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Abstract:



This work was inspired by previous experiments which managed to establish an optimal template-dealloying route to prepare ultralow density metal foams. In this study, we propose a new analytical–numerical model of hollow-structured metal foams with structural hierarchy to predict its stiffness and strength. The two-level model comprises a main backbone and a secondary nanoporous structure. The main backbone is composed of hollow sphere-packing architecture, while the secondary one is constructed of a bicontinuous nanoporous network proposed to describe the nanoscale interactions in the shell. Firstly, two nanoporous models with different geometries are generated by Voronoi tessellation, then the scaling laws of the mechanical properties are determined as a function of relative density by finite volume simulation. Furthermore, the scaling laws are applied to identify the uniaxial compression behavior of metal foams. It is shown that the thickness and relative density highly influence the Young’s modulus and yield strength, and vacancy defect determines the foams being self-supported. The present study provides not only new insights into the mechanical behaviors of both nanoporous metals and metal foams, but also a practical guide for their fabrication and application.
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1. Introduction


Low-density metal foams have been of great interest in the past decade since the subtle combination of the property features of metals and porous structure [1,2,3]. In particular, metal foams with structural hierarchy present promising application prospects in various fields, such as supercapacitor [4], catalytic [5], sensors [6,7], controlled drug release [8] and tissue scaffold [9], benefitting from the merits of high porosity, high surface area, ultralow density, high conductivity, biocompatibility, and outstanding mechanical Performance [10]. Moreover, synthetic hierarchically porous materials constructed by natural systems could be used to introduce advantageous features in terms of performance and sustainability. The main advantageous features of hierarchically porous materials are numerous synthesis approaches, tunable porous structures, controllable macroscopic morphologies, adjustable multiple functions, and potential wide utilization [11,12]. One crucial motivation for the advancement of metal foams is the requirement in high energy-density laser experiments. Ultralow density high Z (i.e., high atomic number, high density and high radiation opacity) metal foams are desirable as the hohlraum walls in inertial confined fusion (ICF) to diminish energy dissipation and elevate energy transfer efficiency. Latest studies have demonstrated that hohlraum walls made of lower density foamed counterparts result in much lower X-ray energy loss and higher radiation temperature [13,14,15]. Therefore, a systematic strategy to design and fabricate ultralow density high Z metal foams is significant to meet the demands of ICF facilities.



Over the last decade, a great number of synthesis strategies have been developed to fabricate hierarchically porous materials, such as dual surfactant templating, colloidal crystal templating, polymer templating, bioinspiring process, and flame transport approach [1,2,3,16,17]. This work was inspired by previous experiments which were managed to establish an optimal template-dealloying route to prepare ultralow density Au foams [18,19,20]. The detailed template-dealloying process to fabricate hollow-structured Au foams with structural hierarchy was revealed in our previous research [19,20], and a schematic illustration is shown in Figure 1. Polystyrene (PS) microspheres with diameter of [image: ][image: ]m, [image: ] and [image: ] were adopted as the sacrificial template, Au and Ag sources. After electroless deposition of Au and Ag onto PS beads, self-supported Au–Ag bimetal foams with hollow-shell morphology were prepared by filter-cast forming of PS/Au/Ag microspheres and heat-treatment of the preformed monolithic samples. Self-supported Au foams with bimodal porous structure were produced after dealloying of Ag. Figure 2 presents the microstructure of prepared Au foam which exhibits the unique features of the combined large void space in the core and the bicontinuous nanoporous gold (np-Au) network in the shell.


Figure 1. A scheme of the template-dealloying process for synthesizing Au foam.
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Figure 2. Structural characterization of hollow Au foam: main backbone consisted of hollow sphere-packing model (a) and bicontinuous network in the shell (b).
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Understanding the stiffness and strength of such metal foam under uniaxial compression could provide insights for their both synthesis and applications under extreme conditions. The above-mentioned metal foam consists of a two-level model: the first one is bicontinuous nanoporous model proposed to describe the nanoscale interactions in the shell, another is hollow sphere-packing model representing the micrometre-scale geometrical structure of bulk foam. A common computational simulation method to investigate the mechanical properties of foams is finite elements method (FEM) [21,22,23,24,25,26,27,28], in which the geometries are generated from nanoscale/microscale resolution X-ray computed tomography (nano-CT or micro-CT) [21,22], focused ion beam scanning electron microscopes (FIB-SEM) [23,24], phase field method [28], and some of modeling software [25,26,27,28]. Moreover, molecular dynamics also is a powerful tool to describe the movements of atoms or molecules in a large system to obtain the physical properties for nanoporous metals [29,30,31]. In this work, however, another method in terms of finite volume method (FVM) was used to investigate mechanical properties of the new topological materials through simulation and fine-tune the design. The advantages of FVM are available usage on unstructured grids, integral formulation of conservation laws, and basis on cell averaged values, which means more effective and fast compared to conventional methods [32,33,34,35].



In this study, we propose a two-level model for metal foams. The main backbone is assumed as hollow sphere-packing model (i.e., Au foam, see Figure 3c,d), while the secondary bicontinuous nanoporous network (i.e., np-Au, see Figure 3a,b) represented the interactions in the shell is modelled by Voronoi tessellation. Then, the mechanical properties of np-Au and Au foams are investigated according to finite volume method. The scaling laws for the Young’s modulus, yield strength and Poisson’s ratio of np-Au derived from the simulation are then applied to identify the uniaxial compression behavior of metal foams. Based on this approach, the other effects (e.g., shell thickness and vacancy defect) are studied to predict the stiffness and strength of Au foams.


