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ABSTRACT OF THE DISSERTATION 

	

Mechanical Properties of Architected Materials with Spinodal Topologies: An Experimental 
Investigation 

by 

Yunfei Zhang 

Doctor of Philosophy in Materials Science and Engineering  

University of California, Irvine, 2021 

Professor Lorenzo Valdevit, Chair 

 

 

Architected materials (or metamaterials) are engineered multiphase (composite) or single-phase 

(cellular) materials with carefully controlled and optimized topological phase distributions, which 

can result in combinations of properties not normally found in nature. Over the past two decades, 

a wide variety of metamaterials have been developed for mechanical applications, achieving 

exceptional combinations of high strength and stiffness, high energy absorption and high fracture 

toughness. Optimal design of the topology plays an essential role in achieving exceptional 

mechanical properties of architected materials. Whereas traditionally the most heavily investigated 

designs have all been truss-based, the rapid development of additive manufacturing technologies 

over the past decade has spurred interest in more complex topologies, notably shell-based periodic 

architected materials based on triply periodic minimal surfaces (TPMS). While TPMS-based 

architected materials have been shown to possess combinations of high stiffness, strength, energy 

absorption and notably better mechanical properties than their truss-based counterparts, they are 

generally difficult to manufacture in a scalable fashion, thus limiting their potential applications 

in structural components. Shell-metamaterials with stochastic spinodal topologies (where the 
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smooth continuous shell is defined as the interface between two spinodally decomposed phases) 

have the potential of combining TPMS-like performance and exceptional scalability. In this thesis, 

we experimentally investigate the mechanical performance of shell-metamaterials with spinodal 

topologies, in the form of cellular materials, as well as in the form of reinforcement phase for 

composites, manufactured through both additive manufacturing and self-assembly techniques. We 

conclude that architected materials with spinodal shell topologies combine remarkable specific 

stiffness and strength, a long flat plateau after yielding, intriguing toughening mechanisms and 

potential for self-assembly. These results suggest that architected materials with spinodal shell 

topologies are excellent candidates for mechanical and multi-functional applications.  
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INTRODUCTION 

 

Architected materials (or metamaterials) are engineered multiphase (composite) or single-phase 

(cellular) materials with carefully controlled and optimized topological phase distributions, which 

can result in combinations of properties not normally found in nature. For single phase cellular 

materials, their Young’s modulus, E and yield strength 𝜎𝑦, can be described as a function of the 

relative density, ρ (defined as the volume fraction of the solid phase), generally following a power-

law behavior: 𝐸~𝐸𝑠ρ𝑛 and 𝜎𝑦~𝜎𝑦𝑠ρ𝑚, with 𝐸𝑠 and 𝜎𝑦𝑠 the Young’s modulus and yield strength of 

the constituent material, respectively. The values of the exponents n and m are strongly affected 

by the topology of the unit cell architecture and have a dramatic effect on the mechanical efficiency 

of the material [1]. For truss-based lattice cellular materials, a scaling 𝐸~�̅�ଵ and 𝜎௬~�̅�ଵ denote 

mechanically efficient stretching-dominated behavior, with 𝐸~�̅�ଶ  and 𝜎௬~�̅�ଵ.ହ  indicating less 

efficient bending-dominated behavior [1], [2].  

As effective properties depend on both topology and constituent material properties, the ideal route 

to improve the mechanical performance of architected materials is to combine optimized 

topologies with excellent constituent material properties, which can be achieved through nano-

manufacturing: by reducing the relevant topological dimensions to the nanoscale, we can take 

advantage of size effects on strength that both metallic and ceramic materials are known to exhibit 

[3]. Over the past decade, excellent combination of properties has been demonstrated in a wide 

range of nano-architected materials, including solid ceramic nanolattices [4], hollow metallic [5] 

and ceramic [6] micro and nano-lattices and nano-shell-based cellular materials [7], [8]. However, 

the scalability issues related to their manufacturing process greatly hindered their commercial 
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applications. One possible solution to this scalability issues is to utilize a mechanically efficient 

topology that can be manufactured through self-assembly. For example, spinodal shell topologies, 

defined as the interface between two spinodally decomposed phases, could be a potential 

candidate. To explore this opportunity, we first experimentally investigated the mechanical 

properties of microscale spinodal topologies manufactured through an additive manufacturing 

technique, two-photon polymerization direct laser writing (TPP-DLW), and demonstrated that 

metamaterials based on these topologies are exceptionally efficient in terms of mechanical 

properties. Initial findings on the mechanical properties of the acrylate-based resin, IP-Dip, used 

in TPP-DLW are expanded into a systematic study to establish the correlation between mechanical 

properties of the resin and processing parameters of the printing process. Subsequently, we 

mechanically investigated macroscopic samples with spinodal shell microstructure manufactured 

through self-assembly, showing the potential of spinodal shell topologies for self-assembly 

manufacturing. 

For multiphase architected materials (composites), one class that has drawn great research interest 

is interpenetrating phase composites (IPCs). IPCs are bi-material solids composed of two phases 

that are topologically interconnected throughout the microstructure [9], in such a way that each 

phase is independently self-supporting and load-bearing. Multiple studies, both numerical  [10]–

[18] and experimental  [19]–[26], have consistently demonstrated that the combination of 

reinforcement and matrix in such a way that both phases are  independently self-supporting and 

load-bearing results in improved mechanical properties compared to traditional discontinuously 

reinforced composite materials as the topological interconnectivity allows each constituent phase 

to contribute its most desirable properties to the overall properties of the composite. The 

synergistic role of two phases can be engineered to result in intriguing combinations of properties. 
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As a few examples, (i) in Al2O3/Al IPCs, the stiffness of the composite was shown to be superior 

than that of Al, while its toughness and structural integrity were superior than that of monolithic 

Al2O3 [27]; (ii) while  traditional aluminum foams undergo irrecoverable plastic deformation 

throughout their stress plateau, aluminum foam–polyurethane IPCs display extensive recoverable 

deformation under cyclic loadings, thanks to the stabilizing effect of the soft elastomeric phase 

[25];  (iii) metal-polymer interpenetrating phase nanocomposites based on Ti nanoporous can be 

tuned to match the elastic modulus of human bones, showing great potential for implant 

applications [26]; (iv) finally, molecular dynamics simulations have indicated that silicon carbide–

aluminum IPCs display unique toughening mechanisms [18]. All these studies have consistently 

shown that IPCs are promising candidates for structural and multi-functional applications. It is 

worth noting that the vast majority of IPCs in these studies are manufactured through conventional 

methods, such as powder metallurgy [20] and infiltration processes [21], [28]. While efficient and 

generally scalable, these approaches randomly distribute controlled amounts of the two phases, 

and do not allow full topological control of the composite architecture. 

Recent advancements in additive manufacturing have enabled fabrication of architected materials 

and structures with unprecedented topological complexity [29]–[31]. Notable examples that have 

been recently extensively investigated are shell-based periodic architected materials based on 

triply periodic minimal surfaces (TPMS). These cellular materials consist of the periodic repetition 

in three dimensions of a mathematically defined unit cell, where the constituent material is 

arranged as a curved smooth shell with approximately zero mean curvature everywhere. Examples 

of TPMS include the Schwarz P surface, the Schwarz D surface and the gyroid surface [32]. 

Architected materials based on TPMS have been shown to be mechanically efficient compared to 

truss-based architected materials, by virtue of their smooth and regular topology, resulting in low 
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local stress concentrations and hence efficient load transfer [26] ,[34]. Recent studies have shown 

that similar benefits in mechanical properties extend to TPMS-based IPCs, where either the 

interface between the two solid phases is a TPMS or the reinforcement phase is a thickened TPMS 

shell structure, embedded in a softer matrix. In particular, excellent combinations of high stiffness, 

strength and energy absorption have been demonstrated [35]–[38], and TPMS-based IPCs have 

been shown to possess better mechanical properties than their truss-based counterparts [37]. In 

addition, TPMS-based IPCs have been shown to possess multifunctional extrema [39], [40]. 

However, due to the periodic nature of TPMS, all TPMS-based IPCs are generally difficult to 

manufacture in a scalable fashion, thus limiting their potential applications. Far better scalability 

can be achieved by incorporating a stochastic reinforcement phase that can be self-assembled 

through spinodal decomposition of two materials followed by material conversion. Therefore, it is 

worth investigating mechanical properties IPCs with spinodal shell reinforcement. 

In the subsequent three chapters, we will address the issues mentioned above, by presenting and 

discussing the results from our studies as follows: 

 Chapter 1. Mechanical performance of micro/nano-architected materials with spinodal 

topologies. Experimentally investigating the mechanical performance of cellular materials 

with spinodal topologies, manufactured both by additive manufacturing and self-assembly. 

 Chapter 2. Mechanical performance of interpenetrating phase composites (IPCs) with 

spinodal topologies. Experimentally investigating the mechanical performance of IPCs 

with spinodal reinforcement topologies and comparing it with that of other well-known 

regular reinforcement topologies.  
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 Chapter 3. Fracture toughness of IPCs based on spinodal shell topologies. Experimentally 

investigating the fracture toughness of IPCs with spinodal shell reinforcement topologies 

and comparing it with other periodic shell-based topologies. 
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Chapter 1 Mechanical performance of micro/nano-
architected materials with spinodal topologies 

1.1 Introduction  

Spinodal decomposition is a thermodynamic transformation where a homogeneous (solid or liquid) 

solution separates spontaneously into two coexisting phases [41]. The result is an interpenetrating 

phase composite with very large interfacial area between the phases, and hence a characteristic 

length scale (domain size) much smaller than the sample size; while thermodynamics tends to 

reduce the interfacial area between the two phases (hence increasing the characteristic length 

scale), this growth can be arrested by reducing the temperature of the system (in the case of solid 

phases) [42] or by jamming the interface with particles that are immiscible in both phases (in the 

case of liquid phases) [43], [44]. A number of materials conversion techniques can be subsequently 

used to (i) eliminate one of the phases and converting the remaining phase to the desired material 

(hence producing a cellular material with spinodal solid topology) [45], (ii) converting both phases 

to the desired materials (resulting in an IPC with spinodal solid  topology) [46], [47], or (iii) 

eliminating one phase, coating the other phase with the desired material and finally eliminate the 

second phase as well (resulting in a cellular material with spinodal shell topology) [44]. In all 

cases, the inherent self-assembly of spinodal topologies provides a route to fabricate micro- or 

nano-architected materials with macroscopic dimensions, with a level of scalability unmatched by 

any additive manufacturing technique [48], [49]. However, the stochastic nature of the spinodal 

shell topology might raise question about its mechanical performance.  

Two-photon polymerization direct laser writing (TPP-DLW) is the most promising technology for 

additive manufacturing of geometrically complex parts with nanoscale features [50]–[52]. This 

makes it the ideal manufacturing technique for producing micro-scale spinodal topologies with 
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complex and well-defined thin shell structures which is essential in understanding the mechanical 

response of spinodal-shell metamaterials. As an effort to verify the simulation results in a largely 

computational study [53], we fabricated cellular structure samples with solid and shell spinodal 

topologies using TPP-DLW and tested them in uniaxial compression. Initial findings of the 

mechanical properties of the acrylate-based resin IP-Dip used in TPP-DLW are expanded into a 

systematic study to establish the correlation between mechanical properties of the resin and 

processing parameters of the printing process [54], [55]. 

Finally, as part of a recent collaboration, we investigated the mechanical properties of macroscopic 

samples with spinodal shell microstructure manufactured through the scalable bicontinuous 

interfacially jammed emulsion gels (bijels) method [49]. The results further highlight the great 

potential for mechanical and multifunction application of spinodal shell topologies manufactured 

via self-assembly. 

 

1.2 Two-photon polymerization Direct Laser Writing (TPP-DLW) 

Two-photon polymerization direct laser writing (TPP-DLW) is one of the most relevant additive 

manufacturing technologies to synthesize three-dimensional (3D) parts with sub-micrometer 

resolution [50]–[52]. TPP locally cures a photosensitive material by simultaneous absorption of 

two or multiple photons, using a focused ultrafast pulsed laser beam [51]. Polymerization is 

confined to only the ellipsoid-shaped focal point volume of the laser beam. Dimensions of this 

volume element, or voxel, can be below 100 nm, while typical widths and heights are in the range 

of ≥200 nm and ≥600 nm, respectively. Most TPP-printed structures are patterned from voxel-

lines, i.e. continua of voxels, using galvanometric mirror scanning, 3-axis stage motion, or a 

combination of both. 
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With the ability to manufacture complex samples with nanoscale resolution, TPP-DLW is getting 

increasing research interest. Some of the most prominent research fields accelerated by TPP are 

photonic and mechanical metamaterials [56]–[58], micro-actuators [59], [60], microrobots [61], 

[62], bioscience [63]–[65], and biomimetics [66]–[68]. Micro-optical elements on fiber-tips [69]–

[71], and chip-to-chip interconnects [72], [73], may soon become the first industrial applications. 

