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High strength metallic wood from 
nanostructured nickel inverse opal 
materials
James H. Pikul   1, Sezer Özerinç2, Burigede Liu   3, Runyu Zhang4, Paul V. Braun   4, 
Vikram S. Deshpande3 & William P. King4,5

This paper describes a nickel-based cellular material, which has the strength of titanium and the density 
of water. The material’s strength arises from size-dependent strengthening of load-bearing nickel struts 
whose diameter is as small as 17 nm and whose 8 GPa yield strength exceeds that of bulk nickel by up 
to 4X. The mechanical properties of this material can be controlled by varying the nanometer-scale 
geometry, with strength varying over the range 90–880 MPa, modulus varying over the range 14–
116 GPa, and density varying over the range 880–14500 kg/m3. We refer to this material as a “metallic 
wood,” because it has the high mechanical strength and chemical stability of metal, as well as a density 
close to that of natural materials such as wood.

Cellular materials with spatially organized and repeating pore geometries can have dramatic strength improve-
ments as structural elements shrink to the nanometer scale1–4. This paper describes a nanostructured cellular 
material based on electroplated nickel (8,900 kg/m3 bulk density), which has the strength of titanium and the 
density of water (1,000 kg/m3). The high strength arises from size-dependent strengthening of load-bearing nickel 
struts whose diameter is as small as 17 nm and whose strength is as high as 8 GPa. We refer to this material as a 
“metallic wood,” because it has the high mechanical strength and chemical stability of metal, as well as a density 
close to that of natural materials such as wood.

Cellular materials with nanometer-scale structural elements exhibit remarkable material properties5, for 
example high strength3,6–10, high energy absorption4, ultra-low density1,11–14, and high specific strength1,15,16. To 
understand the origin of these enhanced properties, we can look at the performance of single nanopillars which 
approximate a single strut in a nanostructured cellular material. Compression tests on nanopillars made from 
single crystal metals showed that reducing pillar diameter increased pillar strength by up to an order of mag-
nitude more than the bulk material’s strength17–19. This size-dependent strength enhancement has been widely 
studied in single crystals17,18,20–22. In nanopillars made from nanocrystalline metals, however, both an increase in 
strength (for Ni and Au)23,24 and decrease in strength (for Ni and Pt)25,26 have been observed as geometric dimen-
sions were reduced to the size of a single grain diameter. When nanocrystalline gold was used in the struts of a 
nanostructured cellular material, the cellular solid showed dramatic strength enhancement as the strut diameter 
decreased3,6, but the conflicting results in nanopillars make it difficult to predict if nanostructured cellular mate-
rials made from nanocrystalline metals will exhibit a strength enhancement or reduction.

In addition to nanoscale enhancement, the macroscopic properties of nanostructured cellular materials are 
important when considering them for engineering applications. Most articles on nanostructured cellular mate-
rials report specific strength below 100 MPa/(Mg m3), which is comparable to polymers and common met-
als1,3,4,6–16,27–29. Materials with specific strength above 100 MPa/(Mg/m3) are attractive because their strength 
approaches that of engineering metals and ceramics1,15,16. However, the density of these materials can be low, in 
the range of 6–410 kg/m3, which prohibits their use in some applications. Consider, for example, a metal panel 
modeled as a simply supported beam with length 1 m, cross-sectional thickness 1 mm, specific strength 100 MPa/
(Mg/m3), and density 100 kg/m3. For an application in which the panel supports a 100 N load at the center, the 
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sheet would require a minimum width of 15 m. In contrast, a panel with specific strength 100 MPa/(Mg/m3) and 
density 1,000 kg/m3 would require a minimum width of 1.5 m, which is in general a more reasonable solution. 
Many structural materials have density near 1,000 kg/m3, including engineering polymers and naturally occurring 
materials such as wood. Only a few articles report nanostructured cellular materials with density near 1,000 kg/m3,  
and these articles focus on ceramics and carbon based materials rather than metals4,16,29,30. In general, there is a 
lack of published research on strong nanostructured cellular materials that have enough mass to support loads 
found in industrial applications.

Here we report a cellular material based on nanostructured nickel inverse opal materials. The mechanical 
properties of this material are governed by the size-dependent strengthening of nanometer-scale structural ele-
ments, allowing large specific strengths up to 230 MPa/(Mg/m3) in porous nickel. This specific strength is larger 
than most high strength metals including high strength stainless steel and Ti-6Al-4V31,32. The mechanical prop-
erties of this material can be varied between natural materials and high strength metal alloys by controlling 
the geometric parameters within the cellular architecture; we demonstrate materials with yield strengths over 
the range 90–880 MPa, specific moduli 7–25 GPa/(Mg/m3), and densities 880–14500 kg/m3. Using finite element 
simulations and well established micropillar compression and nanoindentation testing, we find that the material 
strength increases as the nanometer-scale strut diameter decreases. The strut yield strengths increase from 3.8 to 
8.1 GPa as the strut diameter decreases from 115 to 17 nm, which is a 4X increase over the 2 GPa bulk deposited 
nickel yield strength.