Figure 3. Renderings of the np-Au network (a,b) and sphere-packing Au foams (c,d).
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2. Simulation Methods


2.1. Modeling


Micrographs of the shell (Figure 2b) exhibit a three-dimensional bicontinuous interpenetrating ligament (solid)–channel (void) structure, and the overall and interior morphologies of synthesized foams are shown in our pervious papers [19,20]. The network structure of the shell is generated by dealloying process, recent studies have demonstrated that np-Au fabricated by dealloying is an isotropic solid with bicontinuous structure according to 3D reconstitution by FIB-SEM [24,28]. Hence, we used the Voronoi tessellation to generate the similar structure to investigate the mechanical properties of the shell (which was considered as np-Au). All of the models of np-Au with structurally isotropic were generated by using GeoDict [36], and the detailed modeling approach is introduced in [37,38]. The main advantage of the modeling method is that the straightforward controllability on parameters such as volume fraction and geometry. The np-Au network is generated internally based on a random homogeneous pack of spheres called Basis Pore-Geometry, whose diameter determines the size and volume fraction of np-Au. Furthermore, it is assumed that the ligaments are cylindrical with diameter of 50 nm, which corresponds to prefabricated Au foams. Based on the continuum mechanics theory, although, the dimensions of the structures relative to the average ligament size used in FEM/FVM computations are found to be free from “size effects” or “surface effect” due to stress-free specimen boundaries [39,40]. Previous study has shown that the pore size and ligament diameter of np-Au are subject to Gaussian distributions [24]. In this study, hence, two different models are used to simulate the mechanical behavior: one has a constant distribution of pore size and ligament diameter, and is represented as ‘np-Au I’; the other has a Gaussian distribution of pore size and ligament diameter, and is represented as ‘np-Au II’. Table 1 summarizes the geometrical properties of the two kinds with different relative density (i.e., volume fraction of the solid phase, [image: ]). The complete 3-D model of the representative volume element (RVE) consists of [image: ] unit cells with random realization, which is found sufficient with respect to accuracy and computation time (see Figure 3a,b).



Table 1. Geometrical Parameters of np-Au I and np-Au II.



	
-

	
Relative Density

	
Pore Size (nm)

	
Ligament Diameter (nm)




	
Mean Value

	
Standard Deviation

	
Distribution Bound

	
Mean Value

	
Standard Deviation

	
Distribution Bound






	
np-Au I

	
0.1

	
250

	
0

	
0

	
50

	
0

	
0




	
0.2

	
170

	
0

	
0

	
50

	
0

	
0




	
0.3

	
132

	
0

	
0

	
50

	
0

	
0




	
0.4

	
112

	
0

	
0

	
50

	
0

	
0




	
0.5

	
95

	
0

	
0

	
50

	
0

	
0




	
np-Au II

	
0.1

	
250

	
50

	
100

	
50

	
10

	
20




	
0.2

	
170

	
34

	
68

	
50

	
10

	
20




	
0.3

	
132

	
26.4

	
52.8

	
50

	
10

	
20




	
0.4

	
112

	
22.4

	
44.8

	
50

	
10

	
20




	
0.5

	
95

	
19

	
38

	
50

	
10

	
20










To future predict the extreme stiffness and strength of hollow-structured Au foams, two sphere-packing models (see Figure 3c,d), namely face centered cubic (FCC) and hexagonal close packing (HCP), are generated with the same radius of [image: ][image: ]m (r). The FCC and the HCP packing density value is the highest theoretically possible value for any sphere-packing lattice. The shell thickness [image: ] is set to range from 0.2 to 1 [image: ]m. The complete 3-D model of the RVE consists of [image: ] unit cells for FCC and [image: ] unit cells for HCP (here, the RVE is without randomization and theoretically only single domain can fulfil the task, but the size is particularly chosen to investigate the effect of vacancy defect). The relative density of the two foams can be calculated by:


[image: ]



(1)








2.2. Finite Volume Simulation


Finite volume simulations were performed using a commercial software GeoDict (Ver. 2017, Math2Market GmbH, Kaiserslautern, Germany) [36]. All of the models used in simulation were with size around [image: ] voxels, which is found sufficient with respect to accuracy and computation time [33]. The stiffness and strength for macroscopic problem can be obtained by computing the linear elastic properties and nonlinear large deformations of the structures, respectively. Thus, the module ElastoDict-VOL and ElastoDict-LD were carried out to calculate stiffness (i.e., Poisson’s ratio and Young’s modulus) and strength (i.e., yield strength and compression behavior) [33,34,35]. The material behavior was isotropic elasticity for the determination of the macroscopic stiffness, and ideal (isotropic) plasticity for the plastic determination of the macroscopic strength.



For the computation of effective stiffness, the load case was set to 0.005 uniaxial compressive strain increase along the z-axis, assuming a small deformation. For the computation of effective strength, the load case was set to 1% uniaxial compressive strain increase along the z-axis, assuming as a path-controlled small deformation. The boundary condition in tangential direction was set to free in order to avoid constraining the boundaries for the compression. Both the two computations were with periodic boundary condition and 0.0001 tolerance, and the load was applied as a homogeneous displacement of all nodes on the top side of the RVE. The overall Young’s modulus and Poisson’s ratio were calculated from an overall linear compression strain of 0.005. The yield strength was defined as the 0.2% offset stress from the nonlinear compression stress-strain curve.