 

1.3 Mechanical characterization of acrylate resins for TPP-DLW 

While TPP technology is rapidly progressing, fabrication is still largely empirical, hindered by the 

lack of systematic data on material properties (e.g., strength and stiffness), and limited knowledge 

on their dependence on the process parameters. A small number of studies have reported certain 

properties of two-photon polymerized materials [74]–[78]. However, most studies were specific 

to particular, application-relevant specimen geometries and sizes, with limited general implication 

on the establishment of TPP processing-structure–properties relations. This includes the 

preliminary study we performed on the mechanical properties of acrylate-based resin IP-Dip, used 

in the TPP-DLW system Nanoscribe Photonics GT Professional to manufacture microscale 

spinodal topologies [53]. The results are shown in Fig 1. The preliminary results seem to suggest 

a size effect, with stiffness and strength increasing with decreasing pillar diameter. This size effect 

stops once the pillar diameter falls below a certain threshold. This interesting preliminary finding 

inspired us to perform a systematic characterization of the mechanical properties of the two-photon 

polymerized acrylate-based resin IP-Dip. 
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Fig. 1. Uniaxial response of the material IP-Dip, measured by compression experiments on micro-

pillars of aspect ratio of 4 and different diameters, manufactured by two-photon polymerization 

Direct Laser Writing with a Nanoscribe Photonics GT Professional. 

 

The most common TPP materials are negative-tone acrylate based resins [74], [79], due to their 

processing ease and the wide assortment of functionalities and monomer sizes [80]. Other 

successfully employed materials include epoxies, most notably SU-8 [81], hydrogels [82], 

organic–inorganic hybrids [83], proteins [84], and elastomers like PDMS [85]. In the simplest 
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case, acrylate resins consist of a monomer, which will be cross-linked, and a photo-initiator, which 

absorbs light and cleaves into free radicals which then start the polymerization reaction. During 

polymerization via radical chain growth, several initiation, propagation, and termination reactions, 

each with their own different rates, occur simultaneously. Monomers react only with the 

propagating reactive center, not with other monomers, and chain addition ceases when the 

concentration of radicals is depleted by a number of termination reactions. 

The mechanical properties of acrylate-based resins [79], [86], the most commonly used TPP 

materials, are related to the degree of conversion (DC), a measure of the cross-linking density 

between polymer chains, which is determined by the light exposure dose during printing. The TPP 

exposure dose, as well as the print quality and speed, mainly correlate with three process 

parameters: the laser average power (P), the writing speed (v) and the writing density. The latter 

one can be quantified by the hatching (dh) and the slicing (ds) distances between neighboring   

voxel-lines. 

In this study, we systematically characterize the mechanical properties of the two-photon 

polymerized acrylate-based resin IP-Dip. We report the direct measurement of the mechanical 

properties of individual voxel-line features and derive the mechanisms controlling the effective 

mechanical properties of TPP-derived hatched parts. Specimens spanned multiple length scales, 

from 190 nm to centimeters (Fig. 2a), including nanowires consisting of individual voxel-lines, 

multi-voxel-line bars and conventionally cured bulk samples. We measure Young’s modulus (E), 

yield strength (σy), ultimate tensile strength (σUTS), and degree of conversion by uniaxial 

compression and tension experiments and Raman micro-spectroscopy, respectively (Fig. 2b–d). 

We find that the mechanical properties of solitary voxel-lines are largely independent on their size 
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and the applied TPP process parameters, suggesting the existence of a mobility threshold which 

counterbalances the expected process parameter-sensitivity. 

 

Fig. 2. Mechanical characterization of the triacrylate TPP resin IP-Dip from nanowires to bulk, 

from polymerization to damage threshold. a) The investigated length scale ranges from sub-voxel 

gradients over individual voxel-lines and multi-voxel-line hatched specimens to conventionally 

cured bulk material. Representative b) compressive and c) tensile stress–strain curves and d) 

Raman spectra show the large tailorability of strength, stiffness and degree of conversion (DC) of 

multi-voxel-line hatched specimens compared to solitary voxel-lines and bulk specimens. 

 

For the single voxel-lines, keeping printing speed constant at 10 μm s−1, we manufacture and test 

two sets of samples, one with varying width from 190nm to 640 nm and the other with varying 

laser power across the entire dynamic range of the photoresist. The mechanical properties of voxel-

lines are found to be largely insensitive to their size and applied TPP process parameters. In 
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contrast to individual voxel-lines, the mechanical properties of hatched multi-voxel-line specimens 

show a pronounced dependency on the TPP process parameters (Fig. 3), consistent with previously 

reported data[75], [77]. We examine the impact of different combinations of laser average power, 

writing speed and writing density. E, σy, and DC are measured by uniaxial compression and by 

Raman spectroscopy of bars with nominal dimensions of 20 × 20 × 65 μm, with a constant 

hatching-to-slicing-distance ratio (ds/dh = 2). Combining all experimental results from Fig. 3, 

shows a linear dependency of E and σy with the DC. Independent from specific process parameters, 

specimens with the same DC roughly have the same mechanical properties. E and 

𝜎௬ approximately increase with the DC as 

𝐸 ൌ ሺ9.52𝐷𝐶 െ 0.56ሻ𝐺𝑃𝑎 

σ௬ ൌ ሺ170.36𝐷𝐶 െ 0.84ሻ𝑀𝑃𝑎 

The pronounced tailorability of the mechanical properties of hatched two-photon-polymerized 

material compared to solitary voxel-lines may primarily be caused by the “memory effect.” 

Depending on the combination of P, ν, dh, and ds, the dose distributions of neighboring exposures 

overlap to different extents. Simply speaking, neighboring voxel-lines increasingly overlap as they 

become “larger” (with increasing P and decreasing ν) and as dh and ds are reduced, thus creating a 

bandwidth of effective properties even if those of corresponding solitary voxel-lines would be 

identical. Thereby, existing insoluble material with relatively low DC, like the surface region of 

previously solitary voxel-lines, is further cross-linked, producing an increase in the effective 

properties relative to those of solitary voxel-lines. 
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Fig. 3. TPP process parameters tailor the mechanical properties of hatched multi-voxel-line 

specimens. Laser average power (P), writing speed (v) and hatching distance (dh) (left to right 

column) have a characteristic impact on a) compressive yield strength (σy), Young’s modulus (E) 

and b) degree of conversion (DC). Measured DC values are complemented by analytical 

prediction. c) SEM images of selected specimens.  

 

In a follow up study [55], we investigated the thermal post-curing route as an effective and simple 

method to increase the mechanical properties of acrylate-based TPP-DLW-derived parts by 20-
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250% and to largely eliminate the characteristic coupling of processing parameters, material 

properties and part functionality (Fig. 4). We examined the impact of a one-hour thermal treatment, 

at 200°C in vacuum, on the mechanical properties of TPP-printed IP-DIP. The effect of the post-

curing treatment was characterized for a wide range of the TPP-parameters, which covered the 

entire dynamic range of the material, from the solubility to the damage exposure dose threshold. 

The DC values were calculated from Raman micro-spectroscopy measurements. 

 

Fig. 4. Thermal post-curing nearly eliminates the characteristic process parameter sensitivity in 

the mechanical properties of TPP-derived micro-bars. (a) Compressive yield strength (σy), blue 

data points, Young’s modulus (E), red data points, and (b) degree of conversion (DC) with and 
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without thermal post-curing, depending on laser average power (P), writing speed (v) and 

hatching distance (dh) (left to right column). (c) Close-up SEM images of selected specimens before 

and after thermal post-curing. 

 

Thermal post-curing drastically reduced the pronounced characteristic process-parameter 

dependencies in the mechanical properties of TPP-derived parts (Fig. 4). Degree of conversion, 

yield strength and Young’s modulus after thermal post-curing were fairly tightly distributed, with 

only minor process parameter dependency remaining. The treatment thereby drastically increased 

strength and stiffness of the weakest green specimens by up to 250% and 100%, respectively. 

Specimens with the highest achievable green properties, printed with TPP-doses approaching the 

damage threshold of the material, had increased average strength and stiffnesses of 15% and 21%, 

respectively. Independent from the TPP process-parameter combination, the thermal post-curing 

treatment did not affect the surface quality and shape of the specimens. 

Thermal post-curing of acrylate based-resins is achieved via thermal self-initiation reactions, 

which do not depend on an initiator diffusing inwards and hence are not part-geometry sensitive. 

At temperatures above 120°C, acrylic monomers and oligomers can polymerize in absence of any 

known thermal initiator[87]–[89]. In addition to self-initiation, the elevated temperature increases 

the mobility of trapped photo-initiated radicals, accelerating reactions which were at room 

temperature halted by steric hindrance [90]. 

 

Contribution statement 
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The work about the mechanical properties and thermal post-curing of the resin IP-DIP discussed 

in this subsection has been published [54], [55]. In both studies, the author of this thesis performed 

and analyzed the majority of the compression tests and contributed to the interpretation of the 

results. 

 

1.4 Fabrication and mechanical characterization of nano-architected materials with 

spinodal topologies produced by TPP-DLW  

In a largely computational study from our research group [53], spinodal microstructures were 

generated by the numerical solution of the Cahn-Hilliard equation. We investigated two different 

topologies: ‘solid models’ (Fig. 5), where one of the two phases is modeled as a solid material and 

the remaining volume is void space; and ‘shell models’ (Fig. 6), where the interface between the 

two phases is assumed to be a solid shell, with the rest of the volume modeled as void space. Finite 

element meshes were generated for each model, and the uniaxial compressive stiffness and 

strength were extracted. We showed that the shell spinodal topologies are remarkably efficient, 

displaying stretching dominated behavior over a very wide range of relative densities (Fig. 7). The 

exceptional mechanical efficiency of shell spinodal topologies is attributed to its uniform surface 

curvature, which results in a very uniform local stress distribution upon loading, avoiding areas of 

substantial stress intensification. 
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Fig. 5. 3D spinodal solid models with different relative densities, ρ = 0.2, 0.3, 0.5, 𝑎𝑛𝑑 0.7, 

extracted at different evolution times, t1, t3, and t5. 
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Fig. 6. (a) 3D spinodal shell models corresponding to the interfaces of spinodal solid models of ρ  

= 0.5, extracted at three different evolution times (t1, t3, and t5). (b) Relative density of shell 

spinodal cellular materials, as a function of the shell thickness, b, normalized by the characteristic 

feature size, 𝜆. L denotes the cubic domain size. 
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Fig. 7. Numerical predictions of (a) Relative Young’s modulus and (b) relative yield strength of 

spinodal shell models, as a function of their relative density, ρ. The constituent material has 

Young’s modulus, 𝐸𝑠= 210 𝐺𝑃𝑎 and yield strength, 𝜎𝑦𝑠=235 𝑀𝑃𝑎. Different curves refer to models 

with different characteristic feature size, 𝜆. L denotes the domain size. The black dots mark the 

transition from yielding to buckling failure. 
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Thin shells (and by extension thin shell-based architected materials) are known to be stiff and 

strong but significantly sensitive to geometric imperfections [91], a characteristic that significantly 

limits their load carrying potential in practical applications. To quantify this effect in spinodal shell 

models, an imperfection sensitivity analysis was performed (Fig. 8). A very notable conclusion 

emerges: the topology with 8 x 8 x 8 ‘unit cells’ in the domain (Fig. 8a) is absolutely imperfection 

insensitive, with imperfection magnitudes as large as 20 times the shell thickness showing no effect 

on the mechanical response. Even for very coarse topologies, with only 3 x 3 x 3 ‘unit cells’ in the 

domain (Fig. 8b), the imperfection sensitivity becomes appreciable only when 𝜓~10. Overall, the 

remarkable conclusion is that, unlike regular shell-based architected materials, spinodal shell based 

architected materials are remarkably imperfection insensitive; this important characteristic is 

attributed to the stochastic nature of the spinodal shell topologies. 

 

Fig. 8. Imperfection insensitivity of shell spinodal models. The non-dimensional imperfection 

magnitude, 𝜓, is defined as the largest displacement from a perfect mesh normalized by the shell 

thickness. Comparison of post-buckling stress-strain curves of 10% dense spinodal shells with 

characteristic feature size, 𝜆/𝐿=1/8 (a) and for 𝜆/𝐿=1/3 (b), with three different magnitudes of 
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imperfection. The constituent material has Young’s modulus, 𝐸𝑠= 210 𝐺𝑃𝑎 and yield strength, 

𝜎𝑦𝑠=235 𝑀𝑃𝑎. 

