corrosion resistance [14], wear resistance [16], optical properties, soft magnetic properties and 53 

energy absorption capacity. 54 

However, research on BMGs structural materials has remained stagnant due to the 55 

challenges posed by the large-scale production and their inherent brittleness at room 56 

temperature. Particularly, research regarding 3D-printed structural BMGs as energy-absorbing 57 

materials is rarely reported. In this case, the relationship between the lattice structure and 58 

damage tolerance, as well as other mechanical properties, remains unclear. The exploration of 59 

energy absorption in BMG structures is still largely confined to the 2D or microscopic level 60 

[17, 18]. 61 

Conventional fabrication methods are incapable of producing BMGs with complex shapes 62 
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due to the requirement of having a sufficiently high cooling rate. In recent years, the emergence 63 

of additive manufacturing (AM) technology, with its layer-by-layer processing capabilities, has 64 

enabled the production of fully glassy components with intricate shapes [19, 20]. This 65 

development offers a new approach to address the two challenges associated with amorphous 66 

alloy forming: size limitations and shape constraints [15, 21]. The compressive strength of 3D-67 

printed BMGs (1000-2500 MPa) is comparable to that of as-cast BMGs [19]. By utilizing AM 68 

technology, structural BMGs can be designed and fabricated with tailored mechanical 69 

properties to meet the specific demands of the aerospace applications. Compared to random 70 

foams, lattice structures composed of periodic repeating unit cells offer a higher degree of 71 

designability and controllability [22], making them more suitable for comprehensively 72 

summarizing deformation behavior and pursuing higher performance.  73 

The body centered cubic (BCC) structure is the most common and well studied strut-74 

based structure [23]. With its simple configuration, it is suitable for establishing the structure-75 

property relationship for new materials. Besides, triply periodic minimal surface (TPMS) 76 

structures, a novel lattice structure, are intriguing for their uninterrupted and sleek surfaces, 77 

facilitating extensive surface areas and unbroken internal passages. The diamond lattice (D-78 

TPMS) is a type of TPMS structure that exhibits superior energy absorption capabilities 79 

compared to other TPMS structures [24]. TPMS lattice structures offer potential advantages 80 

over strut-based lattices in terms of manufacturability and mechanical properties, as they 81 

exhibit zero mean curvature at every point, thereby avoiding stress concentration at the nodes. 82 

In this paper, utilizing the AM technology, we fabricated the 3D lattices BMG with a strut-83 

based BCC lattice and a sheet-based TPMS lattice. Subsequently, an investigation of the 84 

compressive deformation behavior of the 3D-printed architectural BMG was conducted to 85 

establish a structure-property relationship for guiding future BMG structural designs. It was 86 

found that the issue of extreme brittleness remains a significant challenge in the context of 87 

BMG lattice structures. The D-TPMS lattices failed to demonstrate their superior energy 88 

absorption capabilities due to catastrophic failure. In contrast, BCC lattices exhibited better 89 

adaptability to the brittle BMG due to continuous crushing. Drawing inspiration from unit cell 90 
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designs with the potential to alter deformation behavior, we formulated a novel structural 91 

design strategy that optimizes unit cell configurations within BCC lattices [25]. The body-92 

centered tetragonal (BCT) unit cell can be envisioned as a variation of the body-centered cubic 93 

(BCC) unit cell, with a slight decrease in height along one direction, where a = b ≠ c. As the 94 

BCC unit cell transforms into the BCT unit cell, alterations in stress distribution within the 95 

lattices result in the initiation of microfractures in struts. This leads to the progressive formation 96 

and propagation of crack bands, thereby avoiding catastrophic failure. Subsequently, the 97 

proposed design strategy was evaluated in the framework of the BCC structure with different 98 

strut lengths, and finally achieved the simultaneous enhancement of compressive strength and 99 

energy absorption capacity. More importantly, our strategy effectively changed the failure 100 

mode of the structural BMGs, marking a significant step toward addressing the challenge of 101 

brittleness in BMG lattice structures. 102 

2. Materials and methods 103 

2.1 Manufacture and modeling of lattice structures 104 

Gas-atomized equimolar Zr60.14Cu22.31Fe4.85Al9.7Ag3 MG powders (ShanDong LianHong 105 

New Material Technology Co., Ltd China), with a nominal particle size ranging from 0 μm to 106 

53 μm, were used in the L-PBF process for the specimen fabrication. The powder morphology 107 

was observed in scanning electron microscopy equipped with an energy disperse spectroscopy 108 

(SEM, Sigma 300, Zeiss, Germany) detector. Fig. 1a shows the spherical MG powders 109 

fabricated by the gas atomization process. The SEM results indicate that the powders exhibit 110 

good sphericity, uniform particle size, and high surface quality, meeting the requirements for 111 

L-PBF forming experiments. Table 1 presents the comparison between the nominal 112 

composition and actual composition of MG powders. 113 

 The MG specimens, including bulk and lattices, were manufactured using a selective laser 114 

melting system (SLM 125 HL, SLM Solutions Group AG, Germany). The system was 115 

equipped with a single 400W IPG fiber laser and operated under a continuous Argon 116 
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atmosphere. The oxygen content during the entire process was below 300 ppm. A zigzag 117 

scanning strategy with a 67° rotation was utilized in the subsequent layer building process, with 118 

a hatch distance of 100 μm. The laser scanning speed, laser power, and layer thickness were 119 