Firstly, a study of the mechanical properties of np-Au was carried out with the following material parameters: [image: ]. For the elastic–plastic behavior, the yield stress is set to [image: ] MPa (isotropic plasticity, no work hardening) which is taken from [27]. The first simulation gave the mechanical parameters of np-Au which was closed to the isotropic law (previous study has suggested that np-Au is structurally isotropic [28]) Then, in order to investigate the mechanical properties of the bulk foam, the isotropic law of np-Au is set as the material parameters of the Au foam shell.





3. Results and Discussion


3.1. Mechanical Properties of Nanoporous Gold


3.1.1. Compression Behavior


The macroscopic stress-strain curves obtained from the simulations on the np-Au samples with relative density ranging from 0.1 to 0.5 are presented in Figure 4. The relative density [image: ] significantly influences the deformation behavior of np-Au in stiffness, seen in the initial slope of the curves, as well as in strength, visible as the 0.2% offset stress indicated on the curves by filled circles. In addition, it should be noted that the peak stress become more distinct with increasing relative density. It is shown that the compressive behavior consists of two different deformation stages in early compression (srain [image: ]). Initially, structural elements (i.e., ligaments) suffering the bending demonstrate a linear elastic compression behavior. With the further compression, the open cells collapse into plastic yielding and thus the stress-strain curve exhibits a definite plateau. Moreover, the linear elastic region for np-Au I with higher relative density ends at strain of about 0.25, while the region for np-Au II exhibits a more complicated variation due to its relative amorphous structure.


Figure 4. Overall compressive stress-strain curves of np-Au I (a) and np-Au II (b). The 0.2% offset stress is indicated on the curves by filled circles.
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3.1.2. Young’s Modulus and Yield Strength


The mechanical properties are also of great interest since porous materials can have higher specific stiffness and strength relative to fully dense materials. Because of the “smaller is stronger” effect [41,42,43,44], the nanostructured porous materials with nanoscale ligaments are supposed to be stronger than conventional foam materials by up to one order of magnitude. On the other hand, by suppressing the coarsening and maintaining an unchanged network connectivity in Pt-doped np Au(Ag), Liu et al. found that the Young’s modulus varied with relative density in a power-law scaling which are free of “scale effects” [45]. In our simulation, the results are also free from “scale effects” or “surface effect” due to stress-free specimen boundaries. The classical scaling laws of Gibson-Ashby originally proposed for have been borrowed, the Young’s modulus E and yield strength [image: ] for open-cell micro foams can be expressed by [46]:


[image: ]



(2)






[image: ]



(3)




where [image: ] and [image: ] are the overall foam Young’s modulus and yield strength, [image: ] and [image: ] are the Young’s modulus and yield strength of ligaments materials, and [image: ] is the relative density. in our simulation. The relative Young’s modulus [image: ] and relative yield strength [image: ] of np-Au varied with relative density in a power-law relation from simulation results are now plotted in Figure 5a,b, respectively. The axis scales are log–log, so that the results along with the Gibson–Ashby’s prediction of Equations (2) and (3) show up as the straight lines. The scaling laws of relative Young’s modulus and relative yield strength for np-Au I and np-Au II can be estimated by fitting these data, respectively:


[image: ]



(4)






[image: ]



(5)






[image: ]



(6)






[image: ]



(7)






Figure 5. Variation of Young’s modulus (a) and yield stress (b) of nanoporous gold with relative density. Simulation results from this study for the two nanoporous gold samples are denoted as “np-Au I” and “np-Au II”. The solid line represents the Gibson and Ashby law with [image: ] GPa and [image: ] MPa corresponding to bulk polycrystalline gold. Experiment results are also compared [27,41,49,50,51,52,53].
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Here [image: ] = 79 GPa and [image: ] = 500 MPa, which are the Young’s modulus and yield strength of ligament materials in our simulation. The firstly compression between np-Au I and np-Au II shows that the former has a slightly higher stiffness and strength than the latter, the results indicate that the pore size and ligament diameter subjected to Gaussian distributions tend to damage the mechanical properties of nanoporous metals. It is in good agreement with pervious study that determined nanoporous metals with a randomized structure tend to have a reduction of modulus and yield stress than that with a periodic structure [27]. Moreover, the scaling laws for the Young’s modulus from simulation remain significant agreement with Gibson-Ashby law. The scaling laws for the yield strength show a slightly higher order of magnitude than Gibson-Ashby’s prediction, although the exponent of the power law (1.136 and 1.258) is less than Gibson-Ashby law (3/2). In addition, pervious research demonstrate that the exponent of the power law n is commonly used to assess the deformation behavior of porous materials [47,48]. The exponent value for the Young’s modulus of np-Au I and np-Au II are approximately 2, which indicates a near stretching-dominated behavior.



Figure 5 also compares the results for Young’s modulus and yield stress of np-Au characterized by various experimental methods. It clearly shows that the Young’s modulus and yield stress of np-Au can vary by two orders of magnitude for a certain relative density. The main reasons come from the following three aspects. First of all, the mechanical response of np-Au depends on not only the relative density but also the topological geometry of the np structures, generally an ordered structure is stiffer and stronger than a stochastic structure [27,28]. Besides, experimental investigations were derived from np-Au with feature size ranging from several to hundreds of nanometers, and due to “size effect”, np-Au has been shown to support the “smaller is stronger” trend down to characteristic length scales as small as 10 nm [39,40,43,49]. Furthermore, the network connectivity has been suggested as a structural feature that accounts for the anomalous mechanical properties of np metals, while it tends to decrease during the coarsening in which some ligaments pinch off [44,45]. In our simulation, however, the models are free of “size effect” and assumed as open-cell foam without ligaments pinch off.