 

As an effort to verify the accuracy of the finite element simulations, a selective set of cellular 

material samples with solid and shell spinodal topologies were fabricated and tested in uniaxial 

compression. All samples were fabricated at the micro-scale via two-photon polymerization Direct 

Laser Writing (DLW), using a Nanoscribe Photonic Professional GT and a negative tone 

photoresist (IP-Dip, produced by Nanoscribe GmbH). All samples were fabricated using the Galvo 

mode with the 63X, N.A. 1.4 objective lens. Printing parameters were 35 mW and 17,000 μm/s 

for laser power and scan speed, respectively. Cubic samples with edge length, 𝐿=140 𝜇𝑚, are 

generated, using the solid and shell spinodal geometries. A characteristic feature size, 𝜆/𝐿=1/5, is 

used for all samples. Solid spinodal samples with relative densities of 20%, 30% and 50%, and 

shell spinodal samples with relative densities of 5%, 7% and 10% were fabricated, respectively 

(all shell spinodal topologies were extracted from a 50% dense solid spinodal). After DLW, 

samples were first immersed in propylene glycol monomethyl ether acetate (PGMEA) for 20 

minutes to dissolve the remaining liquid resin, and subsequently in isopropanol for 2 minutes for 

final cleaning. See Fig 10 for SEM images of all samples. 
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Fig. 9. SEM images of spinodal samples fabricated in IP-Dip by two-photon polymerization Direct 

Laser Writing. All samples have characteristic feature size, 𝜆/𝐿=1/5, with L the domain size. (a) 

Spinodal solid model, ρ = 50%. (b) Spinodal solid model, ρ = 30%. (c) Spinodal solid model, ρ = 

20%. (d) Spinodal shell model, ρ = 10%. (e) Spinodal shell model, ρ = 7%. (f) Spinodal shell 

model, ρ = 5%. 
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The mechanical response of all spinodal structures was characterized by displacement-controlled 

uniaxial compression tests with a maximum strain of 15%, performed at a constant strain rate of 

0.005/𝑠. All tests were performed with an Alemnis Nanoindenter. Load-displacement curves were 

recorded and extracted, and converted to stress-strain curves. To compare experimental results 

with numerical predictions, finite element models of the same topologies were generated and 

loaded in uniaxial compression. In order to extract the base material properties for the numerical 

analyses, a number of IP-Dip cylinders with diameters between 12.5 and 50μm and aspect ratios 

of four were DLW printed with the same parameters as the spinodal samples and tested in uniaxial 

compression. The stress-strain curves of each pillar under compression are shown in Fig 1. 

Although the size effect exists, the convergence is reached for pillar diameters that are less than 

2.5 μm. Corresponding to the experimental results, the base material was modeled as elastic-

perfectly plastic, with Young’s modulus, 𝐸𝑠=2 𝐺𝑃𝑎, and yield strength 𝜎𝑦𝑠=60 𝑀𝑃𝑎. 

Experimental and numerical stress-strain curves are compared in Fig. 10 a-b, for solid and shell 

spinodal models, respectively. Despite the difference in boundary conditions between simulation 

(constrained side faces) and experiments (free side faces), the agreement is excellent throughout. 

The stress-strain curves of spinodal solid and shell models under compression were validated 

against those of the experiments as shown in Fig. 10. 
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Fig. 10. Comparison of numerical and experimental stress-strain curves for (a) solid and (b) shell 

spinodal topologies at different relative densities, loaded in uniaxial compression. The 

characteristic feature size, 𝜆/𝐿=1/5 is used for all models. The insets depict SEM images of the 

samples, fabricated by two-photon polymerization Direct Laser Write in IP-Dip, with a 

Nanoscribe GT Photonics Professional, and tested with an Alemnis Nanoindenter. Higher 

resolution SEM images of all samples are shown in Fig. 9. The properties of IP-Dip were measured 

by micropillar compression tests, and input in the simulations as an elastic-perfectly plastic solid 

with 𝐸𝑠=2 𝐺𝑃𝑎, and yield strength 𝜎𝑦𝑠=60 𝑀𝑃𝑎. 

 

It is instructive to compare the mechanical efficiency of solid and shell spinodal topologies to that 

of a wide range of strut-based and shell-based architected materials, in particular solid strut 

metallic nanolattices [8], solid strut carbon nanolattices [4], hollow strut metallic micro-lattices 

[5], [92], hollow strut ceramic nanolattices [6], and two mechanically efficient metallic shell-based 

architected materials, the P-surface material [93] and the D-surface material [94]. These 

comparisons are presented in Fig. 11 in terms of relative Young’s modulus, 𝐸/𝐸𝑠, and relative yield 

strength, 𝜎𝑦/𝜎𝑦𝑠, versus relative density, ρ.  It’s clear that in the low-relative density regime (ρ<1%) 
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porous materials with shell spinodal topologies outperform most strut and shell-based porous 

materials in terms of specific stiffness and strength. 

 

Fig. 11. – Comparison of the mechanical performance of solid and shell spinodal topologies and 

well-established strut-based and shell-based architected materials: solid strut metallic 

nanolattices[8], solid strut carbon nanolattices[4], hollow strut metallic micro-lattices [5], [92], 

hollow strut ceramic nanolattices[6], and two mechanically efficient metallic shell-based 

architected materials, the P-surface material[93] and the D-surface material[94]. 

 

Contribution statement 

The work about mechanical properties of spinodal topologies discussed in this subsection has been 

published [95]. The author of this thesis manufactured and tested all the micro-scale spinodal 

topologies through TPP-DLW, validating the results of numerical simulations. 
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1.5 Mechanical characterization of micro-architected materials with spinodal 

topologies produced by self-assembly routes 

As shown in previous sections, cellular materials with spinodal shell topologies have been proven 

to possess excellent mechanical efficiency. However, the most promising characteristic of spinodal 

topologies is that they are amenable to scalable self-assembly.  

In a recent collaborative study with the Ragan, Mohraz and Mumm labs at UCI, bicontinuous 

interfacially jammed emulsion gels (bijels) were formed and processed into sacrificial porous Ni 

scaffolds for chemical vapor deposition to produce freestanding three-dimensional turbostratic 

graphene (bi-3DG) monoliths with high specific surface area and spinodal shell topologies. The 

process schematic is shown in Fig. 12. 

 

 

Fig. 12. Schematic illustrating the bi-3DG synthesis process. (a) First, a bi-PEGDA template is 

made via a spinodal decomposition of a polymer infiltrated lutidine : water : silica mixture. (b) 

The bi-PEGDA is coated with Ni via electroless deposition and put through a 2-step thermal cycle 

to decompose the PEGDA and reduce Ni to create a bi-Ni scaffold. (c) CVD using methane on the 

Ni template is performed, resulting in bi-Ni-3DG. (d) Finally, the Ni backbone is etched, leaving 

behind a 3D graphene structure, bi-3DG. Below each schematic is an optical image of the 
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macroscopic structure alongside a ruler. The bi-PEGDA has a length of approximately 0.25 

inches. 

 

Two types of graphene bijel-templated architectures were manufactured and tested mechanically, 

(i) bi-3DG (Fig. 13a), which is manufactured through the process shown in Fig. 12. (ii) bi-2-3DG 

(Fig. 13b), where extended H2 annealing of the bi-Ni template is used to reduce the density of 

metal grain boundaries before CVD growth. 

 

Fig. 13. (a) Cross-sectional SEM image of a pore within 3D graphene structure bi-3DG grown on 

Ni architecture. The scale bar is 4 μm. (b)  SEM images of graphene bijel-templated architectures 

bi-2-3DG architectures where the nickel was annealed at 900 °C in forming gas before CVD 

growth with scale bars of 10 μm. 

 

The mechanical properties of bi-3DG samples were evaluated via uniaxial compression with an 

Alemnis nanoindenter operated in displacement-control mode. A stress-strain curve obtained from 

a bi-3DG cylindrical sample with a diameter of 0.87 mm, a height of 1.24 mm, and a bulk density 
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of 42 mg/cm3 is shown in Fig. 14. A yield strength of approximately 130 kPa was measured, after 

which the sample displays a remarkably ductile and irreversible response upon compression. 

Notice that the response of bi-3DG pillars is significantly different from the classic compressive 

response of ceramic foams, which fail by progressive cracking of the base material, with visible 

stress drops [2], and much more similar to that of metallic systems. Intriguingly, the irreversible 

deformation beyond the linear elastic region is not characterized by a flat stress plateau, as 

commonly observed in elastic and plastic foams, but a region of continuous stress increase (akin 

to hardening in solid metals), accompanied by stiffening (see below). While this behavior has been 

observed multiple times in ultralight architected materials that deform reversibly by local buckling 

and/or localized fracture of the shell walls followed by extensive local rotations of ultra-thin 

ligaments with minimal local strains [5], [6], [96], it is not typically observed in architected 

materials that undergo irreversible deformations. While a full understanding of the internal 

deformation mechanisms that lead to this macroscopic behavior would require in-situ 

characterization upon loading that are beyond the scope of this work, we interpret that the 

irreversible hardening/stiffening response of the bi-3DG material is due to sequential 

cracking/sliding of the graphene layers at a scale of the order of the characteristic length of the 

spinodal microstructure, followed by local densification. 

Multiple loading-unloading curves were extracted and plotted in Fig. 14a to enable calculation of 

the Young’s modulus (measured upon unloading, as illustrated in Fig. 14b) as a function of the 

macroscopically applied strain. The modulus versus strain evolution is depicted in Fig. 14c. Notice 

that the modulus is initially very low, 4 ± 1.3 MPa, as averaged over three nominally identical 

samples; this is attributed to the well-documented challenge in collecting modulus data at very low 

applied strain in ultra-light architected materials [53]. At a strain of approximately 20%, the 
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modulus stabilizes to a plateau value of 20 MPa. This value is taken as a reasonable estimate for 

the modulus of bi-3DG materials. At a strain of approximately 50%, the modulus starts increasing 

again with applied strain. This rise should not be attributed to densification, for two reasons: (i) 

Densification in cellular materials occurs at compressive strains of the order of 1 – αρ with ρ the 

relative density of the materials and α = 1.5. While the relative density of these samples is not easy 

to measure, a rough estimate of 0.02 can be estimated by dividing the bulk density of the sample 

(42 mg/cm3) by the mass density of graphite (2,260 mg/cm3). This value yields a calculated 

densification strain of approximately 97%, which is far higher than the approximately 50% strain 

at which the modulus starts increasing. (ii) The modulus at 70% strain is still orders of magnitude 

lower than that of solid graphene, or even graphite. As mentioned above, we tentatively attribute 

the rise in modulus with strain to localized fracture of the graphene layers and local rearrangement 

of the porous microstructure upon loading. 

Mechanical tests are repeated on a bi-2-3DG pillar, and are shown in Figs. 16d-f. A plateau 

modulus of 30 MPa is extracted for this sample from Fig. 14f. This represents a 50% increase 

when compared to the bi-3DG sample, demonstrating the improvement in physical properties that 

occurs by increasing the grain size of the Ni scaffold. The increase in Young’s modulus of bi-2-

3DG over bi-3DG is tentatively attributed to increased interconnectivity of the graphene layers, as 

observed in the SEM image of Fig. 13b. 
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Fig. 14. Nanoindentation measurements of a (a–c) graphene bijel-templated pillar with diameter 

0.87 mm and height of 1.24 mm and of a (d–f) similar pillar, pre-annealed, with diameter 0.71 mm 

and height of 1.4 mm. (a and d) Stress–strain tests are performed on the same pillar with a strain 

rate of 1.2 mms-1. Insets are before and after optical images of the graphene bijel-templated 

pillars. (b and e) Stress–strain curve acquired with a strain rate of 0.25 mm s-1. (c and f) Young's 

modulus vs. strain from the tests. 

 

Compared with the cellular materials with spinodal shell topologies used in the computational 

model or the ones manufactured with additive manufacturing [53], spinodal shell topologies 

manufactured with self-assembly have much less defined topologies and more defects from the 

manufacturing process. This might partly explain the reason why the relative stiffness of self-

assembled spinodal shell topologies is orders of magnitude lower than that predicted in the model 

at the same relative density. However, both the 3D bijel-template architectures are still between 

20 and 4000 times stiffer than previously reported graphene-based materials with other 

topologies[97]–[100]. In addition, through improvement of the quality of the graphene layers, bi-
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2-3DG pillar is 50% stiffer than bi-3DG pillar which demonstrate that the mechanical properties 

of the graphene structure can be further improved by optimizing the manufacturing process. This 

result further highlights the great potential for mechanical and multifunction application of 

spinodal shell topologies manufactured via self-assembly. 

 

Contribution statement 

The work about the mechanical properties of macroscopic graphene pillars with spinodal shell 

microstructures discussed in this subsection has been published [101]. The author of this thesis 

performed and analyzed all the mechanical tests of the pillars, and interpreted the experimental 

results. 

 

1.6 Conclusions 

In summary, we manufactured and tested micro-scale cellular materials with spinodal shell 

topologies manufactured through two-photon polymerization direct laser writing (TPP-DLW), 

experimentally verified the simulation results, and confirmed that architected materials with 

spinodal shell topologies possess excellent mechanical efficiency. 