1400 mm/s, 160W, and 60 μm, respectively. 120 

 121 

Fig. 1 The design, fabrication and characterization of the 3D-printed BMG lattices. (a) 122 

The morphology in SEM of Zr60.14Cu22.31Fe4.85Al9.7Ag3 MG powder used in the SLM approach 123 

corresponding EDS element maps. (b) 3D-printed BMG specimens. CAD models of the unit 124 

cell of (c) BCC and (d) D-TPMS. SEM images of the outside surface of 3D-printed BMG 125 

lattices:(e) BCC and (f) D-TPMS. (g) Three-dimensional pores distribution of BCC BMG 126 

lattices and (h) data statistics of the number of pores distributed at nodes and struts. (i) Three-127 

dimensional surface deviation maps and (j) statistical surface deviation distributions of BCC 128 
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BMG lattices (Dp was the peak surface deviation, 0.102 indicated the intercepts for 90% of the 129 

cumulative percentage.) (k) XRD patterns and (l) DSC plots of the 3D-printed BMG and MG 130 

powders, respectively.  131 

 132 

Table 1 The comparison between the nominal and actual composition of powders 133 

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 

 134 

In this paper, we have selected a classical strut-based BCC lattice structure and a novel 135 

sheet-based D-TPMS structure for our initial attempt to integrate MG into cellular structures. 136 

Printed MG lattices shown in the Fig. 1b. COMSOL and Magics software were used to create 137 

3D models and slice the 3D stereo-lithography (STL) files for 3D printing, as shown in Fig. 138 

1c-d. The geometric properties of BCC are shown in Table S1. These four BCC structures 139 

(D0.8L2.8- D0.8L4.0) have cubic unit cells with decreasing side lengths so as to obtain diverse 140 

porosities (D and L refer to the diameter and the length of the structure of the unit cell). The 141 

TPMS structure's geometric model can be mathematically estimated through implicit 142 

methods[26]. This approach generates 3D surfaces as the solution of level set function Ф = 143 

c, referred to as the c-level set. The Diamond surfaces of the structure are described by the 144 

following approximations： 145 

Φ𝐷(𝑥, 𝑦, 𝑧) = sin(𝜔𝑥) sin(𝜔𝑦) sin(𝜔𝑧) + cos(𝜔𝑥) sin(𝜔𝑦) sin(𝜔𝑧) +146 

 sin(𝜔𝑥) cos(𝜔𝑦) sin(𝜔𝑧) + sin(𝜔𝑥) sin(𝜔𝑦) cos(𝜔𝑧) = 𝑐  Eq.1 147 

where x, y and z are spatial coordinates, 𝜔 = 2𝜋/𝑙 and 𝑙 is the length of a unit cell.  148 

A 3D model of the TPMS sheet geometry (Fig. 1d) is created by extracting the zero-level 149 

surface from Eq. 1 in a MATLAB script, i.e., the surface defined by Φ = 0, and then offsetting 150 

the surface uniformly in both directions. The geometric properties of D-TPMS are shown in 151 

Table S1. These four TPMS structures have the same cubic unit cells with increasing shell 152 

thickness to obtain diverse decreasing porosities (T refers to the shell thickness). The porosity 153 
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of the TPMS was set consistent with the BCC lattices to have a better comparison.  154 

2.2 Morphological and microstructure characterization of the 3D-printed BMG lattices 155 

The structural features of the BMG lattices were characterized using FF35 X-ray computed 156 

tomography (CT, YXLON, Germany). The CT tests were conducted at a voltage of 150 kV and 157 

a current of 30 μA. To evaluate the densification level of the 3D-printed lattices, a 158 

representative BCC lattice structure with dimensions of 2.31×2.31×2.31 unit cells was scanned. 159 

Commercially available image analysis software, VG Studio Max 3.5 (Volume Graphics 160 

GmbH, Heidelberg, Germany), was employed for further data analysis and visualization. 161 

For a more in-depth analysis of manufacturing deviations resulting from the fabrication 162 

process, the actual porosities of the printed lattices were determined using the dry weighing 163 

method. A wire-cut electrical discharge machining process was utilized to detach all specimens 164 

from the platform, and the wire-cut surfaces were subsequently mechanically polished with 165 

sandpaper. After drying, polishing, and cleaning, the samples were weighed. To calculate the 166 

total volume occupied by each lattice, all specimens were measured three times using a vernier 167 

caliper. The porosity P of the lattices was calculated as 168 

𝑃 = (1 −
𝜌

𝜌0
) × 100%  Eq.2 169 

where 𝜌 is the density of the structural alloys,  𝜌0 is the densitiy of the bulk alloys. 170 

The phases in the original MG powders and 3D-printed BMG lattices were investigated by 171 

X-ray diffractometer (XRD, Rigaku SmartLab 9KW, Japan) with a 2𝜃 range from 20° to 80° 172 

and a differential scanning calorimeter (DSC 250, TA, USA) with a heating rate of 20K/min. 173 

Compression tests were carried out on a 68TM-50 Universal testing machine (Max 50kN) 174 

(Instron, USA). Each test was performed under displacement control with a strain rate of 1.0 175 

× 10-3 s-1 at room temperature and stopped when the entire structure completely collapsed. 176 

The loading direction was along the z-axis. Mechanical properties of 3D-printed BMG were 177 

tested in accordance with ASTM E9-09, where the compressive strength represents the 178 

maximum stress at or before fracture for brittle materials. The sample sizes of the BCC and 179 