Results
Figure 1a shows the fabrication of the inverse opal material. First, monodisperse polystyrene (PS) particles of 
diameter 260–930 nm were self-assembled onto a gold/chromium coated substrate in a face centered cubic (FCC) 
orientation. The PS was sintered at 96 °C to improve stability and increase the interconnect diameter between 
PS spheres. Nickel, 99.9%, was electrodeposited into the voids of the PS structure, followed by PS etching in 
tetrahydrofuran. The result was an open cell inverse opal material having interconnected spherical pores in a 
face-centered cubic orientation. For some samples, conformal electrodeposition of either additional nickel or 
rhenium-nickel alloy (80 wt% rhenium) increased the solids volume fraction, strut diameter, and mass. The 
additional deposited nickel had the same composition as the nickel used to fabricate the inverse opal structure. 
Mechanically tested samples with rhenium are labeled Re. The average grain sizes of the nickel film and nickel 
inverse opals were 12.4 nm and 15.1 nm, calculated from the XRD data shown in the supplementary informa-
tion using the Scherrer equation. The grain size was similar for coated and un-coated nickel samples. A 15 nm 
grain size in pure nickel corresponded to a ≈6.4 GPa hardness33,34, near the peak hardness values of pure nickel, 
which agreed well with our electrodeposited nickel thin film nanoindentation hardness measurements of 5.8 GPa. 
The self-assembly based fabrication method can produce material samples larger than 100 mm2, while allow-
ing ~10 nm control of structure and chemistry by altering the polystyrene diameter, processing temperature, 
and electroplating parameters. In comparison, most methods for fabricating nanostructured cellular solids 
with controlled and repeated unit cell morphologies are limited to sample sizes with areas smaller than about  

Figure 1.  (a) The fabrication process for a unit cell of the nickel inverse opal material. (b–g) Cross section SEM 
images of nickel inverse opal material. (b,c) A nickel inverse opal with no coating. (d,e) A nickel inverse opal 
material with a 21 nm coating of additional electrodeposited nickel. (f) A nickel inverse opal material with a 
25 nm coating of additional electrodeposited rhenium-nickel. (g) A closer image of one of the struts in (f). (h) 
A 2 cm2 nickel inverse opal material with 500 nm pores and 15 µm thickness grown on a gold/chromium coated 
glass slide. (i) A nickel inverse opal material with 300 nm pores grown on gold/chromium coated 20 µm thick 
polyimide.
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5 mm2 1,11,12,15,27,28,35. Figure 1b–g show SEM images of the material with 500 nm pores fractured on the (111) 
plane. Figure 1b,c show the inverse opal material with no coating and 0.16 solids volume fraction. Figure 1d,e 
show the material uniformly coated with 21 nm of nickel, which increased the solids volume fraction from 0.16 
to 0.35. Figure 1f,g show the nickel inverse opal material uniformly coated with 25 nm of rhenium-nickel alloy, 
which increased the solids volume fraction to 0.46. Figure 1h shows a material with 500 nm pores, 2 cm2 area, and 
15 µm thickness fabricated on a gold/chromium coated glass slide. Figure 1i shows a material with 300 nm pores 
and 20 µm thickness fabricated on gold/chromium-coated polyimide. The material is flexible and when prepared 
on a polyimide sheet could be bent past a 0.5 cm radius (Fig. 1i). Table 1 shows the fabricated materials and their 
geometric attributes such as coating thickness and volume fraction.

The high specific strength of the inverse opal material results from two mechanical processes: porosity-based 
weakening, which is independent of size, and strengthening of the pore struts, which is size-dependent at the 
nanometer-scale. Porosity-based weakening is the reduction in load that the material can support due to reduced 
volume fraction of solid material, and mediated by bending dominated deformation of the material struts36. 
Size-dependent strengthening increases the local strength of the constituent material because of dislocation star-
vation in the struts, for strut widths smaller than about 1 µm2,9,19,37. The inverse opal material yield strength, σ*, is 
related to the solids volume fraction, (ρ*/ρs), and strut yield stress, σy, by
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where σy depends on the effective strut diameter, d, and can be greater than the bulk material strength due to 
size-dependent strengthening, ρ* is the density of the porous inverse opal, and ρs is the density of the bulk solid8,36. 
The geometric coefficients, C1 and C2, are unique to the inverse opal geometry and independent of both pore size 
and solid chemistry. Once C1 and C2 are known for a given lattice geometry, the size-dependent strengthening 
effect σy(d) can be determined by measuring σ*, d, and ρ*/ρs