Initial findings of the mechanical properties of the acrylate-based resin IP-Dip used in TPP-DLW 

are expanded into a systematic study to establish the correlation between mechanical properties of 

the resin and processing parameters of the printing process. We also  introduce a thermal post-

curing route as an effective and simple method to increase the mechanical properties of TPP-DLW 

printed parts and to largely eliminate the characteristic coupling of processing parameters. 
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Finally, as part of a recent collaboration, we investigated the mechanical properties of macroscopic 

pillars with spinodal shell microstructure manufactured through the scalable bicontinuous 

interfacially jammed emulsion gels(bijels) method. The results further highlight the great potential 

for mechanical and multifunction application of spinodal shell topologies manufactured via self-

assembly. 
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Chapter 2 Mechanical performance of 
interpenetrating phase composites (IPCs) with 
spinodal topologies  

2.1 Introduction 

As shown in chapter 1, cellular materials with spinodal shell topologies are exceptionally efficient 

from the perspective of specific stiffness and strength, when compared to both cellular materials 

with spinodal solid topologies and truss-based lattice materials [53], and perform on par with 

cellular materials with triply periodic minimal surface (TPMS) topologies [93], [94].  The 

similarity with TPMS topologies can be attributed to the very tight distribution of curvatures in 

spinodal topologies, with the vast majority of surface patches possessing near-zero mean curvature 

and negative Gaussian curvature, the signature feature of TPMSs. Remarkably, the intrinsically 

stochastic nature of spinodal shell topologies (and hence the deviation from minimal surface 

characteristics) not only does not significantly depress mechanical properties, but rather results in 

considerable imperfection insensitivity [53]. Whether the unique combination of scalable 

manufacturing and mechanical performance shown by cellular materials with spinodal topologies 

also translates to interpenetrating phase composites with spinodal topologies remains to be 

demonstrated.  

In this chapter, we experimentally investigate the mechanical properties of interpenetrating phase 

composites with spinodal shell reinforcement, with emphasis on stiffness, yield strength and 

energy absorption under non-linear deformations. Spinodal shell-based IPCs are compared with 

composites with other reinforcement topologies, namely (1) spinodal solids, where both phase 

topologies are directly obtained by spinodal decomposition [46], [47]; (2) octet lattices, the most 

widely studied cellular architecture [102]–[104]; and (3) Schwarz P surfaces, one of the most 
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mechanically efficient TPMS topologies [36], [105]. While a wide range of truss lattice and TPMS 

topologies exist, and many have been characterized mechanically, the octet lattice and the 

Schwartz P surface approach upper bounds of performance for the two classes of periodic 

reinforcement topologies, respectively, and are thus ideal candidates for assessing the mechanical 

efficiency of spinodal shell reinforcements. In order to accurately control all topologies, all IPCs 

in this study are produced by multi-material jetting, a recently developed additive manufacturing 

technique. While the resulting materials are polymer/polymer composites, the significant 

difference in mechanical properties between the two constituents allows extraction of mechanistic 

understanding that can be readily extend to other classes of composite materials, including 

ceramic/metal composites.  

 

2.2 Materials and methods 

2.2.1. Numerical generation of the reinforcement topologies 

 2.2.1.1 Spinodal solid topology 

The spinodal solid topology was generated numerically with the approach reported in [53] and 

Appendix A. A short synopsis of the procedure is presented here. A 50% dense spinodal solid 

cellular topology is generated by solving the Cahn–Hilliard evolution equation [41], one of the 

classic evolution models for spinodal decomposition. The Cahn–Hilliard equation can be written 

as: 

డ௨

డ௧
 ൌ  ∆ሾௗ

ሺ௨ሻ

ௗ௨
െ  𝜃ଶ∆𝑢ሿ                                                                                                    (1) 
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where 𝑢(𝑥,𝑦,𝑧,𝑡) is the concentration of the material and void phases (െ1  𝑢  1, with 𝑢 = −1 

indicating solid material and 𝑢 = 1 indicating void space) at a coordinate (x,y,z,), t is the evolution 

time, 𝑓ሺ𝑢ሻ ൌ ଵ

ସ
ሺ𝑢ଶ െ 1ሻଶ is a double-well free energy function, θ is the width of the interface 

between the two phases and Δ is the Laplacian operator. The equation was solved in space and 

time over a cubic domain with edge length of N, via a finite difference algorithm. The evolution 

time controls the characteristic feature size (λ), a measure of the domain size of the topology. As 

time progresses, the features coarsen to reduce interfacial energy, thus increasing λ. We choose to 

extract our topologies at the evolution time corresponding to λ = 
ଵ

ହ
N (loosely corresponding to a 

sample with 5 ൈ 5 ൈ 5 unit cells), as this number of unit cells was shown in previous studies to 

provide a homogenized response [53]. To produce spinodal solid topologies with volume fractions 

different from 50%, a thresholding technique is used. See appendix A for details.  

 

 2.2.1.2 Spinodal shell topology 

The spinodal shell topology is extracted from the interface between the solid and void phases, 

produced as explained in sec. 2.2.1.1. The volume fraction of reinforcement, 𝑉 , is chosen by 

assigning the appropriate thickness to the shell, 𝑡௦, so that 𝑉 ൌ 𝑡௦𝐴/𝑉, with A the surface area of 

the shell and V the sample volume. Spinodal shell topologies extracted from a 50% dense spinodal 

solid topology have negative Gaussian curvature throughout the shell, with mean curvature close 

to zero everywhere – thus approaching the geometrical characteristics of TPMSs. While spinodal 

shell topologies with non-zero mean curvature can be generated by extracting the surface of solid 

spinodal topologies with densities different from 50%, previous studies have demonstrated that 

their mechanical properties are inferior [53]. Hence in this work we will limit our attention to 
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spinodal shell topologies with near-zero mean curvature throughout. The procedure is 

schematically depicted in Fig. 15. 

 

Fig. 15. Method of creating spinodal shell reinforcement phase for IPCs.  

 

 2.2.1.3 Schwarz P TPMS topology 

The Schwarz P surface was created using the level set approximation technique from the implicit 

surface: 

cosሺ𝑥ሻ  cosሺ𝑦ሻ  cosሺ𝑧ሻ ൌ 0                                                                                         (2) 

where (x,y,z) is a coordinate point in three-dimensional Euclidean space. The minimal surface 

corresponding to the above equation is generated using Minisurf, a software used to generate 

minimal surface CAD files [106]. Cubic samples with 3 ൈ 3 ൈ 3 unit cells were generated. As 

explained in sec. 2.2.1.2, the volume fraction of reinforcement, 𝑉 , is chosen by assigning the 

appropriate thickness to the shell, 𝑡௦, so that 𝑉 ൌ 𝑡௦𝐴/𝑉, with A the surface area of the shell and 

V the sample volume.  

 

 2.2.1.4 Octet lattice topology 
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The octet lattice was built using the commercially available CAD modeling software package 

SolidWorks. Cubic samples with 3 ൈ 3 ൈ 3 unit cells were generated. The volume fraction of 

reinforcement, 𝑉, is chosen by assigning the appropriate diameter to the bars, d, according to 𝑉 ൌ

6√2𝜋ሺௗ

ሻଶ with 𝑙 being the length of the strut [102].  

 

2.2.2 Numerical generation of the IPC architectures  

After the reinforcement phase topologies were generated, they were imported into Geomagic 

Design X, a reverse engineering software that can also be used to handle CAD files. After the 

appropriate shell thicknesses and bar diameters were generated to result in the desired volume 

fraction of reinforcement, each CAD model was subtracted from a cube of the same size with a 

Boolean cut operation to create the complementary matrix phase. Finally, the CAD files are 

converted into STL files and transferred to the GrabCAD software, the control software for the 3D 

printer. This process, along with the printed samples, is illustrated in Fig. 16. 
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Fig. 16. (a) Reinforcement phase, (b) matrix phase. (c) assembled interpenetrating phase 

composites, and (d) samples manufactured with 3D printing of spinodal shell, spinodal solid, octet 

lattice, Schwarz P shell IPCs. 

 

2.2.3 Fabrication approach  

All samples were manufactured with a PolyJet 3D printer (Objet260 Connex3, Stratasys), which 

allows 3 different materials to be printed simultaneously, with intermediate (digital) formulations 

obtained by mixing appropriate amounts of the 3 constituent materials at any voxel location. The 

reinforcement phase in IPCs was printed with VeroWhitePlus, a glassy photopolymer, while the 
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soft matrix phase was printed with Agilus30, a rubbery polymer. All samples are 30x30x30 mm 

cubes. Selected reinforcement-only cellular materials were printed by replacing Agilus30 with 

support material, which was subsequently removed by water jetting. All 3D printed samples were 

left at room temperature for 4 days for curing.  

 

2.2.4 Mechanical characterization 

All mechanical tests were performed with an Instron 8800 mechanical test frame equipped with a 

100kN load cell. The constituent materials were characterized under both uniaxial tensile and 

compression loading, using dog bone and cylindrical samples, respectively. Engineering stress and 

strain were extracted as 𝜎 ൌ 𝐹/𝐴 and 𝜀 ൌ 𝛿/ℓ, with 𝐹 and 𝛿 the raw force and displacement 

measurements, and 𝐴 and ℓ the original cross-section and length of the sample, respectively. 

True stress and true strains were obtained as 𝜎௧ ൌ 𝜎ሺ1  𝜀ሻ and 𝜀௧ ൌ ln ሺ1  𝜀ሻ, respectively. 

The Young’s modulus was extracted as the slope of the initial linear region.  

All IPC composites and cellular materials were tested in compression only. ASTM 695-15 for 

compressive properties of rigid polymer was followed in all compression tests [107]. Engineering 

stress and strain were extracted as explained above. To minimize the influence of the anisotropic 

nature of 3D printing introduced by the layer-by-layer printing process, all compression tests were 

conducted in the direction parallel to the printing direction, which is known to be the strongest. A 

quasi-static strain rate of 0.001s-1 was used in all tests. All samples, except for those subjected to 

cyclic tests, were compressed to 50% strain to measure Young’s modulus, 0.2% offset yield 

strength, and energy absorption. The latter was extracted as the area under the stress-strain curve 
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up to 50% strain. The cyclic test samples were compressed to 10% strain for three cycles using the 

same quasi-static strain rate as all in other tests. 

 

2.3 Mechanical properties of constituent materials 

Constituent materials were first tested in tension and compression as described in section 1.1.4. 

Stress-strain curves for the two materials are provided in Fig. 17. Notice that the reinforcement 

phase material is approximately three orders of magnitude stiffer than the matrix phase material; 

consequently, it is expected that the reinforcement phase will take the vast majority of the load in 

the composite samples. It is worth noting that both constituent materials show some tension-

compression asymmetry, with the reinforcement phase material about 20% stiffer and 32% 

stronger in compression than in tension. In previous studies, VeroWhitePlus has been shown to 

exhibit significant size effects on strength [108]. While we observe similar size effects on the 

tensile properties of VeroWhitePlus dog bone specimen and the compressive properties of 

VeroWhitePlus cellular samples with spinodal topology, we did not observe any significant size 

effect in our experimental results on fully dense IPC samples. We attribute this lack of size effects 

to the fact that all samples experience similar degree of curing regardless of feature size, as the 

matrix and the reinforcement phases are printed at the same time in fully dense samples, and all 

samples are of the same size. The conclusion is that size effects on materials properties can be 

ignored in the following analysis of the mechanical performance of IPC composites. 
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Fig. 17. Tensile and compressive true stress – true strain curves for (a) VeroWhitePlus and (b) 

Agilus30. 

 

2.4 Spinodal IPCs: the difference between solid and shell reinforcement topologies 

We start by comparing the mechanical response of IPCs with spinodal shell and spinodal solid 

reinforcement topologies, for volume fractions of reinforcement between 20 and 50%. 

Compressive stress-strain curves are obtained as explained in sec. 1.1.4, and depicted in Fig. 18a,b. 

While the response at low relative density is qualitatively similar, IPCs with spinodal shell 

topologies display a much more gradual failure as the relative density is increased, with much 

reduced load drops and softening at large strains. Young’s modulus (E), yield strength (𝜎௬) and 

energy absorption (U) are presented as a function of the volume fraction of reinforcement in Figs. 

4c,d. For IPCs with spinodal shell reinforcement, we extract the power laws 𝐸~𝑉
ଵ.ସ, 𝜎௬~𝑉

ଵ. and 

𝑈~𝑉
ଵ.ଵ , whereas for IPCs with spinodal solid reinforcement we find   𝐸~𝑉

ଶ.ଶ , 𝜎௬~𝑉
ଶ.  and 

𝑈~𝑉
ଵ.଼. As the hard reinforcement material is much stronger and stiffer than the rubbery matrix 

material (with more than three orders of magnitude difference in stiffness, see sec. 1.2), it is 

expected that the reinforcing phase will dominate the mechanical response of the composite; 
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therefore, the scaling laws obtained here can be compared to those of cellular materials, with the 

volume fraction of reinforcement representing the relative density, �̅� . For truss-based lattice 

materials, a scaling  𝐸~�̅�ଵ  and 𝜎௬~�̅�ଵ  denote mechanically efficient stretching-dominated 

behavior, with 𝐸~�̅�ଶ and 𝜎௬~�̅�ଵ.ହ indicating less efficient bending-dominated behavior [1], [2]. 