TPMS lattices are provided in Table S1, and Table 3 indicates the geometrical specifications of 180 
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the BCT lattices. 181 

2.3 Unit cell shape design on BCC structure to enhance the damage tolerance. 182 

  Since strut-based BMG lattices demonstrate a superior capacity to inhibit the expansion of 183 

impact-induced crack penetration through local fracture, we initially selected the BCC lattice 184 

as our baseline model. In the context of macro lattice structure design studies, the compressive 185 

deformation behavior of the meshes is influenced by the coupled mechanisms of bending and 186 

buckling. Drastic buckling behavior can be mitigated by increasing the bending component 187 

through unit cell shape design. Thus, to address the inherent brittleness of BMG during 188 

compressive deformation, unit cells are designed to increase the bending component of the load 189 

applied to the struts. These specially designed BCT structures (D0.8L3.2-90%- D0.8L3.2-70%) 190 

are derived from the cubic unit cell: D0.8L3.2, by scaling the unit cell in the z-axis direction 191 

using the corresponding multiplier α (ranging from 90% to 70%), as depicted in Fig. 5b. This 192 

method of altering the unit cell shape maintains consistent porosity across the entire mesh, 193 

facilitating meaningful comparisons of different unit cell shapes under the same volume 194 

fraction.  195 

2.4 Finite element model of the designed BCC MG lattices 196 

 To elucidate the strengthening mechanism of the designed BCC BMG lattices, the linear 197 

finite-element (FE) quasi-static compression simulation was conducted to investigate the stress 198 

distribution by the commercial software COMSOL multiphysics. Mechanical properties of 3D-199 

printed Zr60.14Cu22.31Fe4.85Al9.7Ag3 for the FE method are illustrated in Fig. S1. We simulated 200 

experimental compression conditions by placing the BCC meshes between two rigid flat plates. 201 

The top plates were allowed to move only along the Z-axis, while the bottom plates were fixed 202 

in all directions. The model was meshed using free tetrahedral elements. To account for static 203 

friction between the plates and the samples, the frictional coefficient was set to 0.15. 204 
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3. Results  205 

3.1 Morphological characteristics and microstructure of the 3D-printed BMG lattices. 206 

Fig. 1 e-f illustrates the SEM images of 3D-printed BMG lattices characterized by low 207 

roughness and a defect-free structure. However, it is noteworthy that some residual, unmelted 208 

powder adhered to the outer surface, resulting in deviations between the measured and designed 209 

porosity levels of the lattices. 210 

3D-printed BCC specimens were quantitatively evaluated by the X-ray CT method (Fig. 1g-211 

j). From the defect volume distribution data presented in Fig. 1g, it is evident that the internal 212 

pores within the fabricated lattice predominantly measure below 0.001 mm2, resulting in a mere 213 

0.06% defect volume ratio. This signifies that the sample's density exceeds 99.9%. We counted 214 

the number of the pores distributed at the nodes and struts in Fig. 1h, which were 523 and 828, 215 

respectively. The distribution histogram indicates that the pores are more likely to appear at the 216 

nodes. The predominant green coloration within the contours in Fig. 1i-j denotes surface 217 

deviations, which exhibit a commendable acceptability level, with 90% of deviations 218 

measuring below 0.13 mm. 219 

  220 

Table 2 Geometrical characteristics of the as-designed lattices and mass comparison of 221 

the as-built lattices and as-designed lattices 222 

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 



11 

 

 

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 

 223 

Table 2 shows the dry weight of 3D-printed BMG lattices. Due to the different structures, 224 

the measured average mass ranges from 2.32 g to 4.92 g, and porosities range from 59.5%-225 

16.1%. For the four BCC structures, the mass deviations: 𝜂𝑚 =
|𝑚𝑑−𝑚|

𝑚
× 100%,  are below 226 

4%. These deviations came from the error caused by the wire cutter and the powder aggregation 227 

on the struts and nodes as shown in the SEM figures in Fig. 1e, which are acceptable results 228 

for small dimensions lattices within 10 mm. 229 

Mass deviations 𝜂𝑚  in TPMS structures exceed 14%, which is influenced by various 230 

factors due to their unique shell-based design. To efficiently design the geometries, TPMS 231 

structures offer inherent advantages but require discretization into mesh models for additive 232 

manufacturing. Enhanced calculation accuracy is essential. Despite the influence from the input 233 

mesh model, the large melt pool size and over-melting during the fabrication process made the 234 

residual particles more likely adhere to the surfaces; thus, the measured average weights m of 235 

TPMS lattices are all bigger than the designed md. As the nominal thickness increases, the 236 

volume fraction increases, while the deviation decreases. One of the primary reasons is that the 237 

nominal thickness setting is too small compared to the laser spot size (80 µm). The overmelting 238 

phenomenon significantly impacts the relative densities. As the nominal setting increases, the 239 

effect of overmelting decreases, bringing m closer to the designed md. The nominal thickness 240 

designed in this study is constrained by overall dimensions to maintain porosity consistent with 241 

the BCC structures. 242 

Fig. 1k-l shows the XRD and DSC results of the Zr-based MG powders and the 3D-printed 243 