3,8,9.
We used finite element simulations of an inverse opal unit cell to understand how the geometry relates to the 

material modulus and yield strength and to solve for C1 and C2 (Fig. 2). Finite element simulations improved upon 
previous work, which used idealized relationships to calculate the size-dependent strengthening in nanoporous 

Material
Pore size 
[nm]

Coating 
thickness [nm]

Smallest 
effective 
diameter [nm]

Total solids 
volume fraction

Density  
[g cm-3]

Hardness 
[GPa]

Modulus 
[GPa]

Yield strength* 
[GPa]

Strut yield 
strength 
[GPa]

Specific 
strength* 
[MPa/(Mg/m3)]

Specific 
modulus  
[GPa/(Mg/m3)]

Ni Bulk 1.00 8.9 5.806 171 1.98 222 19.2

Ni IO** 260 16 0.10 0.9 0.213 17 18.7

Ni IO 260 17 0.10 0.9 0.218 17 0.19 8.07 220 19.3

Ni IO 500 46 0.19 1.7 0.321 34 20.0

Ni IO 470 41 0.15 1.3 0.255 25 19.1

Ni IO 520 51 0.16 1.4 0.315 29 0.27 5.61 190 20.1

Ni IO 500 48 0.23 2.1 0.359 30 14.7

Ni IO 500 45 0.28 2.5 0.316 27 10.8

Ni IO 470 45 0.21 1.9 0.374 27 14.9

Ni IO 490 48 0.18 1.6 0.259 21 13.3

Ni IO 930 59 0.10 0.9 0.082 14 0.09 3.82 102 15.9

Re on Ni IO 520 5 0.21 2.3 0.508 51 22.0

Re on Ni IO 500 8 0.34 3.9 0.499 44 11.3

Re on Ni IO 490 15 0.32 4.1 1.024 71 17.3

Re on Ni IO 500 18 0.36 4.8 0.977 48 10.0

Re on Ni IO 490 19 0.34 4.4 0.953 51 11.6

Re on Ni IO 500 25 0.46 6.6 1.236 61 0.69 2.88 168 9.2

Re on Ni IO 500 41 0.57 9.2 1.386 70 7.6

Re on Ni IO 470 59 0.57 10 2.870 100 10.0

Re on Ni IO 470 87 0.72 15 3.950 116 7.7

Ni on Ni IO 500 5 57 0.27 2.4 0.413 42 17.4

Ni on Ni IO 500 13 74 0.34 3.0 0.706 59 19.7

Ni on Ni IO 470 19 83 0.35 3.1 1.118 70 0.61 3.86 197 22.5

Ni on Ni IO 470 25 93 0.39 3.5 1.193 70 20.0

Ni on Ni IO 495 28 120 0.39 3.5 1.672 85 24.8

Ni on Ni IO 495 33 115 0.43 3.8 2.206 95 0.88 4.07 229 24.8

Ni on Ni IO 520 38 0.48 4.3 2.379 74 17.3

Table 1.  Mechanical and physical measurements of inverse opal cellular materials. *Data from micropillar 
compression tests. **IO: inverse opal.
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gold3,8,9, by more accurately relating the applied load to the deformation and stress distribution in the inverse opal 
geometry. The simulations considered an inverse opal unit cell with isotropic elasticity and J2 plasticity loaded 
in the [111] direction. In order to mimic the experiments and control the solids volume fraction, the simulations 
included 0–33 nm nickel coatings, where the coating has the same material properties as the base nickel. Figure 2a 
shows repeat unit cells used in the finite element simulations; the colors correspond to Von Mises stresses at 1.2% 
engineering strain. The maximum stress occurs in the narrow region of the struts parallel to the displacement 
direction. Figure 2b shows corresponding stress-strain curves for nickel inverse opals with various coating thick-
nesses. The yield strengths, σ*, were calculated at a 0.2% strain offset and compared to the solids volume fraction 
to solve for the coefficients in Eq. 1 38. The cellular solid yield strength is
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For each material, the elastic modulus, E*, was calculated from the initial slope of the linear stress-strain 
region in Fig. 2b. The elastic modulus is related to the solids volume fraction and bulk nickel elastic modulus, 
E = 171 GPa, by
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Figure 2.  (a) Unit cells of the nickel inverse opal material used to determine the yield strength and elastic 
modulus through finite element simulations. The unit cell on the right has an additional 19 nm nickel coating. 
The colors correspond to Von Mises stress at a 15 nm displacement, near the yield point. (b) Calculated stress-
strain curves of nickel inverse opal material with 0–33 nm thick nickel coatings.
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The polynomial relationship between the mechanical properties and solids volume fraction indicates that the 
cellular solid deforms primarily through bending39. This bending-dominated deformation is expected, since the 
inverse opal cell, with 32 struts and 21 joints, does not satisfy the Maxwell criterion40. The stress and modulus 
relations compare closely with measurements described below, and are valid for coated and un-coated inverse 
opals made from any one material.