For spinodal cellular materials, 𝐸~�̅�ଵ.ଶ and 𝜎௬~�̅�ଵ.ଶ for shell topologies and 𝐸~�̅�ଶ.ଷ and 𝜎௬~�̅�ଶ 

for solid topologies [53], in good agreement with the scalings found herein for composites, 

confirming that the reinforcement material dominates the mechanical response. The implication is 

that IPCs with spinodal shell reinforcement topologies are consistently superior in all metrics, with 

the advantage increasing significantly at lower volume fractions of reinforcement, where the thin 

shells with nearly zero mean curvature and negative Gaussian curvatures behave in a 

predominantly stretching dominated manner and deform uniformly, with little stress 

intensification. As 𝑉  is increased, the topological difference between solid and shell spinodal 

reinforcement blurs, and the properties of the two IPCs converge. Given the consistent superior 

mechanical response of IPCs with spinodal shell reinforcement topology, IPCs with spinodal solid 

reinforcement topologies are not investigated further.   
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Fig. 18. Comparison between the mechanical response of IPCs with spinodal shell reinforcement 

and spinodal solid reinforcement. (a, b) Compressive stress-strain curves. The volume fraction of 

reinforcement ranges from 20% to 50%. (a) IPCs with spinodal shell reinforcement; (b) IPCs with 

spinodal solid reinforcement. (c, d) Mechanical properties as a function of volume fraction of 

reinforcement phase: (c) Young’s modulus and yield strength; (d) Energy absorption. 
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2.5 The mechanical advantage of spinodal shell IPC compared to IPCs with regular 

reinforcement topologies 

It is instructive to compare the mechanical response of IPCs with spinodal shell reinforcement 

topology, which is intrinsically stochastic, with that of IPCs with periodic reinforcement 

topologies, in particular the octet lattice topology and the Schwartz P shell topology (Fig. 16). 

Compressive stress-strain curves obtained over a wide range of volume fractions of reinforcement 

(𝑉 ൌ 5 െ 50%) are presented in Fig. 21a,b,c. Young’s modulus (E), yield strength (𝜎௬ ) and 

energy absorption (U) are presented as a function of 𝑉 in Figs. 21d,e,f. While repeat tests at any 

single density were not conducted, the clear power-law behavior for all properties over the entire 

density range, with all data points narrowly banded around the average trend, confirms 

repeatability of the results (e.g., in the case of strength, all data fit within a 98% confidence 

interval). Two key results clearly emerge: (i) The mechanical properties of IPCs with these three 

very different reinforcement topologies (periodic truss and shell and stochastic shell) are nearly 

identical over the entire range of 𝑉, with the spinodal shell IPC performing slightly worse than 

the others in stiffness and strength (we attribute this to manufacturing defects, as the reinforcement 

shell of spinodal IPCs is thinner than that of the other two geometries at most volume fractions 

and is close to the resolution of the 3D printer at 5% volume fraction), and slightly better in energy 

absorption at high 𝑉; (ii) At 𝑉  35%, while the plastic and failure response of octet lattice and 

Schwartz P shell-based IPCs is qualitatively similar, and characterized by a sharp stress drop 

immediately after the ultimate strength, the stochastic spinodal shell-based IPC displays a much 

more gradual failure mechanism, characterized by a nearly flat stress plateau over the entire strain 

range. 



 

45 
 

The first result clearly reveals that the bicontinuous nature of the phases is more important than 

the specific reinforcement topology in determining stiffness, strength and failure initiation of the 

IPC composite. As many applications require materials to remain within the elastic regime, the 

implication is that the design space for stiff and strong IPCs is very broad: a wide range of 

topologies will result in very similar mechanical behavior. Conversely, the post-yielding 

deformation and failure behavior of the IPC composite (particularly at high volume fraction of 

reinforcement) is strongly affected by the topological arrangement of the reinforcement and matrix 

phases, suggesting that topology optimization would play a substantial role in design of IPCs for 

energy absorption and impact protection.  
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Fig. 19. (a-c) Stress-strain curves of IPCs with different reinforcement at various volume fractions 

compressed to 50% strain. Spinodal shell IPCs don’t have catastrophic load drop in high volume 

fraction. (d- f) Comparison of mechanical properties of IPCs at different reinforcement volume 

fraction. (d) Young’s modulus; (e) yield strength; (f) energy absorption. Mechanical properties of 
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spinodal IPC at 5% were excluded from the scaling as the thickness of the reinforcement shell is 

close to the resolution of the 3D printer and is susceptible to manufacturing defects. 

 

To better understand this deformation and failure behavior, we compare both the stress-strain curve 

and deformation response of the IPCs with the three reinforcement topologies, at 𝑉 ൌ 50% (Fig. 

20). Notice that IPCs with periodic reinforcements experience more catastrophic failure events 

than the spinodal shell IPC. Soon after the ultimate strength (at 𝜀~0.1), cracks in the reinforcement 

are clearly visible in the Schwartz P shell IPC; at a strain as low as 𝜀~0.2, these cracks have 

multiplied and aligned along a shear band, inducing catastrophic failure soon after. While cracks 

are not visible at the surface of the octet lattice IPC at strains as low as 𝜀~0.1, presumably those 

cracks exist at the interior of the sample; at 𝜀~0.2, alignment of cracks along a shear band is clearly 

visible, inducing the same catastrophic failure mechanism as in the Schwartz P shell IPC. In fact, 

the stress-strain curves of these two IPCs are essentially identical, throughout the entire strain 

range. By contrast, the stochastic spinodal shell IPC does not exhibit any visible reinforcement 

cracking until 𝜀~0.3 ; even then, the cracks appear stochastically distributed across the 

microstructure, and not banded as for the periodic topologies. This substantial difference in the 

failure mechanism results in a nearly flat stress-strain curve up to 𝜀~0.3, followed by a very gentle 

stress drop up to 𝜀~0.4, when the test was interrupted. 

To further investigate the damage resistance of the spinodal shell IPC, loading-unloading 

compression experiments were performed, whereby IPCs with the three reinforcement topologies, 

at 𝑉 ൌ 50, were compressed to 10% strain for three cycles (Fig. 21). As the number of cycles 

increases, all IPCs show increasingly visible cracks in the reinforcement phase. The Schwartz P 

shell IPC and the octet lattice IPC both experience decreasing load-bearing capacity as a result. 
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On the contrary, even with increasing visible fracture sites, the load-bearing capacity of the 

spinodal shell IPC is largely unaffected by the cyclic loading, demonstrating superior resistance to 

damage. 

 

Fig. 20. Deformation response of IPCs with different reinforcement at 50% volume fractions 

compressed to 50% strain. (a) Stress-strain curve. (b) Spinodal shell composites. (c) Schwartz P 
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shell composites. (d) Octet lattice composites. Octet and Schwartz P IPCs at high volume fracture 

experience more catastrophic failures than spinodal shell IPCs.  

 

 

Fig. 21. Cyclic compression experiments on IPCs with different reinforcement topologies, at 50% 

volume fraction of reinforcement. All samples have been compressed to 10% strain for 3 cycles. 
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(a) Octet lattice composite. (b) Schwartz P shell composite. (c) Spinodal shell composite. All three 

topologies show increasingly visible fractures in the reinforcement phase as cycling loading 

progresses. Both periodic IPCs show decreasing load bearing capacity as a result, while the 

stress-strain curve of the spinodal shell composite is largely unaffected. 

 

We attribute these dramatic differences in behavior to (i) the larger surface area and (ii) the 

stochastic nature of the spinodal shell topology. The larger surface area of the spinodal shell 

compared to the other two periodic geometries results in increased reinforcement/matrix 

interaction, with the matrix preventing/arresting crack propagation in the reinforcement phase. In 

addition, the stochastic nature and complex shape of the spinodal shell reinforcement distribute 

the loads more efficiently throughout the topology, maintaining load-bearing capacity after 

fracture initiation and prevents the formation of catastrophic failure-inducing crack bands. In 

periodic geometries like Schwartz P or octet truss, failures first occur around stress concentration 

locations, and subsequently band along specific directions, leading to catastrophic failure and loss 

of load bearing capacity. Conversely, for the stochastic spinodal shell topology, stress is more 

uniformly distributed across the entire structure. Even after fracture of some shell sections, the 

complex topology still allows the spinodal shell-reinforced composite to maintain nearly 

unchanged load bearing capacity. 

The difference in failure response between the spinodal and the periodic reinforcement IPCs is less 

pronounced at low volume fractions of the reinforcement (Fig. 21), as the increased volume 

fraction of the matrix helps stabilize even periodic structures against crack banding the structure 

against banded cracking of the reinforcement.   
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To better understand and quantify the differences in deformation and failure behavior, finite 

element analyses were performed on the IPCs with the three reinforcement topologies, at a volume 

fraction of reinforcement 𝑉 ൌ 30% . The results are presented in Fig. 24.  Notice that the 

computational prediction of the stress-strain response is in good agreement with the experimental 

results, well capturing the initial stiffness, the yield and ultimate strength and the beginning of the 

post-failure behavior (Fig. 24 (a-c)). This agreement validates the computational model and 

provide confidence in its ability to capture the onset and early evolution of damage. As finite 

elements simulations involving post-failure behavior (including fracture) are very challenging 

because of stress singularity and loss of uniqueness, a full numerical description of the failure 

mechanisms all the way to densification is beyond the scope of this work. Nonetheless, several 

conclusions can be extracted from an analysis of the stress state at the early and intermediate phases 

of deformation. First, we compare the von Mises stress distribution in the reinforcement phase for 

all three IPCs at a strain of 0.1, roughly coinciding with the attainment of the maximum strength, 

in Fig 22 (d-f). It is apparent that the spinodal shell IPC shows small and randomly distributed 

stress concentrations throughout the sample, whereas the IPCs with the periodic reinforcement 

topologies exhibit very large and interconnected stress concentrations.  This is consistent with the 

experimental findings in Fig. 22 and further supports the argument that the spinodal shell IPC is 

effective at avoiding catastrophic failure by preventing formation of reinforcement cracking bands. 

On the contrary, in IPCs with periodic reinforcement such as the octet and Schwartz P IPC, fracture 

of a member leads to a cascading crack propagation which results in an instant loss of load bearing 

capacity. We then compare the von Mises stress distribution in the reinforcement phase in the 

middle of the sample for all three IPCs at a strain of 0.15, when surface cracks start to appear in 

Fig. 24 g,h,i. It can be seen that the stress distribution of the spinodal shell IPC is still uniform and 
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largely unaffected by cracks, while the two periodic IPCs experience drop in load bearing capacity 

as a result of cracks at stress concentration points. These simulation results are also in good 

agreement with the cyclic experiments shown in Fig. 23 and demonstrate the excellent damage 

resistance of the spinodal shell IPC. 

 

 

Fig. 22. Comparison between experiment and simulation results. (a, b, c) Stress strain curve 

comparison between experiment and simulation at 30% volume fraction: (a) spinodal shell IPC; 

(b) Schwartz P IPC; (c) octet IPC. (d, e, f) von Mises stress map of the reinforcement phase 

extracted from the composite at 10% strain: (d) spinodal shell reinforcement; (e) Schwartz P 
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reinforcement; (f) octet reinforcement. (g, h, i) von Mises stress map of the reinforcement phase 

at the half-way cross section, extracted from the composite at 15% strain: (g) spinodal shell 

reinforcement; (h) Schwartz P shell reinforcement; (i) octet lattice reinforcement. Cracks are 

highlighted in black. 

 

Collectively, these experimental and numerical results clearly illustrate that the stochastic nature 

of spinodal shell topologies enables the establishment of a uniform stress field throughout the 

reinforcement, which persists even after the onset of reinforcement cracking. The lack of 

substantial stress intensifications promotes a stochastic distribution of initial cracking locations 

and prevents the catastrophic occurrence of crack banding, resulting in a flat stress plateau through 

very large strains. Combined with a very large interfacial area, which ensures intimate 

reinforcement/matrix interaction, this feature makes spinodal shell IPCs ideally suited for energy 

absorption and impact applications.    

 

2.6 Influence of surface area of the reinforcement phase in IPCs 

One possible reason for the unique properties of spinodal shell IPCs is the increased surface area 

of the spinodal shell relative to the other reinforcement topologies, which leads to increased 

interaction and support from the matrix. The surface area and curvature of spinodal geometry is 

affected by decomposition time t, with increasing t resulting in deceased surface area and 

curvature. The decomposition time t can be controlled to generate different ratio between the 

characteristic length over the cubic length, 𝜆/𝐿 (Fig. 24). In all spinodal samples tested in the 

manuscript, 𝜆/𝐿 ൌ 1/5  was used as it has been shown to provide the best overall mechanical 
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properties to spinodal shell cellular materials [53]. The surface area of the 3D printing models for 

all three topologies was extracted in Netfabb, a 3D printing software, and plotted in Fig. 23. Notice 

that the spinodal shell topology has significantly more surface area than both Schwartz P and octet 

lattice topologies, especially at lower volume fractions of reinforcement. As seen in Fig. 19, even 

at high volume fraction, where the octet lattice has similar surface area, spinodal shell IPCs are 

still better at avoiding catastrophic failures and have better energy absorption as a result. This is 

attributed to the stochastic nature and complex shape of the spinodal shell topology.  

 

Fig. 23. Surface area of the reinforcing phase for IPC samples with different reinforcement 

topologies. 

 

The influence of curvature and surface area on mechanical properties of spinodal shell IPCs 

deserves further investigation. Some preliminary results are shown in Fig. 25. Samples with 𝜆/𝐿 ൌ
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1/8 have the highest surface area and curvature, while samples with 𝜆/𝐿 ൌ 1/3  have the lowest. 