BMG. The XRD pattern of the powders exhibits a broad halo diffraction peak without any 244 

detectable crystalline peaks, demonstrating a fully glassy structure. The 3D-printed BMG 245 

exhibits a similar broad diffraction peak with small crystalline peaks on it, with the 246 

nanocrystalline maybe induced during the 3D-printng process in the heat-affected zone (HAZ) 247 
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[27]. DSC results also indicate that there exists partial crystallization in the printed BMG. The 248 

amorphous content of the 3D-printed samples was determined using the equation Am.% = 249 

ΔH/ΔHp [28], where Am.% represents the fraction of the amorphous phase, and ΔH and ΔHp 250 

denote the crystallization enthalpies of the printed samples and the original amorphous powders, 251 

respectively. From the DSC results, it can be inferred that the amorphous content in 3D-printed 252 

BMG is 72.25%. Generally, the BMG has a smaller amorphous fraction than the porous MG 253 

because the 3D-printed lattice exhibits significantly larger molten pools due to less constraint 254 

in S regions. 255 

3.2 Mechanical properties of 3D-printed BMG lattices. 256 

 257 

Fig. 2 Compressive stress-strain curves of 3D-printed BMGs with diverse porosities: (a) 258 

BCC lattices (b) TPMS lattices. Deformation behavior and fracture mode of diverse porosities 259 
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of BCC BMG lattices: (c) D0.8L4 (d) D0.8L3.6 (e) D0.8L3.2 and (f) D0.8L2.8 and TPMS 260 

BMG lattices (g) T293 (h) T345 (i) T403 (j) T468. The red arrow indicates the crack bands. 261 

 262 

Fig. 2 displays the compressive stress-strain curves for BCC lattices and TPMS lattices 263 

with various porosities. For crystalline ductile metallic lattices, the stress-strain curves can be 264 

divided into three regions: an elastic deformation region before the first peak value is reached, 265 

a plateau region combining buckling and bending deformation, and a final densification region 266 

corresponding to rapid stress increase [29]. When it comes to MG lattices, their compression 267 

behavior is similar to that of brittle metallic lattices. The stress-strain curves of MG also exhibit 268 

three stages, as shown in Fig. 2a-b: an elastic deformation region before collapse strength 𝜎𝑐 269 

(0- I), an extensive failure stage characterized by a dramatic drop in stress (I-II), a continuous 270 

local failure with decreasing low stress (II-III). Fig. 2c-j shows the deformations behavior and 271 

failure mechanisms of diverse porosities BCC lattices and TPMS lattices. For MG BCC lattices 272 

with high porosities (>50%), the compressive deformation behavior ends at stage II, with a 273 

single long fracture band throughout the whole structure due to catastrophic failure, leading to 274 

the stress suddenly dropping to 0 in the stress-strain curves (refer to I-II and I’-II’ in Fig. 2c-d). 275 

The fracture angle measured from SEM figures is approximately 45°, consistent with the 276 

classical BCC lattice fracture mode. Furthermore, as the porosities decrease to less than 50%, 277 

the significant stress drop observed in stage II is reduced to a lesser extent. This behavior is 278 

clearer when the porosity decreases to 30.6% (specimen D0.8L2.8), at stage II (I”’-II”’), and 279 

this dramatic drop is manifested as a single significant reduction rather than multiple 280 

discontinuous drops. This corresponds to the propagation of multiple crack bands inside the 281 

structure (as shown in Fig. 2f), leading to the beam fracture at various locations until the entire 282 

structure collapses. The lower porosity introduced here corresponds to smaller pore sizes, 283 

which hinder the connection of crack bands under loading, thus preventing catastrophic failures. 284 

However, it remains challenging to completely avoid the dramatic stress drops in stage II by 285 

controlling pore size and porosity.  286 

 Unlike BCC structures that consist of struts and nodes, TPMS structures lack nodes, which 287 
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reduces stress concentrations. From previous FE results of the Diamond TPMS structure [24], 288 

sheet-based structures exhibit a homogeneous failing manner, where all layers demonstrate 289 

relatively uniform deformations under applied loads. However, due to the brittle materials 290 

characteristics, TPMS MG lattices did not behave better than BCC structures as expected. They 291 

exhibit high strength but with catastrophic failure under compression. At porosities higher than 292 

30%, multiple cracks rapidly propagate the structures in the loading direction. In Fig. 2g-h, we 293 

can clearly see that the crack bands separate the lattices into several parts. However, since the 294 

crack propagation direction is parallel to the loading direction, the lattices can maintain 295 

structural integrity for a while to bear the load in the Z direction. However, due to severe 296 

damage, the load-bearing capacity is maintained at low-stress levels with a continued 297 

detachment of the broken parts from the structure. When the porosity decreases below 30%, 298 

the crack band becomes singular, and the fracture angle is 45% (Fig. 2i-j). As the porosity 299 

decreases, the fracture mode of the TPMS MG lattices is contrary to that of the BCC MG 300 

lattices. Compared with the sheet-based structure TPMS, more stress fluctuations occur on 301 

strut-based BCC structure, and localized fracture of the struts absorbs the compression energy, 302 

thus avoiding primary crack generation and rapid penetration throughout the sample.  303 

In summary, when the loading stress exceeds the elastic limit of the brittle material, these 304 

artificially introduced porous structures dissipate the input energy by proliferating microcracks 305 

as the applied strain increases. As the energy in the material is dissipated and the stress is 306 

relaxed, there is no main crack penetration. This is the result of quasi-static loading of the 307 

porous structure to enhance the deformability and damage resistance of brittle materials.  308 
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3.3 Ashby predicted model.  309 