3.1.3. Poisson’s Ratio


The elastic Poisson’s ratio of np-Au [image: ] is now plotted in Figure 6 as a function of [image: ]. The scaling laws of [image: ] for np-Au I and np-Au II can be estimated by fitting these data, respectively:


[image: ]



(8)






[image: ]



(9)






Figure 6. Variation of Poisson’s ratio of nanoporous gold with relative density. Simulation results from this study for the two nanoporous gold samples are denoted as “np-Au I” and “np-Au II”. Experiment results are also compared [41,50,54,55].
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It shows a trend of highly similarity between the simulation results from np-Au I and np-Au II, and indicates the Poisson’s ratio is rather influenced by the structural irregularity than by the densification [40]. Furthermore, the average Poisson’s ratio values from our simulation is slightly higher than that values from experiments. Similar to the Young’s modulus and yield stress, the lower value of elastic Poisson’s ratio from experiments can be attributed to the network connectivity and ligaments size. Firstly, because these nanostructures are with less dense network connectivity resulted from pitch-offed ligaments, they could be expected to be able to accommodate a larger amount of axial deformation without expanding laterally, which could explain the lower value of Poisson’s ratio. In addition, some measurements were conducted on a specimen with smaller average ligament size and which had previously been tested and ruptured in tension [50].





3.2. Mechanical Properties of Gold Foam


The computational simulation results presented in Section 3.1 give a first insight into the scaling laws for Young’s modulus, yield strength and Poisson’s ratio of np-Au. In the next sect, the shell material of Au foams is assumed as bulk np-Au and the mechanical properties derived from above scaling laws of np-Au II (which has the extremely high structural similarity with np-Au from dealloying) is listed in Table 2.


Table 2. Results from scaling laws for Young’s modulus, yield stress and Poisson’s ratio derived from Equations (5), (7) and (9) respectively.


	Relative Density
	Young’s Modulus (GPa)
	Yield Stress (MPa)
	Poisson’s Ratio





	0.1
	0.724
	13.511
	0.371



	0.2
	2.815
	29.694
	0.331



	0.3
	6.230
	47.067
	0.309



	0.4
	10.946
	65.259
	0.295



	0.5
	16.947
	84.087
	0.284









3.2.1. Young’s Modulus and Yield Strength


The Young’s modulus and yield stress of Au foams varied with the thickness t of the shell from simulation results are now plotted in Figure 7a,b, respectively. It is shown that the mechanical properties of the foams incline with the increasing thickness and/or relative density [image: ] of the shell. The relative density has a higher influence on the stiffness and strength than the thickness. For example, the value of Young’s modulus is about 30 MPa at t = 0.2 [image: ]m and [image: ], and it could ascend more than 20 times to nearly 650 MPa with increasing relative density of 0.5, while the value only ascends to nearly 100 MPa with increasing thickness of 1 [image: ]m.


Figure 7. Dependence of Young’s modulus (a) and yield stress (b) of Au foams on thickness, including the variation with the type of sphere-packing and the relative density of the shell.
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Moreover, the compression between FCC and HCP foams demonstrate that the type of sphere-packing models also has impact on the mechanical properties. FCC foams are stiffer than HCP foams at a low thickness value, while the difference descends gradually till t = ∼0.7, and then the Young’s modulus of HCP is higher than that of FCC with increasing trend. Similarly, the effects on the strength show that FCC foams have a higher yield stress while the situation changes reversedly when t > 0.4 [image: ]m.




3.2.2. Effect of Defects


In our experiments, some hollow spheres tend to fracture resulted from some inevitable factors during the fabricating process (see Figure 2a). Most of this cracked spheres have less mechanical contribution to the bulk foam. Hence, in order to investigate the effects of such defects, we consume the cracked spheres as vacancy defect according to remove some of hollow spheres in a foam (see Figure 8). Every foam with void was generated by random removing hollow spheres according to a stochastic function, which was set to reduce the effect of the anisotropy. Vacancy content in foams represented vacancy ratio (e) is defined below:


[image: ]



(10)




where [image: ] is the volume of the vacancies (i.e., the removed spheres), and [image: ] is the volume of the remaining spheres. The simulation results from a series HCP foams with [image: ] and [image: ] are shown in Figure 8. It is indicated that both the Young’s modulus and yield stress are shown a highly linear relationship with vacancy ratio e. According to the two equations fitted in Figure 9, the foam loses its stiffness by 40% and yield strength by 45% at [image: ]. When [image: ], the material almost loses its entire stiffness and load-carrying capability, so the vacancy defect should be controlled accordingly to warrant the desired mechanical properties of metal foams.


Figure 8. Renderings of the hexagonal close packing (HCP) foams with vacancy defect: Perspective (a) and top view (b).
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Figure 9. Dependence of Young’s modulus and yield stress of Au foams on vacancy ratio, including simulation results and fitted curve.
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4. Conclusions


In summary, the stiffness and strength of hollow-structured metal foams have been investigated using a two-level model by finite volume method. The primary model consisted of bicontinuous nanoporous structure is firstly constructed to predict the mechanical properties of the shell. A number of scaling laws have been found for the effective Young’s modulus, yield stress, and Poisson’s ratio of np-Au. Furthermore, the stiffness and strength of Au foams under uniaxial compression are carried out by combining the above scaling laws with hollow FCC and HCP. It is found that FCC is stiffer and stronger than HCP while the situation changes reversedly with the increasing thickness. Moreover, compared to the thickness, the relative density of the shell has a higher impact on the mechanical properties. Vacancy defect is one of the crucial issues influencing the foams being self-supported. Overall, in addition to predict the mechanical properties of both nanoporous metals and metal foams, we envisage that this new model can be applied in more analytical–numerical studies to reveal other interesting properties.