It can be seen that samples with 𝜆/𝐿 ൌ 1/8 seem to perform slightly better mechanically than 

samples with 𝜆/𝐿 ൌ 1/5 , and significantly better than samples 𝜆/𝐿 ൌ 1/3 . One possible 

explanation is that samples with 𝜆/𝐿 ൌ 1/3 are more susceptible to defects from manufacturing. 

It has been found in our previous study that samples with 𝜆/𝐿 ൌ 1/8 are less sensitive to 

imperfection than samples with 𝜆/𝐿 ൌ 1/3  because of its increased surface area and more 

stochastic nature [53]. Further experiments and simulation are needed to better understand this 

phenomenon.  

 

Fig. 24. 𝜆/𝐿 ൌ 1/8, 𝜆/𝐿 ൌ 1/5 and 𝜆/𝐿 ൌ 1/3 spinodal shell at 30% volume fraction 
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Fig. 25. Mechanical properties of spinodal shell IPCs with different curvature/surface area. 

Stress-strain curves for (a) 𝜆/𝐿 ൌ 1/8; (b) 𝜆/𝐿 ൌ 1/5; (c) 𝜆/𝐿 ൌ 1/3. (d) Young’s modulus. (e) 

Yield strength. (f) Energy absorption.  

 

2.7 Conclusions 

In summary, we have fabricated and mechanically investigated a new type of interpenetrating 

phase composite (IPC) with spinodal shell reinforcement topology, comparing their mechanical 

response to that of well-established mechanically efficient periodic IPCs with octet lattice and 

Schwartz P shell reinforcement topologies. All samples were additively manufactured using multi-

material jetting and tested in uniaxial compression to large deformations. Polymeric model systems 

were produced by Polyjet multi-material additive manufacturing; while the mechanical properties 

of the two polymeric phases (and hence the resulting composites) were inferior to those of any 

practical structural material, this technique allowed unbiased comparison of different topologies. 
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We have shown that while all IPCs perform nearly identically in terms of initial stiffness, yield 

strength and energy absorption, regardless of reinforcement topologies, over a wide range of 

volume fraction of reinforcement (5-50%), spinodal shell IPCs are far more robust than any other 

IPCs, exhibiting greater damage resistance as well as a much more uniform deformation and 

gradual failure. This unique feature is attributed to: (1) uniform distribution of stresses and strains 

in shell topologies, stemming from  fairly uniform distribution of negative Gaussian curvature 

across the entire surface; (2) larger surface area at a given volume fraction of reinforcement, 

resulting in increased matrix support on the load bearing reinforcing phase; (3) the stochastic 

nature and complex shape of spinodal topologies, which act as crack barriers and locally inhibit 

crack propagation and banding, but also continue to provide load-bearing capacity even after 

fractures of some members occurs. The combination of excellent mechanical efficiency, on par 

with those of the best IPCs with periodic reinforcement, great damage resistance, gradual 

deformation and failure mechanisms and potential for scalable manufacturing makes spinodal shell 

IPCs exceptional candidates for damage tolerance and energy absorption applications where a 

prolonged compressive stress plateau after maximum stress is desired. While quantitative 

assessment of impact performance requires high-strain rate testing and are beyond the scope of 

this work, previous studies have demonstrated that impact performance ranking of cellular 

materials can be obtained by the quasi-static experiments performed in this work [109], [110]. This 

strongly suggests that spinodal shell IPCs would be excellent performers for impact protection.   

Most importantly, unlike periodic IPCs, spinodal shell IPCs can in principle be scalably 

manufactured at various length scales, using self-assembly approaches followed by material 

conversion techniques. Possible self-assembly approaches include spinodal decomposition of 

block copolymers [48], interfacially jammed colloidal suspensions (bijels) [44], [49] and selective 
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etching of bimetallic alloys [45]. These approaches allow ready fabrication of polymeric, metallic 

or ceramic macro-scale samples with domain sizes at the micro or nano-scale, resulting in 

architected materials with enormous surface area and further improving mechanical properties by 

virtue of well-established size effects on the constituent materials [111]–[113]. As spinodal 

topologies are bicontinuous, such micro/nano-architected materials could be infiltrated with a 

second phase via deposition or infiltration processes, potentially providing a uniquely scalable 

fabrication process for shell-based IPCs.   

The combination of excellent mechanical properties, on par with those of the best IPCs, gradual 

deformation and failure mechanisms and potential for scalable manufacturing makes spinodal shell 

IPCs exceptional candidates for damage tolerance and energy absorption applications. 

Finally, we emphasize that, while the multi-material additive manufacturing approach used in this 

study resulted in polymer-polymer composites with absolute mechanical properties far inferior to 

those of any structural material, the self-assembly-based processes envisioned above could be used 

to produce ceramic-polymer, ceramic-metal, metal-polymer and metal-metal composites that can 

in principle outperform most existing structural materials. Demonstration and characterization of 

such advanced spinodal shell-based IPCs will be the subject of future studies.    

 

Contribution statement 

The work about mechanical properties of IPCs with spinodal topologies discussed in this 

subsection has been published [114]. The author of this thesis designed, performed and analyzed 

all the experiments as well as wrote the manuscript. 
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Chapter 3 Fracture toughness of interpenetrating 
phase composites (IPCs) with spinodal shell topologies 

3.1 Introduction  

Chapter 1 has demonstrated the remarkable mechanical efficiency of cellular materials with 

spinodal shell topologies, which can be attributed to the uniform stress distribution deriving from 

their uniform near-zero mean curvature and negative Gaussian curvature on all surfaces [95]. 

Chapter 2 further showed that these benefits in mechanical properties extend to spinodal shell-

based IPCs, which display specific stiffness and strength on par with those of the best IPCs with 

periodic reinforcement, as well as very gradual deformation and failure mechanisms [114]. While 

one might surmise that the superior damage tolerance is related to topological mechanisms of crack 

deflection upon damage evolution, the fracture toughness of IPCs with shell topologies (either 

periodic or spinodal) has not been studied. 

In this chapter, we investigate the fracture toughness of 3D printed IPCs with shell-based 

reinforcement topologies, including spinodal shell, Schwarz P and Gyroid (Fig. 26). Materials and 

manufacturing methods are identical to those used in chapter 2. The reinforcement phase in IPCs 

was printed in a glassy photopolymer, which is about three orders of magnitude stiffer than the 

matrix phase material, a rubbery polymer [114]. Singled edge notch bend (SENB) samples are 

tested in three-point bending to quantify the fracture properties. We demonstrate that shell-based 

IPCs show impressive toughening, particularly at low reinforcement volume fractions. 

Toughening mechanisms ranging from process zone formation, to crack bridging, crack deflection 

and toughening from heterogeneity[115]–[118] have been observed and have been attributed to 

the inherent shell-based interpenetrating architecture, and the uniform zero (or near-zero) mean 

curvature and negative Gaussian curvature throughout the topology. Among all three shell 
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topologies investigated, the spinodal shell exhibit the most significant toughening effects, a 

remarkable feature that we attribute to the complex structure and the stochastic nature of spinodal 

topologies and its ability to prevent straight crack propagation.  

 

Fig. 26. IPC topologies under consideration: (a) Reinforcement phase (3×3×3 unit cells with 

spinodal shell, gyroid shell and Schwartz P shell topologies), (b) matrix phase, (c) assembled 

interpenetrating phase composite, (d) complete single edge notched bend (SENB) sample model 

for spinodal shell IPC and (e) 3D printed SENB sample for spinodal shell IPC. 

 

3.2 Materials and methods 

3.2.1 Model generation 

CAD files used in manufacturing composite samples in this work were generated with the 

following steps: (1) A shell of each reinforcement phase topology was generated; (2) The shell 
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was thickened so that the resulting reinforcement phase reached a desired volume fraction; (3) The 

matrix phase file was generated by taking the inverse of the reinforcement phase in the same space; 

(4) Both the reinforcement phase file and the matrix phase file were combined in the control 

software of the 3D printer to manufacture the IPC composites.  

To measure the Young’s modulus of the composites (necessary for fracture toughness extraction 

from the SENB tests), cubic samples with 3 ൈ 3 ൈ 3  unit cells were generated. All fracture 

toughness experiments were performed in 3-point bending, on samples with 3 ൈ 6 ൈ 27 unit cells, 

conforming to ASTM standard E1820 [119] . Load spreaders were placed between the rollers and 

the samples to prevent local indentation.  

Spinodal shell: The spinodal shell topology was generated with a two-step process: (1) A 50% 

dense spinodal solid topology is generated by solving the Cahn–Hilliard evolution equation [41] 

in space and time over a cubic domain with edge length of N using a finite difference algorithm 

(see section 2.21 and Appendix A for more details). The characteristic feature size (λ), which is a 

measure of the domain size of the topology, is controlled by the evolution time t. In this work, t 

was chosen so that λ = 
ଵ

ଷ
N (loosely corresponding to a sample with 3 ൈ 3 ൈ 3 unit cells). (2) The 

spinodal shell topology is extracted from the interface between the solid and void phases. The 

volume fraction of reinforcement, 𝑉, is chosen by assigning the appropriate thickness to the shell, 

𝑡௦, so that 𝑉 ൌ 𝑡௦𝐴/𝑉, with A the surface area of the shell and V the sample volume.  

Previous studies have shown that spinodal shell topologies extracted from a 50% dense spinodal 

solid topology have near-zero mean curvature and negative Gaussian curvature, the defining 

features of TPMSs. While spinodal shell topologies with non-zero mean curvature can also be 
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generated, their mechanical properties are generally inferior, and they won’t be considered in this 

study [53].  

Schwarz P TPMS and Gyroid TPMS: The Schwarz P surface and the Gyroid surface can be 

described by the following level-set equations, which approximate the implicit surfaces: 

Schwarz P: cosሺ𝑥ሻ  cosሺ𝑦ሻ  cosሺ𝑧ሻ ൌ 0                                                                                                     (1) 

Gyroid: sinሺ𝑥ሻ cosሺ𝑦ሻ  sinሺ𝑦ሻ cosሺ𝑧ሻ  cosሺ𝑥ሻ sinሺ𝑧ሻ ൌ 0                                                      (2) 

where (x,y,z) is a coordinate point in three-dimensional Euclidean space. For both geometries, the 

minimal surfaces corresponding to the above equations were generated using the Minisurf software 

package, which can be used to generate CAD files for minimal surfaces [106], [120]. As explained 

in the generation of spinodal shell, the volume fraction of the reinforcement phase, 𝑉, is chosen 

by thickening the shell with appropriate thickness, 𝑡௦, so that 𝑉 ൌ 𝑡௦𝐴/𝑉, with A the surface area 

of the shell and V the sample volume.  

 

3.2.2 Sample fabrication 

Fracture toughness samples with the spinodal, the Schwarz P and the Gyroid shell reinforcement 

topologies were manufactured at 20%, 30% and 40% reinforcement volume fraction. All samples 

were manufactured with a multi-material 3D printer (Objet260 Connex3, Stratasys), which allows 

multiple photopolymers to be printed simultaneously. In this work, the reinforcement phase in 

IPCs was printed with VeroWhitePlus, a glassy photopolymer, while the soft matrix phase was 

printed with Agilus30, a rubbery polymer. Samples for uniaxial compression tests have a 

dimension of 27mm x 27mm x 27mm and consist of 3 x 3 x 3 unit cells. All fracture toughness 
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samples as shown in Fig. 26 have a dimension (not including the load spreaders) of 243mm x 

54mm x 27mm, and consist of 27 x 6 x 3 unit cells. A starter notch with length of 16mm and tip 

with the angle of 30° was designed to promote early crack initiation. All 3D printed samples were 

left at room temperature for 4 days for curing. 

 

3.2.3 Experimental characterization 

All mechanical tests were performed with an Instron 8800 mechanical test frame. The mechanical 

properties of the constituent materials (VeroWhitePlus and Agilus 30) were already reported in 

Chapter 2 (see Sec. 2.3). The Young’s modulus, Exx, for all IPCs was extracted through uniaxial 

compression tests, following the ASTM 695–15 standard for compressive properties of rigid 

polymers [107]. A quasi-static strain rate of .0001 s-1 was used in all compression tests. Fracture 

toughness of all IPCs were determined using singled edge notch bend (SENB) samples following 

ASTM standard E1820 [119]. While this standard was originally introduced to measure fracture 

toughness of homogeneous metallic materials, in recent years it has been adopted in fracture 

toughness studies of many new materials, including cellular materials and composites [104], [121], 

[122]. The load and the load-line displacement were measured by the Instron test frame, while the 

crack mouth opening displacement was measured via digital image correlation (DIC). A constant 

displacement rate of 0.015mm/s was used for all fracture toughness tests and a frame rate of 0.25 

FPS is used to take images of the samples during tests for DIC analysis. The J-integral approach 

was used to capture inelastic contributions to the fracture resistance using the elastic compliance 

method in ASTM E1820. Compliance measurements from the unloading curves are extracted 

manually, at intervals Δv= 1 mm for all IPC samples, respectively. Compliance along the load-

line was used to calculate the current crack length, and the J-integral was calculated using the 
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measured applied load and crack mouth opening displacement. The fracture toughness, KJ(i), is 

related to the J-integral by KJ (i) = (J(i)E’) 1/2, where E’ is the plane strain Young's modulus, E’ = 

ES/(1 – ν2 )  and ν is the Poisson's ratio. Since the IPC topologies are not necessarily isotropic, the 

compressive Young’s modulus in the direction of the span length, EXX, was used (See Appendix 

B for details). 