 310 

Fig. 3 Mechanical properties of BCC BMG lattices (a-c) and TPMS BMG lattices (d-f): 311 

Compressive strength, Young’s modulus, Energy absorption versus the measured relative 312 

density. Comparison on (g) normalized elastic modulus (h) normalized compressive strength. 313 

Variations in compressive strength σ, Young’s modulus E, and energy absorption W with 314 

measured porosities of two types of lattices are shown in Fig. 3a-c for BCC lattices and Fig. 315 

3d-f for TPMS lattices. The strength ranges from 50 MPa to 300 MPa for BCC lattices and 150 316 

MPa to 450 MPa for TPMS lattices. Young’s modulus E ranges from 1.0 to 3.0 GPa for BCC 317 
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lattices, and from 5.0 to 8.0 GPa for TPMS lattices. Energy absorption capacity, namely the 318 

amount of energy absorbed per unit volume of cellular solids, is determined by the area under 319 

the stress-strain curve up to the densification strain: 320 

𝑊 = ∫ 𝜎(𝜀)𝑑𝜀
𝜀𝑐

0
  Eq.3 321 

Since the BMG in this study is extremely brittle, the collapse strain 𝜀𝑐 (point III in Fig. 2) 322 

is used instead of the densification strain. If BMG lattices cause catastrophic failure and do not 323 

have stage III, only the former two stages are considered to calculate the energy absorption. 324 

Energy absorption requires an optimum combination of large collapse strain and high plateau 325 

stress. Thus, for the brittle foams, avoiding the abrupt stress drop at stage II and extending the 326 

plateau region at stage III is vital for enhancing the energy absorption ability.   327 

Based on the classic theory of cellular solids, the structure-property relationship of different 328 

unit cell MG lattices can be established. The normalized compressive strength σ and the 329 

normalized elastic modulus E of the porous structure can be represented as a function of relative 330 

density by power laws [30, 31]: 331 

𝐸

𝐸𝑆
= 𝐶1𝜌̅𝑛1  Eq.4 332 

𝜎

𝜎𝑠
= 𝐶2𝜌̅𝑛2  Eq.5 333 

Where σ and Es are the compressive strength and Young’s modulus of the raw material, 334 

Zr-based BMG (Fig S1). The exponents n1, n2, along with the coefficients C1, C2, serve to 335 

characterize the mechanical properties of the distinct geometries of unit cells, and the 336 

exponents are more representative since they follow power laws. It is important to note that the 337 

relative densities of the lattices in this work are measured densities, not nominal relative 338 

densities. Many previous investigations have used the nominal relative density to establish the 339 

structure-property relationship, but greater precision is necessary, especially when 340 

manufacturing errors are significant and must be taken into account. It also lacks 341 

persuasiveness when compared with other cellular materials in terms of nominal relative 342 

density, particularly for specimens with significant fabrication deviations [32].  343 

Fig. 3g-h shows the normalized elastic modulus and normalized compressive strength. In 344 
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this study, the mechanical properties along the <100> direction are calculated because of the 345 

anisotropy of lattice structures. For the normalized elastic modulus, the fitting exponent of the 346 

TPMS structure is 0.872, which is smaller than that of the bending-dominated BCC lattices 347 

(1.26). The fitting exponents are obtained from the nonlinear curve fitting results based on Eq.4 348 

and Eq.5. The small exponent of the TPMS structure means that the compressive modulus 349 

decreases were slowly with decreased density compared to the BCC lattice, amplifying the 350 

advantage in the low-density range. As an example, based on the fitting equations in Fig. 3g, 351 

Young’s modulus of the TPMS structure is 2.05 times that of the BCC lattice at a relative 352 

density of about 0.58. Similar experimental results in previous literature indicated that the 353 

TPMS structure outperforms BCC lattices in regard to the modulus [24]. However, unlike most 354 

BCC lattices with exponents greater than 2, the BCC MG lattice in this study has a much lower 355 

exponent than in previous works. This suggests that BCC structures perform better on BMG 356 

than expected. For compressive strength (Fig. 3h), the fitting exponent of the TPMS structure 357 

is 2.28, which is also slighter smaller than for BCC lattices (2.84). At approximately the same 358 

relative density of 0.58, BCC BMG lattices even exhibit slightly higher compressive strength 359 

than TPMS BMG lattices. This result contrasts with findings in other works on ductile materials, 360 

such as 316L stainless steel and maraging steel [24, 33, 34]. Modest stress fluctuations occur 361 

during the elastic stage (Stage I) of BCC MG lattices in Fig. 2, indicating that some small parts 362 

of the struts fracture inside the lattices to release the stress. This allows the entire lattice to bear 363 

more loading until it fails. In contrast, TPMS structures with smoother surfaces are less prone 364 

to break at stress concentration points for releasing internal energy. As a result, their stress 365 

curves form straight lines without fluctuations during the elastic stage. 366 

 The above experimental phenomena indicate that for brittle materials, the optimum and 367 

suitable structure is different due to the different failure mechanism and materials 368 

characteristics; hence, the structure design strategy cannot follow that of ductile cellular 369 

materials. A novel design method should be developed based on the compression experimental 370 

results of BMG lattices, considering the failure characteristics of brittle materials.  371 
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3.4 Enhanced damage tolerance of designed unit cell shape BMG lattices. 372 