Author Contributions


Yong Yi, Xiaoyang Zheng, Zhibing Fu and Chaoyang Wang conceived and designed the experiments; Yong Yi, Xiaoyang Zheng and Xiulan Tan performed the experiments; Xiaoyang Zheng and Yong Yi analyzed the data; Zhibing Fu, Chaoyang Wang, Xibin Xu and Xiulan Tan contributed reagents/materials/analysis tools; Yong Yi wrote the paper; each of the authors reviewed the manuscript for intellectual content.




Conflicts of Interest


The authors declare no conflict of interest.




References


	1. 
Juarez, T.; Biener, J.; Weissmüller, J.; Hodge, A.M. Nanoporous metals with structural hierarchy: A review. Adv. Eng. Mater. 2017, 19. [Google Scholar] [CrossRef]

	2. 
Fujita, T. Hierarchical nanoporous metals as a path toward the ultimate three-dimensional functionality. Sci. Technol. Adv. Mater. 2017, 18, 724–740. [Google Scholar] [CrossRef] [PubMed]

	3. 
Li, Y.; Shi, J. Hollow-Structured Mesoporous Materials: Chemical Synthesis, Functionalization and Applications. Adv. Mater. 2014, 26, 3176–3205. [Google Scholar] [CrossRef] [PubMed]

	4. 
You, B.; Sun, Y. Hierarchically porous nickel sulfide multifunctional superstructures. Adv. Energy Mater. 2016, 6. [Google Scholar] [CrossRef]

	5. 
Parlett, C.M.; Wilson, K.; Lee, A.F. Hierarchical porous materials: catalytic applications. Chem. Soc. Rev. 2013, 42, 3876–3893. [Google Scholar] [CrossRef] [PubMed]

	6. 
Liu, X.; Zhang, J.; Wang, L.; Yang, T.; Guo, X.; Wu, S.; Wang, S. 3D hierarchically porous ZnO structures and their functionalization by Au nanoparticles for gas sensors. J. Mater. Chem. 2011, 21, 349–356. [Google Scholar] [CrossRef]

	7. 
Tiginyanu, I.; Ghimpu, L.; Gröttrup, J.; Postolache, V.; Mecklenburg, M.; Stevens-Kalceff, M.A.; Ursaki, V.; Payami, N.; Feidenhansl, R.; Schulte, K.; et al. Strong light scattering and broadband (UV to IR) photoabsorption in stretchable 3D hybrid architectures based on Aerographite decorated by ZnO nanocrystallites. Sci. Rep. 2016, 6, 32913. [Google Scholar] [CrossRef] [PubMed]

	8. 
Drisko, G.L.; Luca, V.; Sizgek, E.; Scales, N.; Caruso, R.A. Template synthesis and adsorption properties of hierarchically porous zirconium titanium oxides. Langmuir 2009, 25, 5286–5293. [Google Scholar] [CrossRef] [PubMed]

	9. 
Singh, R.; Lee, P.; Jones, J.; Poologasundarampillai, G.; Post, T.; Lindley, T.; Dashwood, R. Hierarchically structured titanium foams for tissue scaffold applications. Acta Biomater. 2010, 6, 4596–4604. [Google Scholar] [CrossRef] [PubMed]

	10. 
Mecklenburg, M.; Schuchardt, A.; Mishra, Y.K.; Kaps, S.; Adelung, R.; Lotnyk, A.; Kienle, L.; Schulte, K. Aerographite: Ultra lightweight, flexible nanowall, carbon microtube material with outstanding mechanical performance. Adv. Mater. 2012, 24, 3486–3490. [Google Scholar] [CrossRef] [PubMed]

	11. 
Yang, X.Y.; Chen, L.H.; Li, Y.; Rooke, J.C.; Sanchez, C.; Su, B.L. Hierarchically porous materials: Synthesis strategies and structure design. Chem. Soc. Rev. 2017, 46, 481–558. [Google Scholar] [CrossRef] [PubMed]

	12. 
Mishra, Y.K.; Adelung, R. ZnO tetrapod materials for functional applications. Mater. Today 2017. [Google Scholar] [CrossRef]

	13. 
Young, P.; Rosen, M.; Hammer, J.; Hsing, W.; Glendinning, S.; Turner, R.; Kirkwood, R.; Schein, J.; Sorce, C.; Satcher, J., Jr.; et al. Demonstration of the density dependence of X-ray flux in a laser-driven hohlraum. Phys. Rev. Lett. 2008, 101, 035001. [Google Scholar] [CrossRef] [PubMed]

	14. 
Schein, J.; Jones, O.; Rosen, M.; Dewald, E.; Glenzer, S.; Gunther, J.; Hammel, B.; Landen, O.; Suter, L.; Wallace, R. Demonstration of enhanced radiation drive in hohlraums made from a mixture of high-Z wall materials. Phys. Rev. Lett. 2007, 98, 175003. [Google Scholar] [CrossRef]

	15. 
Rosen, M.D.; Hammer, J.H. Analytic expressions for optimal inertial-confinement-fusion hohlraum wall density and wall loss. Phys. Rev. E 2005, 72, 056403. [Google Scholar] [CrossRef] [PubMed]