 

3.3 Fracture behavior of shell-based IPCs 

Fig. 27a compares the SENB load-displacement curves of the three shell-based topologies, 

spinodal shell, Schwarz P and Gyroid IPCs, at 30% reinforcement volume fraction. In the initial 

loading stage, load increases linearly with displacement. After the initial loading stage, all samples 

exhibit highly nonlinear fracture behaviors. As shown in Fig. 27(b-d), the first load drop is the 

result of local failure of the reinforcement phase ligament. After the first load drop, the spinodal 

and Gyroid IPCs the continue to experience increased load before experiencing a second larger 

load drop. Subsequently, the load remains nearly constant before the final failure event. On the 

other hand, the load in the Schwarz P IPC slightly decreases after the first load drop, before the 

final catastrophic load drop. These multi-stage fracture patterns can be explained by the complex 

and interconnected topologies of the shell-based reinforcement phases. While cracks would 

naturally grow through the softer matrix phase, the co-continuous nature of both the hard 

reinforcement phase and the soft matrix phase prevents the crack from propagating within just one 

phase. Therefore, when the crack tip encounters the hard reinforcement phase, the crack 

propagation is slowed down. Subsequent crack propagation can occur through the stronger phase 

or via the interface, as previously observed in [123]. The latter will require significant crack 

deflection, with related increase in energy cost for crack propagation.  
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Fig. 27. Fracture behavior of shell-based IPCs at 30% volume fraction. (a) Load displacement 

curves of IPCs with spinodal shell, Gyroid and Schwarz P topologies. (c)-(d) Crack propagation 

patterns and strain contours using digital image correlation(DIC) at various loading 

displacements marked on the load-displacement curves.  
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3.4 Toughening mechanisms 

As can be seen in Fig. 27 (b-d), several toughening mechanisms synergistically contribute to the 

fracture resistance of the shell-based IPCs. As a result, the crack resistance of shell-based IPCs 

increases as the crack propagates, resulting in improved toughness. To further analyze the fracture 

behavior of shell-based IPCs in a quantitative manner, R-curves for all materials are extracted and 

plotted. As shown in Fig. 27 (c-d), all three IPCs show increasing J-integral as cracks propagate. 

The spinodal shell IPC possesses both the highest absolute value of the final J-integral as well as 

the most dramatic increase in J-integral. By contrast, the Schwarz P IPC has the lowest absolute 

value of the final J-integral and least amount of increase. Notably, when converting J-integral into 

fracture toughness, the fracture toughness of the spinodal shell IPC becomes much closer to that 

of the Gyroid IPC, because of the higher stiffness of the Gyroid IPC.  

Three major toughening mechanisms are synergistically responsible for the impressive fracture 

behavior of the shell-based IPCs. The first is the formation of a process zone in front of and behind 

the crack tip. The strain contours for all three topologies shown in Fig. 27(b-d) display formation 

of large areas of process zone in the form of stress concentration in front of the crack tip. This 

enlarging of plasticity can be attributed to both the uniform distribution of strain from the minimal 

surface reinforcement phase and the additional support from the matrix phase. As the crack tip 

passes through the process zone, the strained material behind the crack tip begin to unload 

elastically and dissipate energy that contribute to the toughening of the IPCs. The second major 

toughening mechanism is crack bridging by the reinforcement phase, whereby the hard polymer 

stretches between the two faces of the crack behind the crack tip. As clearly shown in Fig. 27b, 

some ligaments of the reinforcement phase begin to stretch immediately after the crack tip and 

continue to stretch as the crack propagates until the rupture point. Energy dissipated by the bridging 
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ligaments contributes to the rise of the R-curves. The third toughening mechanism responsible for 

the increase of fracture toughness is the extensive crack deflection as the crack propagates through 

the complex geometry. Fig. 27(b-c) clearly show that the crack path deviates from the initial crack 

tip and grows in an aggressive zig-zag shape. The extensive crack deflection results in highly 

tortuous crack path which results in increased crack surface and enhanced fracture toughness. 

While the process zone formation has been observed for all three topologies on a similar scale, the 

crack bridging and the crack deflection appear to be significantly more pronounced in the spinodal 

shell IPC and the Gyroid IPC compared with the Schwarz P IPC, with the spinodal shell IPC 

showing slightly more extensive toughening. This explains the superior performance of the 

spinodal shell IPC in terms of J-integral and the similarities between the spinodal shell IPC and 

the Gyroid IPC in terms of R-curve patterns. The experimental observation is consistent with 

previously reported numerical results [124]. The significant difference in fracture behavior 

between the Schwarz P IPC and the spinodal shell and Gyroid IPC can be attributed to distinct 

stress distributions under tensile and shear loading [124]. It has been shown that for the Gyroid 

shell topology, because of the complex geometry, multiple higher stress bands are formed and 

isolated by lower stress regions, preventing a single crack from becoming dominant. On the 

contrary, the Schwarz P topology has continuous high stress region throughout the entire structure 

and fails by growth of a single nucleated crack. The further advantage of the spinodal shell IPC 

stems from the stochastic nature of its topology, which leads to more dramatic and less regular 

crack deflection as well as more crack bridging behind the crack tip . 
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Fig. 28. Fracture response of shell-based IPCs with spinodal shell, Gyroid shell and Schwarz P 

topologies. (a) Load-displacement curves. (b) Load as a function of the crack mouth opening 

(CMOD). (c) J-integral, JIC and (b) fracture toughness KJIC are plotted as a function of crack 

extension. Dotted lines through the data points are fitted using a power function and added to aid 

the readers. 

It is worth noting that while the R-curve of the Schwarz P IPC shows a slightly rising shape 

commonly observed in most traditional monolithic material and composites, both the load-

displacement curves and the R-curves of the spinodal shell IPC and Gyroid shell IPC exhibit a 

stepped shape as shown in Fig. 28. This is the result of the crack repeatedly switching propagation 

through the hard phase and the soft phase. When the crack tip penetrates a ligament of the hard 

phase, the sample experiences an instantaneous load drop. Part of the released strain energy is 

dissipated by the breakage of the hard phase, while the rest of the strain energy drives a rapid crack 
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propagation, as previously observed [125]. This crack propagation is slowed down by other 

toughening mechanisms, including process zone formation, crack bridging and crack deflection 

along the interface, and is eventually stopped when the crack encounters another hard ligament. 

Since breaking of the hard phase requires extra energy, the R-curve rises sharply (Fig. 28 c-d). In 

summary, the spinodal shell IPC and the Gyroid IPC are toughened by cycles of (1) rapid dynamic 

crack growth driven by released energy from breaking of a hard ligament, (2) crack growth slowed 

by toughening mechanisms, including process zone formation, crack bridging and crack 

deflection, (3) arrest of crack propagation when the crack encounters the next hard ligament, (4) 

increase in load and energy until fracture of  the next hard layer, after which the next cycle starts. 

Although only two such cycles can be observed in samples studied in this work due to sample size 

limitations imposed by manufacturing technique, it has been found that such step shaped R-curves 

are commonly observed in heterogeneous materials [115], [126] where crack propagates through 

alternation of hard and soft phases. The toughening effect of heterogeneity can be classified into 

two categories: (1) Effect of the spatial material property variation, in this case Young’s modulus, 

in the crack path. This effect has been shown to improve the fracture toughness of a composite 

compared with a homogeneous material. This is a result of crack arrest when the crack tip is in the 

weaker phase due to strong decrease in crack driving force after the crack penetrates the stronger 

phase [116], [117]. (2)  Effect of increased fracture surface due to crack propagating in a tortuous 

path along the interface of the two phases. It has been shown that when propagating in a composite 

with a hard phase and a soft phase with a complex geometry, the crack tends to follow the contour 

of the hard phase [123], [126]. The resulting crack path is highly tortuous (Fig. 26 b-c), which 

leads to very rough crack surface (Fig. 29d) and correspondingly increased fracture 

toughness[123]. For the shell-based IPCs, the smooth surface and complex structures further 
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increases the crack path and crack deflection, and therefore amplifying the toughening effect of 

heterogeneity. 

 

3.5 Effect of reinforcement phase volume fraction 

It has been shown here that the inherent architecture of the IPC reinforcement phase has significant 

influence on the IPC’s fracture behavior (as also observed in [121], [123], [127], [128]). Here we 

investigate the effect of relative density on the fracture toughness. Since the spinodal shell IPC has 

been demonstrated to exhibit the most significant toughening, as well as having the potential of 

being scalably manufactured by self-assembly techniques, the discussion will exclusively focus on 

the spinodal shell IPC. For completeness, the results for the other topologies are reported in 

Appendix C. Fig. 29a shows the force-displacement curves of spinodal shell IPC SENB specimens 

at different volume fractions. As the volume fraction of the reinforcement phase increases, both 

the initial slope and the maximum load increase, resulting in higher stiffness and strength. 

However, it is worth noting that the samples experience larger load drops as the reinforcement 

volume fraction increases, a clear sign of increase in brittleness and more catastrophic failure 

events. At 40% reinforcement volume fraction, the sample exhibits unstable crack growth and 

loses its entire load bearing capacity after the first major failure event. This suggests that the 

spinodal shell IPC becomes more brittle as the reinforcement volume fraction increases. This 

decrease of toughening with increase of hard phase volume fraction is further evidenced by the 

laser scan images of post-mortem samples at different volume fractions (Fig. 29 c-d). At 20% 

volume fraction, the crack path clearly follows the contour of the reinforcing spinodal shell 

topology, leading to more tortuous crack path and greater crack surface with aggressive intrusion 

and extrusion. At 30% volume fraction, the crack path still shows extensive crack deflection, but 
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becomes less tortuous. The crack surface is rough as a result of the crack deflection but shows no 

sign of large intrusion or extrusion. At 40% volume fraction, the crack path is almost a straight 

line with only one noticeable crack deflection at the site of the first ligament failure. The crack 

surface becomes much smoother as a result. We attribute this effect to the increase of shell 

thickness at higher volume fractions. As the reinforcement volume fraction increases, the shell 

becomes thicker and requires higher load and more energy for the crack to penetrate. When the 

first major ligament breakage happens, the crack driving force is still very high, which leads to 

rapid crack growth through the entire sample. 

 

Fig. 29. The effect of reinforcement volume fraction on the fracture behavior of spinodal shell 

IPC. (a) Load-displacement lines of spinodal shell IPC at different volume fraction. (b) Calculated 

initial and final fracture toughness with different volume fractions. Laser scan images of the 

samples with different reinforcement volume fractions after the test showing (c) the crack path and 

(d) the crack surface.  
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Fig. 29b reports the initial fracture toughness, i.e., the fracture toughness at zero crack extension, 

and final fracture toughness, i.e., the fracture toughness after the final failure event, for the spinodal 

shell IPC at different volume fractions. As the volume fraction increases, the spinodal shell IPC 

exhibits a higher initial fracture toughness. This is because the load is primarily carried by the 

reinforcement phase. Therefore, composite with a higher reinforcement volume fraction shows 

higher stiffness and strength. The final fracture toughness also increases as the volume fraction 

increases, although at a slower pace, indicating decreasing toughening effects. At 40% volume 

fraction, the final fracture toughness converges with the initial toughness because of the unstable 

crack growth.  

For cellular materials, the relation between the effective elastic properties such as Young’s 

modulus E and the relative density �̅� can be described by a power law E ~ �̅�ሾ2ሿ. Similarly, the 

scaling law that can be used to describe the relation between the fracture toughness and the 

reinforcement volume fraction can be written as 𝐾 ൌ 𝐶�̅�. For the spinodal shell IPC, the scaling 

coefficient n calculated from the experimental data is 1.32, indicating a nearly linear relationship 

between the fracture toughness of spinodal shell IPC and its reinforcement volume fraction (Fig. 

29 b). It is worth noting that, while the multi-material 3D printing technique used in this study 

resulted in polymer-polymer composites with worse absolute mechanical properties than those of 

any structural material, the spinodal shell IPC has the potential to be manufactured in a self-

assembly manner to produce ceramic-polymer, ceramic-metal, metal-polymer and metal-metal 

composites that has lightweight matrix and strong reinforcement phase. Therefore, the nearly 

linear scaling relationship, along with the increased toughening observed at lower volume fraction, 

suggests the potential of manufacturing composites with high toughness and low density in an 
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industrial scale through self-assembly. Similar effect of reinforcement volume fraction has been 

observed for both the Schwarz P and the Gyroid IPC, see Appendix C for details. 