373 

Fig. 4 Schematics of unit cell shape design strategy. (a) compression test and load direction 374 

(b) BCC unit cell shape design: the original BCC lattice and BCT-90%, BCT-70%. (c) The 375 

enhancement of damage tolerance of designed lattices.  376 

It was found that the deformation characteristics mainly depend on the geometries of the 377 

unit cell rather than the relative density. In this study, the unit cell design is based on the original 378 

BCC structure (D0.8L3.2). The BCC unit cell was transformed into a BCT unit cell, being 379 

compressed in the z-direction to different degrees. 𝛼 represents the scaling degree in the z-380 

direction. Detailed geometrical information for the BCT lattices is provided in Table 3. Visible 381 

enhancements in the damage tolerance were investigated through the stress-stain curves with 382 

increasing multiplier 𝛼 in Fig. 4c. 383 

 384 

 385 

 386 

 387 

 388 

 389 
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Table 3  390 

Geometrical specifications of the BCT lattices 391 

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 
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 392 

Fig. 5 Mechanical performance of designed BCT lattices. (a) Deformation process and (b) 393 

stress-strain curves of the designed BCT lattices with slight scaling degree: D0.8L3.2-90%, 394 

D0.8L3.2-85% and D0.8L3.2-80%. (c) Deformation process and (d) stress-strain curves of the 395 

BCT lattices with a large scaling degree: D0.8L3.2-70%. Increasing energy absorption 396 

performance with the increased scaling degree of the lattices(e) Absorbed Energy (f) Energy 397 

absorption efficiency.  398 
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From the compression results and deformation phenomenon in Fig. 5a-b and Fig. 5c-d, a 399 

clear transition from catastrophic fracture to sequential localized fracture was observed with 400 

the scaling degree. For the BCT structure with a slight scaling degree (𝛼 = 90%), the stress 401 

drops to 50 MPa immediately after the compressive strength 𝜎 reached 136 MPa (Fig. 5b). 402 

Two main cracks could be seen in the deformation process (Fig. 5a) at 𝜀 =10%. Two cracks 403 

propagated rapidly and divided the lattices into several big parts that no longer bear any stress 404 

at 𝜀 =15%. In Fig. 5d, the designed BCT structure with a large scaling degree (𝛼 = 70%) 405 

displays an enhanced stress level after the elastic deformation region, which is close to the 406 

plateau region of the ductile metallic lattices. Multiple small crack bands occur but no main 407 

crack bands through the entire lattices; thus, no rapid stress drop at stage II after lattices reach 408 

the compressive strength 𝜎 of 156 MPa. At stage II-III, the stress fluctuates from 100 to 140 409 

MPa for a strain rate of approximately 17.7%, corresponding to the continuous crushing of the 410 

struts. The direction of the crack bands is along the loading direction, thereby maintaining a 411 

high-stress level in a long region. The rapid stress drop was postponed significantly, and the 412 

whole lattices still maintained 102 MPa at 𝜀 =25%.  413 

To absorb more energy when compressed, ideal absorption materials had a long plateau. 414 

The absorbing ability of porous structures is demonstrated solely by W. The energy absorption 415 

efficiency, denoted as η, serves as an indicator of the energy absorption capacity of engineered 416 

lattice structures, relative to the product of the maximum stress σ and strain. The value of η can 417 

be calculated by[35]: 418 

𝜂 =
𝑊

𝜎𝜀
  Eq. 6 419 

The BCT lattice possesses a greater energy absorption capability, resulting from its unique 420 

mechanical deformation behavior, compared to the original BCC structure. The absorbed 421 

energies of the fabricated BCT MG lattices gradually increased with decreasing angles 𝜃 422 

between the applied load and the beam. From Fig. 5e, the absorbed energy of the original BCC 423 

(𝜃  = 33.89 °) is 13.67 MJ/ mm3. As the angle 𝜃  of the unit cell decreases to 26.33°, the 424 

absorbed energy of the BCT lattice is 29.25 MJ/ mm3 (almost 2.2 times that of the original 425 

BCC). The energy absorption efficiencies of the fabricated different BCT MG lattices (Fig. 5f) 426 
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with 30% strain are 26.06%, 29.00, and 60.03%, respectively. The results also indicate that the 427 

unit cell shape design has a significant positive influence on the absorption efficiencies of 3D-428 

printed BMG lattices, attributable to the high-stress level in the plateau region. Especially for 429 

D0.8L3.2-70%, the energy absorption efficiency at 30% is close to the highest energy 430 

absorption efficiencies of the amorphous metal nano-honeycomb (70%-90%) [36] and is higher 431 

than that of the open-cell lattice structure (50%) [35].  432 
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4. Discussion 433 

4.1 Principles to improve the damage tolerance of BMG lattices through unit cell shape design. 434 

 435 

Fig. 6 Stress analyses of the designed BCC lattices. (a) FE predicted stress distributions at 436 

different strains for BCC lattices. (b) Mean value of equivalent stress of N point of the BCC 437 

lattice and BCT lattices at 1% and 5% overall deformation. (c) Orthogonal cross-section and 438 

(d) Force analysis diagram of the BCC unit cell and the BCT unit cell with different scaling 439 

degrees: D0.8L3.2, D0.8L3.2-90% and D0.8L3.2-70%. (e) FE predicted stress distributions 440 
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(orthogonal cross-section) at different strains for the BCC lattice and BCT lattices: D0.8L3.2, 441 