	16. 
Schütt, F.; Signetti, S.; Krüger, H.; Röder, S.; Smazna, D.; Kaps, S.; Gorb, S.N.; Mishra, Y.K.; Pugno, N.M.; Adelung, R. Hierarchical self-entangled carbon nanotube tube networks. Nat. Commun. 2017, 8, 1215. [Google Scholar] [CrossRef] [PubMed]

	17. 
Mishra, Y.K.; Kaps, S.; Schuchardt, A.; Paulowicz, I.; Jin, X.; Gedamu, D.; Freitag, S.; Claus, M.; Wille, S.; Kovalev, A.; et al. Fabrication of macroscopically flexible and highly porous 3D semiconductor networks from interpenetrating nanostructures by a simple flame transport approach. Part. Part. Syst. Charact. 2013, 30, 775–783. [Google Scholar] [CrossRef]

	18. 
Nyce, G.W.; Hayes, J.R.; Hamza, A.V.; Satcher, J.H. Synthesis and characterization of hierarchical porous gold materials. Chem. Mater. 2007, 19, 344–346. [Google Scholar] [CrossRef]

	19. 
Zhang, K.; Tan, X.; Zhang, J.; Wu, W.; Tang, Y. Template-dealloying synthesis of ultralow density Au foams with bimodal porous structure. RSC Adv. 2014, 4, 7196–7201. [Google Scholar] [CrossRef]

	20. 
Zhang, K.; Tan, X.; Wu, W.; Tang, Y. Template synthesis of low-density gold foams: Density, microstructure and compressive strength. Mater. Res. Bull. 2013, 48, 3499–3504. [Google Scholar] [CrossRef]

	21. 
Komini Babu, S.; Chung, H.T.; Zelenay, P.; Litster, S. Resolving Electrode Morphology’s Impact on Platinum Group Metal-Free Cathode Performance Using Nano-CT of 3D Hierarchical Pore and Ionomer Distribution. ACS Appl. Mater. Interfaces 2016, 8, 32764–32777. [Google Scholar] [CrossRef] [PubMed]

	22. 
Takano, N.; Fukasawa, K.; Nishiyabu, K. Structural strength prediction for porous titanium based on micro-stress concentration by micro-CT image-based multiscale simulation. Int. J. Mech. Sci. 2010, 52, 229–235. [Google Scholar] [CrossRef]

	23. 
Carraro, T.; Joos, J.; Rüger, B.; Weber, A.; Ivers-Tiffée, E. 3D finite element model for reconstructed mixed-conducting cathodes: I. Performance quantification. Electrochim. Acta 2012, 77, 315–323. [Google Scholar] [CrossRef]

	24. 
Hu, K.; Ziehmer, M.; Wang, K.; Lilleodden, E.T. Nanoporous gold: 3D structural analyses of representative volumes and their implications on scaling relations of mechanical behaviour. Philos. Mag. 2016, 96, 3322–3335. [Google Scholar] [CrossRef]

	25. 
Cho, Y.J.; Lee, W.; Park, Y.H. Finite Element Modeling of Tensile Deformation Behaviors of Iron Syntactic Foam with Hollow Glass Microspheres. Materials 2017, 10, 1201. [Google Scholar] [CrossRef] [PubMed]

	26. 
Cho, Y.J.; Kang, Y.; Lee, Y.C.; Park, Y.; Lee, W. Influence of Partially Debonded Interface on Elasticity of Syntactic Foam: A Numerical Study. Materials 2017, 10, 911. [Google Scholar] [CrossRef] [PubMed]

	27. 
Huber, N.; Viswanath, R.; Mameka, N.; Markmann, J.; Weißmüller, J. Scaling laws of nanoporous metals under uniaxial compression. Acta Mater. 2014, 67, 252–265. [Google Scholar] [CrossRef]

	28. 
Mangipudi, K.; Epler, E.; Volkert, C. Topology-dependent scaling laws for the stiffness and strength of nanoporous gold. Acta Mater. 2016, 119, 115–122. [Google Scholar] [CrossRef]

	29. 
Ngô, B.N.D.; Stukowski, A.; Mameka, N.; Markmann, J.; Albe, K.; Weissmüller, J. Anomalous compliance and early yielding of nanoporous gold. Acta Mater. 2015, 93, 144–155. [Google Scholar] [CrossRef]

	30. 
Rodriguez-Nieva, J.; Ruestes, C.; Tang, Y.; Bringa, E. Atomistic simulation of the mechanical properties of nanoporous gold. Acta Mater. 2014, 80, 67–76. [Google Scholar] [CrossRef]

	31. 
Coudert, F.X.; Fuchs, A.H. Computational characterization and prediction of metal–organic framework properties. Coord. Chem. Rev. 2016, 307, 211–236. [Google Scholar] [CrossRef]

	32. 
Eymard, R.; Gallouët, T.; Herbin, R. Finite volume methods. Handb. Numer. Anal. 2000, 7, 713–1018. [Google Scholar]

	33. 
Kabel, M.; Andrä, H. Fast numerical computation of precise bounds of effective elastic moduli. Berichte Fraunhofer ITWM 2012, 224, 1–16. [Google Scholar]

	34. 
Rutka, V.; Wiegmann, A. Explicit jump immersed interface method for virtual material design of the effective elastic moduli of composite materials. Numer. Algorithms 2006, 43, 309–330. [Google Scholar] [CrossRef]