 

3.6 Shell-based IPCs exhibit larger toughening than truss-based IPCs 

Despite the increasing research interest in shell-based architected materials in recent years, most 

past studies on fracture toughness of architected materials focused on truss-based architected 

materials. Recently, hell-based architected materials with minimal surface topologies, such as 

triply periodic minimal surfaces (TPMS), have been shown to possess better mechanical 

properties, including stiffness, strength and toughness, relative to their truss-based counterparts 

[34], [37]. But to the best of our knowledge, this is the first study that reports on the fracture 

toughness of shell-based architected materials. Therefore, it is instructive to compare the fracture 

behaviors of shell-based IPCs with truss-based IPCs. In a recent study, truss-based IPCs were 

manufactured and tested in three-point bending with similar procedures [121]. By comparing the 

relative increase of fracture toughness, shell-based IPCs exhibit significantly higher amount of 

toughening compared with truss-based IPCs (Fig. 30).  Shell-based IPCs have also shown much 

more pronounced toughening mechanisms with extensive crack deflection and highly tortuous 

crack path by comparing crack images at the final loading stage. We attribute the impressive 

fracture behavior of shell-based IPCs to their smooth surface and complex topologies. 
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Fig. 30. Comparison between shell-based IPCs and truss-based IPCs. (a) Comparison of initial 

fracture toughness, defined as the fracture toughness at zero crack extension, and final toughness, 

defined as the fracture toughness after the final failure event. Percentage indicates the increase of 

toughness from the initial loading phase to the final loading phase. (b) Comparison of the crack 

path image after the final failure event. 

 

 

3.7 Conclusions 

In summary, through three-point bending fracture tests of 3D printed samples, we demonstrated 

that shell-based IPCs possess impressive fracture toughness and R-curve,  which are the result of 

synergistic contributions from multiple toughening mechanisms, including process zone 

formation, crack bridging, crack deflection and toughening from heterogeneity. The spinodal shell 

IPC has been shown to exhibit the most significant resistance to fracture propagation. We attribute 

this to the complex and stochastic topology, which facilitates more extensive crack deflection and 

highly tortuous crack paths. As the reinforcement volume fraction decreases, the initial fracture 

toughness decreases linearly with the volume fraction, while the toughening effects increase. This 

behavior, coupled with the spinodal shell IPC’s potential for scalable manufacturing via self-
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assembly, opens venues to manufacturing advanced lightweight composites with superior fracture 

toughness at large scales, thus making the spinodal shell composite exceptionally promising for 

industrial applications. 

While the samples in this study are polymer/polymer composite with inferior mechanical 

properties compared with any structural materials, the significant difference in mechanical 

properties between the two constituent materials allows the mechanical understanding of this study 

to be applied to other composites made of superior engineering materials including metal/ceramic 

composites. Ongoing and future research involves numerical simulation aimed at better 

understanding of the crack evolution in relation to the reinforcement phase of shell-based IPCs. 
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Chapter 4 Summary and Conclusions 

One of the most effective strategies to obtain superior mechanical properties and low density is to 

design architected materials combining optimized topologies and constituent materials which 

exploit size effects at the micro/nano scale. Notable examples of such designs include micro/nano-

lattices with stretch-dominated truss-based topologies[4], [6]–[8]. In recent years, shell-based 

topologies with triply periodic minimal surfaces (TPMS) have drawn increasing research interest 

and have been shown to possess better mechanical properties than their truss-based counterparts. 

However, due to their periodic nature, architected materials with such topologies are generally 

difficult to manufacture in a scalable manner. Architected materials with spinodal topologies are 

topologically similar to TPMS-based materials and can be manufactured through highly scalable 

self-assembly processes with a variety of constituent materials. In this thesis, we experimentally 

investigated the mechanical properties of spinodal shell-based architected materials manufactured 

through both additive manufacturing and self-assembly approaches, including stiffness, strength 

and fracture toughness. The key conclusions of this thesis are summarized as follows. 

In the first chapter, we performed an experimental investigation on the mechanical properties of 

cellular materials with spinodal topologies manufactured through both additive manufacturing and 

self-assembly. Uniaxial compression tests of both spinodal shell and solid topologies 

manufactured through two-photon polymerization direct laser writing (TPP-DLW) experimentally 

verified the simulation results, demonstrating that spinodal shell topologies are remarkably 

efficient and imperfection insensitive. We performed systematic characterization of the 

mechanical properties of the acrylate-based resin IP-Dip used in TPP-DLW process and looked 

into the effect of thermal post-curing on its mechanical properties. Nanoindentation of 

macroscopic graphene pillars with spinodal shell microstructures manufactured through the highly 
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scalable bicontinuous interfacially jammed emulsion gels (bijels) process revealed a Young's 

modulus of 30 MPa, one of the highest recorded for sp2 carbon in a porous structure [129], [130]. 

The study also demonstrated the amenity of spinodal structures to scalable self-assembly 

manufacturing. 

In the second chapter, we fabricated and mechanically investigated a new type of interpenetrating 

phase composite (IPC) with spinodal shell reinforcement topology, comparing their mechanical 

response to that of well-established mechanically efficient periodic IPCs with octet lattice and 

Schwartz P shell reinforcement topologies. All samples were additively manufactured using multi-

material jetting and tested in uniaxial compression to large deformations. We have shown that 

while all IPCs perform nearly identically in terms of initial stiffness, yield strength and energy 

absorption, regardless of reinforcement topologies, over a wide range of volume fraction of 

reinforcement (5-50%), spinodal shell IPCs are far more robust than any other IPCs, exhibiting a 

much more uniform deformation and gradual failure. This unique feature is attributed to: (1) 

uniform distribution of stresses and strains in shell topologies, stemming from  fairly uniform 

distribution of negative Gaussian curvature across the entire surface; (2) larger surface area at a 

given volume fraction of reinforcement, resulting in increased matrix support on the load bearing 

reinforcing phase; (3) the stochastic nature and complex shape of spinodal topologies, which act 

as crack barriers and locally inhibit crack propagation and banding. 

In the third chapter, we experimentally investigated the fracture toughness of 3D printed IPCs with 

shell-based reinforcement topologies, including spinodal shell, Schwarz P and Gyroid. Singled 

edge notch bend (SENB) samples were tested in three-point bending tests to quantify the fracture 

properties. We demonstrated that shell-based IPCs possess intriguing toughening mechanisms, 

including process zone formation, crack bridging, crack deflection and toughening from 
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heterogeneity, especially at lower reinforcement volume fractions. These mechanisms have been 

attributed to the smooth shell-based interpenetrating architecture, possessing near-zero mean 

curvature and negative Gaussian curvature. Among all three shell topologies investigated, the 

spinodal shell exhibit the most significant toughening effects, by virtue of their stochastic 

architecture.  
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Appendix A. Generation of spinodal topologies 

 

The generation of spinodal topologies follows an approach discussed in detail in [53], and 

summarized here for completeness. Spinodal decomposition can be described by the Cahn-Hillard 

evolution equation [41]:  

డ௨

డ௧
 ൌ  ∆ሾௗ

ሺ௨ሻ

ௗ௨
െ  𝜃ଶ∆𝑢ሿ                                                                                                               (A1) 

where 𝑢(𝑥,𝑦,𝑧,𝑡) is the concentration of the two phases A and B at a coordinate (x,y,z) (െ1  𝑢 

1, with 𝑢 = −1 indicating only phase A, or void space, and 𝑢 = 1 indicating only phase B, or solid 

material), t is the decomposition time, 𝑓ሺ𝑢ሻ ൌ ଵ

ସ
ሺ𝑢ଶ െ 1ሻଶ is a double-well free energy function, 

θ is the width of the interface between the two phases and Δ is the Laplacian operator. Equation 

(S1) is solved numerically with a finite difference scheme over a cubic volume with edge length 

N = 100, which is discretized into a lattice of mesh size, ℓ=N/100=1. Let 𝑢
  denote the discrete 

value of the phase field variable 𝑢(𝑖,𝑗,𝑘,𝑚𝜏) at nodal point (𝑖,𝑗,𝑘), with 𝜏 the integration time step, 

chosen to be sufficiently small to achieve convergence (𝜏 =0.005 was used here), and m the time 

step. After discretization with a finite difference scheme, equation (S1) can be written as: 

௨ೕೖ
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where 𝜃 is the thickness of the interface between the two phases and Δ is the Laplacian operator. 

The following boundary conditions are applied to solve equation (S2): 

𝑢(𝑖,𝑗,𝑘,𝑚𝜏)=𝑢(𝑖+𝐿,𝑗,𝑘,𝑚𝜏)                                                                                                        (A3.1) 

𝑢(𝑖,𝑗,𝑘,𝑚𝜏)=𝑢(𝑖,𝑗+𝐿,𝑘,𝑚𝜏)                                                                                                        (A3.2) 
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𝑢(𝑖,𝑗,𝑘,𝑚𝜏)=𝑢(𝑖,𝑗,𝑘+𝐿,𝑚𝜏)                                                                                                        (A3.3) 

A randomly generated initial condition, 𝑢ሺ𝑖, 𝑗, 𝑘, 0ሻ ൌ 𝑢ሺ𝑖, 𝑗,𝑘, 0ሻ ∈ ሾെ5,5ሿ ൈ 10ିସ ് 0 , was 

used as a perturbation to exit unstable equilibium and start the decomposition kinetics. As the 

solution progresses, the system phase separates at early times, and subsequently continues to 

coarsen; during the coarsening phase, the curvature of the interface between solid and void 

decreases and the size of the single-phase domains increases. A  cutoff 𝑢 is defined to separate 

phase A from phase B, with the phase at a point (𝑖,𝑗,𝑘) and a time 𝑡 ൌ 𝑚𝜏 defined as: 

𝐺
 ൌ 𝐻ሺ𝑢

 െ 𝑢ሻ                                                                                                                  (A4) 

where 𝐻ሺ∙ሻ represents the Heaviside function. To achieve a 50% volume fraction (𝑉) of phase A, 

the cutoff 𝑢 is adjusted so that 𝑢
  satisfied the distribution given by: 
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 െ 𝑢൯ ൌ 𝑉                                          (A5) 

Here the decomposition time that controls the characteristic feature size (λ) has been set to provide 

λ = 1/3 N. 

The spinodal shell topologies are subsequently derived by extracting the surface from spinodal 

solid cellular topologies with volume fraction, V=50%, resulting in a shell topology with negative 

Gaussian curvature and near-zero mean curvature throughout the domain. While shell-topologies 

with non-zero mean curvature can be derived from spinodal solid topologies with 𝑉 ് 50%, 

previous studies have demonstrated that near-zero mean curvature topologies provide the best 

overall mechanical performance for spinodal shell-based cellular materials [53]. 
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Appendix B. Extraction of fracture toughness 

 
	

The J-integral approach outlined in ASTM E1820, 2013 is employed to evaluate the fracture 

toughness. At a point corresponding to v and P on the specimen force versus displacement record, 

the J-integral is calculated at the onset of every unloading cycle (given by the index i) performed 

in the loading regime. The value of J at an instant (i) in the loading regime is then given by the 

summation of an elastic component, Jel, and a plastic component, Jpl, as follows: 

                                                ( ) ( ) ( )i el i pl iJ J J                                                              (A6) 

The elastic component elJ  follows from 

                                                2
( ) ( ) /el i i XXJ K E                                                                (A7) 

where the XXE  is the measured value of Young’s modulus in the X direction. The value of ( )iK at 

each unloading event is given as 

                                                            ( ) 3/2
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                                                 (A8)   

The calibration factor ( / )if a W is given by  
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where ( )ia is the current crack length. This crack length is estimated using the relation 
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               2 3 4 5
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(S10) 

where the factor u is related to the compliance via 

                                                     ( ) 1/21 / [( ) 1]
/ 4

XX iBWE C
u
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where  ( ) ( )( )i i

d
C

dP


  is the compliance estimated from the crack mouth opening displacement at 

the onset of unloading.  

The plastic component of J is estimated using the deformation J definition via 

                               ( ) ( 1) ( ) ( 1)
( ) ( 1)

( 1) ( 1)

1 (pl pl i pl i i i
pl i pl i pl

i i

A A a a
J J

b B b


 


 

      
                

                  (A12) 

where 1.9pl  , 0.9pl   based on the Eq. A1.8 in ASTM E1820, ( 1)ib   is the length of the 

uncracked ligament at the previous unloading event via ( 1) ( 1)i ib B a   . ( )pl iA  is the area under 

the plastic load versus load-line displacement measurement. We estimate ( )pl iA using 

                                            ( ) ( 1) ( ) ( 1) ( ) ( 1)( )( ) / 2pl i pl i i i pl i pl iA A P P v v                                      (A13) 

where  ( ) ( ) ( ) ( )pl i i i v iv v P C   is the plastic part of the load-line displacement and ( )
( )

v i
i

dv
C

dP
   
 

is 

the experimental compliance corresponding to the current crack length, ( )ia . 
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The fracture toughness at the unloading instant ( )i , ( )J iK , is then calculated from the J-integral 

using the relation 1/2
( ) ( )( )J i i XXK J E . 

Here, the fracture toughness at the crack initiation, JICK is calculated as 

                                               (0)2 2 1/20
03/2

0

[( ) ( / ) ]pl pl
JIC

AP S
K f a W

BW Bb


                                  (A14) 

where P0 is the force at the crack initiation and a0 is the precrack length which is the initial length 

of the notch.	

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 