D0.8L3.2-90% and D0.8L3.2-70%. 442 

Clear enhancement in the damage tolerance of the BCT lattices (Fig. 5) was observed from 443 

the compression results and deformation phenomena in the deformed unit cell. In this section, 444 

theoretical analysis is used to elucidate the factors behind this transformation. To precisely 445 

evaluate the mechanical properties like collapse strength and elastic modulus through geometry 446 

information of unit cells and the intrinsic properties of raw material, a basic model was formed 447 

based on those deformation modes [37, 38]. To better understand the influence of the designed 448 

structure on mechanical behavior, the load P applied on a z-axis strut is separated by two 449 

components P1 and P2, where P1 represents the load along the bending direction (Fig. 6c-d), 450 

and P2 represents the load along the buckling direction. Obviously, P2 decreases with 451 

decreasing 𝜃 of the unit cell, whilst on the contrary, the bending component P1 increases. This 452 

tendency is consistent with the other material lattices deformation behaviors under compression 453 

[25].  454 

However, a different mechanism is at play when dealing with brittle BMG. The increased 455 

force P1 induces vertical fracture at various positions inside the lattices, while the decreased 456 

force P2 reduces the stress concentration in the direction of the diagonal, avoiding the fast 457 

propagation of the main crack bands. This point is substantiated by the numerical results 458 

obtained from finite element analysis. From the linear-elastic simulation models in Fig. 6a, the 459 

stress is concentrated on the nodes (N point) of the BCC lattices. The lower mean value of the 460 

equivalent stress at point N in the BCT lattices at 1% and 5% overall deformation (elastic stage). 461 

Fig. 6b indicates that the D0.8L3.2-70% lattices have lower stress concentration at the N point, 462 

consistent with the decrease in the component P2. The reasons for the transition of this fracture 463 

mode can be intuitively determined from the orthogonal cross-section of the stress distribution 464 

results in Fig. 6e. It was found that the maximum von Mises stresses observed in the original 465 

BCC unit cell were distributed nearby the nodes but formed localized high-stress bands along 466 

the diagonal line. With the decrease of the component P2, higher amounts of high-stress 467 

distribution were concentrated in the struts rather than the nodes. Low-stress areas were 468 
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presented between the nodes and struts in the D0.8L3.2-70% lattices, acting like a wall that 469 

blocks the rapid propagation of cracks along the diagonal direction. Hence, multiple crack 470 

bands along the vertical direction appeared instead of a single crack band along the diagonal.  471 

 472 

Fig. 7 Crack surface and fractography of designed BCC BMG lattices. SEM images of 473 

exemplary compression test sample after crack initiation: (a)D0.8L3.2-90%: crack propagate 474 

along the diagonal line (b-c) fracture morphologies: dimple-like pattern. (d) D0.8L3.2-70%: 475 

crack propagate along the vertical direction (e-f) fracture morphologies: vein-like pattern. 476 

The transformative crack extending behavior of the BCT lattice can be investigated from 477 

the fracture surface of the lattices. As shown in Fig. 7a, the trajectories of the cracks follow the 478 

junctions between the nodes and struts, which are areas of high von Mises stress, and propagate 479 

rapidly along the diagonal direction throughout the entire lattice. In D0.8L3.2-90% lattices with 480 

larger θ, the fracture surface displays a dimple-like pattern (Fig. 7b-c), a typical feature of 481 

quasi-cleavage brittle fracture in MGs. For D0.8L3.2-70% lattices with the smallest 𝜃 (Fig. 482 

7d), since there is a low-stress area between the nodes and struts, cracks no longer extend along 483 

the diagonal direction. Instead, they deflect along the vertical direction and are restricted by 484 

the porosities, preventing them from propagating throughout the entire structure. In addition, a 485 
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typical fracture (Fig. 7e-f) of the molten pool region of MG was observed. Many molten 486 

droplets were observed in the vein-like structure, demonstrating that concentration of elastic 487 

energy causes temperature increase over the Tg of the MG, while the energy is released in 488 

instantaneous fracture, and localized remelting occurs. This indicates that the deformation 489 

behavior of original BCC lattices is just fast crack propagation along the crack band compared 490 

to the BCT lattices with smaller 𝜃. When the 𝜃 decreases, multiple small crack bands cause 491 

incompleteness of the structures with the complex stress distribution, and the struts make it 492 

easier to achieve the elastic limit that causes localized remelting of MP, which bears more 493 

loading. This result verifies the increased stress level at the plateau region. 494 

4.2 Applying the present enhancement strategy in the future. 495 

 496 

Fig. 8 Primary results on applying the present strategy to BCC BMG meshes. (a) the 497 
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energy absorption capacity against compressive strength: the arrow points in the direction of 498 

𝜃  reduction. (b-c) compressive strength and specific compressive strength comparing the 499 

mechanical properties of MG meshes with other cellular structures [25, 39-42]. 500 

 501 

Fig. 9 An instance of implementing the present strategy for future lattice design to achieve 502 

improved mechanical performance. The introduced porosity based on original BCC lattices 503 

(c) is hard to effectively inhibit the intrinsic single crack band of BMG meshes (e, g). Designed 504 

BCT BMG meshes (d) with multiple crack bands (f) to achieve a better performance (h). 505 