	35. 
Rutka, V.; Andrä, H.; Wiegmann, A. EJIIM for Calculation of Effective Elastic Moduli in 3D Linear Elasticity; Fraunhofer-Institut für Techno- und Wirtschaftsmathematik ITWM: Kaiserslautern, Germany, 2006; Volume 1. [Google Scholar]

	36. 
GeoDict. Available online: https://www.geodict.com/ (accessed on 1 January 2018).

	37. 
Lautensack, C.; Giertzsch, M.; Godehardt, M.; Schladitz, K. Modelling a ceramic foam using locally adaptable morphology. J. Microsc. 2008, 230, 396–404. [Google Scholar] [CrossRef] [PubMed]

	38. 
Redenbach, C.; Wirjadi, O.; Rief, S.; Wiegmann, A. Modeling of ceramic foams for filtration simulation. Adv. Eng. Mater. 2011, 13, 171–177. [Google Scholar] [CrossRef]

	39. 
Onck, P.; Andrews, E.; Gibson, L. Size effects in ductile cellular solids. Part I: modeling. Int. J. Mech. Sci. 2001, 43, 681–699. [Google Scholar] [CrossRef]

	40. 
Andrews, E.; Gioux, G.; Onck, P.; Gibson, L. Size effects in ductile cellular solids. Part II: Experimental results. Int. J. Mech. Sci. 2001, 43, 701–713. [Google Scholar] [CrossRef]

	41. 
Bürckert, M.; Briot, N.J.; Balk, T.J. Uniaxial compression testing of bulk nanoporous gold. Philos. Mag. 2017, 97, 1157–1178. [Google Scholar] [CrossRef]

	42. 
Uchic, M.D.; Dimiduk, D.M.; Florando, J.N.; Nix, W.D. Sample dimensions influence strength and crystal plasticity. Science 2004, 305, 986–989. [Google Scholar] [CrossRef] [PubMed]

	43. 
Mameka, N.; Wang, K.; Markmann, J.; Lilleodden, E.T.; Weissmüller, J. Nanoporous gold—Testing macro-scale samples to probe small-scale mechanical behavior. Mater. Res. Lett. 2016, 4, 27–36. [Google Scholar] [CrossRef]

	44. 
Liu, L.Z.; Ye, X.L.; Jin, H.J. Interpreting anomalous low-strength and low-stiffness of nanoporous gold: Quantification of network connectivity. Acta Mater. 2016, 118, 77–87. [Google Scholar] [CrossRef]

	45. 
Liu, L.Z.; Jin, H.J. Scaling equation for the elastic modulus of nanoporous gold with “fixed” network connectivity. Appl. Phys. Lett. 2017, 110, 211902. [Google Scholar] [CrossRef]

	46. 
Gibson, L.J.; Ashby, M.F. Cellular Solids: Structure and Properties; Cambridge University Press: Cambridge, UK, 1999. [Google Scholar]

	47. 
Ashby, M. The properties of foams and lattices. Philos. Trans. R. Soc. Lond. A Math. Phys. Eng. Sci. 2006, 364, 15–30. [Google Scholar] [CrossRef] [PubMed]

	48. 
Deshpande, V.; Ashby, M.; Fleck, N. Foam topology: Bending versus stretching dominated architectures. Acta Mater. 2001, 49, 1035–1040. [Google Scholar] [CrossRef]

	49. 
Hodge, A.; Doucette, R.; Biener, M.; Biener, J.; Cervantes, O.; Hamza, A. Ag effects on the elastic modulus values of nanoporous Au foams. J. Mater. Res. 2009, 24, 1600–1606. [Google Scholar] [CrossRef]

	50. 
Ahn, P.; Balogun, O. Elastic characterization of nanoporous gold foams using laser based ultrasonics. Ultrasonics 2014, 54, 795–800. [Google Scholar] [CrossRef] [PubMed]

	51. 
Sun, X.Y.; Xu, G.K.; Li, X.; Feng, X.Q.; Gao, H. Mechanical properties and scaling laws of nanoporous gold. J. Appl. Phys. 2013, 113, 023505. [Google Scholar] [CrossRef]

	52. 
Hodge, A.; Biener, J.; Hayes, J.; Bythrow, P.; Volkert, C.; Hamza, A. Scaling equation for yield strength of nanoporous open-cell foams. Acta Mater. 2007, 55, 1343–1349. [Google Scholar] [CrossRef]

	53. 
Sun, Y.; Ye, J.; Shan, Z.; Minor, A.M.; Balk, T.J. The mechanical behavior of nanoporous gold thin films. J. Miner. Met. Mater. Soc. 2007, 59, 54–58. [Google Scholar] [CrossRef]

	54. 
Briot, N.J.; Kennerknecht, T.; Eberl, C.; Balk, T.J. Mechanical properties of bulk single crystalline nanoporous gold investigated by millimetre-scale tension and compression testing. Philos. Mag. 2014, 94, 847–866. [Google Scholar] [CrossRef]

	55. 
Lührs, L.; Soyarslan, C.; Markmann, J.; Bargmann, S.; Weissmüller, J. Elastic and plastic Poisson’s ratios of nanoporous gold. Scr. Mater. 2016, 110, 65–69. [Google Scholar] [CrossRef]































© 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).






media/file13.jpg





media/file4.png





media/file18.png
Young’s modulus, E (GPa)

0.3

0.25

0.2

[ ) Simulation (Young’'s modulus)
® A Simulation (Yield stress)
‘ss = == == == «» Fitted curve (Young’s modulus)
F~, == o == Fitted curve (Yield stress)
[ 229 .
e
A ‘3\ E=-1.2561e + 0.5538
“A T~o_R?=09800 ]
. . ‘..s |
4. s
)
=-95671e +4.3256 & - _
R2=0.9952 ‘AL
A
0.05 0.1 0.15

Vacancy ratio, e

o
N

N w w BN BN (&) (&)
o o o o
Yield stress, o (Mpa)

N





media/file3.jpg





media/file7.jpg
140
120
100
P
&
w
2

‘Stress (GPa)

120
05 05
100
vos| § w0 -
o3| g 03
faw
02| & 02
pe01 » b0t
o
0 o002 0004 0005 0008 001 oor2

0 o002 0004 0005 0008 001 0012
Compressive stain

@

Compressive stain
®)





media/file10.png
= ®° = np-Au I, R-square=0.9992 :-'_':_'_-_ np-Au I, R-square=0.9954
moemes ng)Au ]IA, IEE)squEare(=2(;.9998 gﬁg@gnﬂA,SF;E)SyqlEaée(=3C;.9918
——— Gibson-Ashby, Eq. _— - , Eq.

100 g A uniaxial compression ([27]) A uniaxial compression ([41])
uniaxial compression ([41]) m°|e<_3uc|jar ?Bttr_‘a”}i[ZSS;imU|ati0nS ([44])
nanoinentation ([42]) nano?n enta ?on

= laser ultrasonics ([43]) nanaoindentation ([46])
o + molecular dynamics simulations ([44]) X % 8100 -
Q10 Y =
3 ’ -
= ol 2
g + &7 £
£ L @
ke,

p N 3 .
o) | s -
S A
o
" £

0.1 L 1

0.05 0.5 0.05

Relative density, p
(@

Relative density, p
(b)






media/file19.png





media/file14.png
2500

2000

—
(&)
o
o

—
o
o
o

Young's modulus, (Mpa)

(&)
o
o

---®---FCC --A--HCP

P p=0.2
g
s —8-——@ P01

0.2 0.4 0.6 0.8 1
Thickness, [um]

(a)

Yield stress, (Mpa)

---@--- FCC _.A

~- A= HCP e P

4
;‘/ oo
e A RPRY Veiteite Rt
f.’;. .‘_-:_‘ ———————
v‘.-‘—-
-« . . =-.- -0
‘—.—-' t*‘_a_‘_;_::--.‘--- -‘ p=0.2

.'_':-..-____...-‘nu-.-ﬂ.‘-.sn:.-_-.‘ p=01

‘-.-

0.2 0.4 0.6 0.8
Thickness, [um]

(b)

1

1.2





media/file11.jpg
Poisson’s ratio

05

0.4

0.3

0.2

0.1

a
x
x
°

np-Au T, R-square=0.9671

np-Au II, R-square=0.8956
uniaxial Compression (41))

laser ultrasonics ([43])
tensile ((54))
digital image correlation ([55])

0.05

Relative density, p

0.5






media/file6.png
(©) FCC (d) HCP

(@) np-AU I (b) np-AiJ I





media/file15.jpg
(b)






nav.xhtml


  materials-11-00380


  
    		
      materials-11-00380
    


  




  





media/file16.png
~~
0
~—






media/file2.png
Au seeds‘ 0 Au electrolciss (-) Ag electroles O
Coating TN Deposition' - Deposition

PS bead Au bead/PS bead AU/PS Au/Ag/PS

lFormlng

Remove OOOO
G
o000

Au foam Au/Ag alloy foam Cast Au/Ag/PS






media/file5.jpg
() np-Au T
(©Fcc
(@) HeP





media/file1.jpg
O Aseodss, 0 Au elecirolses g Ag slectroless
Coating Deposion Depostton.

PS bead Au bead/PS bead Au/PS Au/AgIPS

Forming

Deslloymg Remove
oot

Au/Ag alloy foam Cast Au/Ag/PS






media/file12.png
Poisson's ratio

0.5

0.4

o
w

o
N

0.1

-
-\~~"“‘
oy 2

$
@
2

np-Au I, R-square=0.9671

np-Au II, R-square=0.8956
uniaxial compression ([41])

laser ultrasonics ([43])
tensile ([54])

digital image correlation ([55])

0.05

Relative density, p






media/file9.jpg





media/file0.png





media/file8.png
Stress (GPa)

140 120
p=0.5 =0.5
120 100 | P
100 ©
=0.4 on 80 | =04
80 P S P
—~ 60 |
60 p=0.3 A p=0.3
o
= 40
40 p=0.2 %) p=0.2
20 0=0.1 20 o p=0.1
O ' O 1 1 1 1
0 0002 0004 0.006 0.008 0.01 0.012 0 0002 0.004 0.006 0.008 0.01 0.012
Compressive strain Compressive strain

(@) (b)





media/file17.jpg
0.6

0.55

°
o

0.45

0.35

YYoung's modulus, E (GPa)
° °
a 2

0.25

0.2

. Simulation (Young's modulus)
4 Simulation (Yield stress)
= = = = Fitted curve (Young’s modulus)
— .+ = Filted curve (Yield stress)
1.2561e +0.5538
i R? = 0.9800
-. <
— .Q~\
0=-95671e +4.3256 & - L -
R®=0.9952 ~Aa_
a
0.05 0.1 015 02

Vacancy ratio, e

N
b » o b
Yield stress, o (Mpa)

~