This work is the first attempt to combine the lattice structures with BMGs to achieve high 506 

damage tolerance of brittle structural materials with high strength. By the introduction of the 507 

designed unit cell with almost constant porosity, appreciable enhancement of the mechanical 508 

properties can be well obtained. 509 

To verify the viability of the present strategy, we also designed the same shape for BCC 510 

lattices with different strut lengths and then measured the mechanical properties of 3D-printed 511 

BMG lattices under compression. Fig. 8a exhibits the active influence on both absorption 512 

energy capacity and compressive strength on BCC lattices with different strut lengths. The 513 

scatter with the darker color represents the BCT lattices with smaller 𝜃 . The compressive 514 

strength of the original BCC lattice (D0.8L3.6) is 108MPa, and when the deform multiplier 515 

𝛼 =70%, the compressive strength increase to 285 MPa. The absorbed energy also increased 516 

by 8.5 times, which is a significant improvement. For the D0.8L3.2 BCC structure, we can see 517 

that there is a positive effect on the energy absorption capacity with the increasing deform 518 
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multiplier 𝛼 . Thus, establishing an accurate structure-property relationship for the present 519 

structure strategy based on different unit cells is essential to synergistically enhance the 520 

compressive strength and damage tolerance for meeting the high-performance requirements for 521 

energy absorber applications. In comparison with other cellular structures (Fig. 8b-c), BMG 522 

lattices exhibit outstanding strength-to-weight ratios, which shows the potential comparable 523 

ability of the MG lattices for the high strength need in the automobile and aerospace industries.  524 

The schematic approach, which applies the current strategy for designing strut-based 525 

lattices, is depicted in Fig. 9. At room temperature, brittle BMGs have zero compressive 526 

plasticity (Fig. 9a-b). The complex BCC lattices can be simplified as 2D BMGs with artificial 527 

holes (Fig. 9e-f). Through unit cell design, the distribution of the high-stress bands can prevent 528 

the 45° main crack band under compressive loading, which leads to catastrophic failure (Fig. 529 

9e). After unit cell design, micro cracks do not easily penetrate the neighboring pores and the 530 

linkage between the main crack and the microcracks can be avoided, and multiple small vertical 531 

crack bands occur which postpone the catastrophic failure (Fig. 9f). Small region fracture 532 

releases the energy concentration, the stress concentration is relaxed, and the stress state 533 

becomes complex with the variation of the lattices, thus improving the failure resistance of 534 

brittle BMG meshes. This design method can simultaneously improve compressive strength 535 

and damage tolerance. However, the structural anisotropy induced by this strategy leads to its 536 

limitations, as it can only improve the damage tolerance of unidirectional lattice structures. 537 

5.Conclusions 538 

To sum up, BMG meshes with BCC and TPMS cells were printed using the L-PBF method. 539 

It was found that the deformation behavior of these lattices can be summarized into three stages: 540 

an elastic deformation region before collapse strength, an extensive failure stage characterized 541 

by a dramatic drop in stress, and continuous localized fracture with a decreasing low stress. 542 

Unexpectedly, the BCC structures outperform TPMS structures in terms of absorption energy 543 

because the multiple fractures of the struts release partial energy, thereby postponing the 544 
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collapse of the structures. This result suggests that BCC lattice may be more suitable for highly 545 

brittle materials than TPMS structure to prevent the fast propagation of the main crack band, 546 

causing catastrophic failure. 547 

Based on the influencing effects of the deformed BCC unit cell shape on the compressive 548 

deformation behavior, BCT lattices with increased multiple cracks were designed to enhance 549 

the damage tolerance of the lattices effectively. The catastrophic failure of the MG lattices was 550 

avoided by inducing localized fracture through reducing the angle  of the unit cell. 551 

Compression test results showed that BCT BMG lattices have a positive impact on both 552 

absorption energy capacity and compressive strength. By employing this design strategy on the 553 

BCC MG meshes with different strut lengths, the energy absorption of the designed BCT 554 

lattices increased by nearly 8.5 times compared to the original BCC lattices. Simultaneously, 555 

the compressive strength increased synergistically by about 2.5 times. These results confirm 556 

that our method is effective in mitigating the catastrophic failure of brittle BMGs and enhancing 557 

the fracture behavior of BMG lattice structures, demonstrating their high potential for high-558 

strength absorber applications. 559 

 560 

 561 
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 742 

1. Solid parent material property 743 

The representative uniaxial compression stress versus strain response was presented in 744 

Fig. S1. The solid parent 3D-printed Zr based BMG under 19.23 J/mm3 energy density has a 745 

compressive strength of 1509 MPa and Young’s modulus of 72.0GPa. This data use for 746 

normalizing the compressive strength and elastic modulus for MG lattices in this study. 3D 747 

printed Zr based BMG only have the elastic stage, thus, linear explicit finite element method 748 

was applied to study the stress distribution of BCC lattices. And the discussion based on the 749 

simulation results only focus on the elastic stage, to ensure the reliability of simulation results. 750 

 751 

Fig S1. Representative uniaxial compressive stress versus strain response of L-PBF-built Zr-752 

based BMG. 753 

 754 

 755 

 756 

 757 

 758 

 759 

 760 

 761 



37 

 

 

2. Geometrical specifications of the BMG lattices used in this study. 762 

Table S1. Geometrical specifications of the BCC and TPMS lattices used in this study. 763 

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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