We measured mechanical properties of the fabricated materials using nanoindentation and micropillar com-
pression measurements, which are well established techniques for measuring nanostructured cellular material 
compressive strengths and moduli1,3,4,6–19. The micropillar compression tests measured the yield strength, σ*17, 
while nanoindentation measurements allowed us to determine elastic modulus, E*, and hardness for all materials. 
Figure 3 shows micropillar compression test results for materials made from 500 nm diameter PS particles and 
0, 19, and 33 nm nickel coatings. Figure 3a shows SEM images of 4 µm diameter micropillars before and after 
compression tests. Failure predominately occurred at the narrowest region of the struts and in the [111] direction 
parallel to the micropillar axis, consistent with the finite element simulations, which are orientated in the same 
geometry. Figure 3b shows the measured engineering stress-strain data for several inverse opal and solid nickel 
micropillars loaded to an engineering strain of about 20%. Table 1 shows the measured yield strength, which was 
measured using the 0.2% offset method.

The measured micropillar yield strength, σ*, provides insight into the size-dependent strength of the inverse 
opal struts, σy(d). The supplementary methods section describes measurements of effective strut diameter, d, 
and solids volume fraction, (ρ*/ρs), which are combined with Eqn. 2 for this analysis. Figure 3c shows strut yield 
strength, σy, as a function of effective strut diameter at the narrowest region of the strut, approximately where 
the failure occurred, for nickel inverse opals with 260, 500, and 930 nm pores. Blue data points show the strength 
of nickel inverse opals measured with micropillar compression. Green data points are nickel inverse opals meas-
ured with nanoindentation, where the yield strength was approximated by the hardness. Orange data points are 
500 nm pore nickel inverse opals coated with 19 and 33 nm of additional nickel and measured with micropillar 

Figure 3.  (a) SEM images of inverse opal micropillars with 500 nm pores, before and after compression 
testing. The uncoated sample is 84% porous and the 19 nm nickel coated sample is 58% porous. Failure occurs 
in the [111] direction, parallel to the compression axis. Scale bars are 3 µm. (b) Engineering stress, σ*, versus 
engineering strain for micropillars under compression. The nickel sample is bulk electroplated nickel. (c) Strut 
yield strength, σy, as a function of strut diameter, d, for nickel inverse opal materials with 260, 500, and 930 nm 
pores. Blue data are nickel inverse opals measured with micropillar compression tests. Green data are nickel 
inverse opals measured with nanoindentation. Orange data are 500 nm pore nickel inverse opals coated with 19 
and 33 nm of additional nickel. Shaded regions represent standard deviations. The fit line was only applied to 
nickel samples with no coatings.
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compression. In general, the strut strength increased as the effective strut diameter decreased. The largest value 
of strut yield strength measured by micropillar compression was 8.07 GPa for the nickel inverse opal material 
with 260 nm pore size, 0.10 solids volume fraction, and 17 nm effective strut diameter. This strength was a 4X 
increase over the yield strength of bulk electrodeposited nickel, which is 1.98 GPa33. Importantly, the 1.98 GPa 
yield strength of the bulk nanocrystalline nickel was near the maximum reported for pure nickel33,34, so the 
large strength enhancement must be due to the pore structure introduced by the inverse opal geometry. Similar 
strengthening has previously been reported in solid single crystal micro and nanopillar compression experiments, 
where the strength of sub-μm diameter pillars approached the theoretical strength of the material2,9,19,20,23,37,41,42, 
as well as in nanoporous gold and mesoporous copper lattices with nanocrystalline and polycrystalline micro-
structure3,8,28. The −0.6 slope of the best fit line for the uncoated nickel samples agreed remarkably well with the 
approximately −0.6 slope experimentally measured in multiple single crystal FCC metals including nickel, alu-
minum, gold, and copper17, as well as with the −0.66 slope measured in nanocrystalline nickel nanopillars24. This 
good agreement indicates that the strengthening mechanism and initial dislocation density in the nickel inverse 
opal samples were similar to previous single crystal and nanocrystalline nanopillar samples. The strengthening is 
derived from the small grain or feature size, which leaves no mechanism for dislocation build up and the domi-
nant form of dislocation nucleation becomes surface nucleation24. Similar to single crystal materials, the smaller 
strut diameters are stronger because the decreased probability of a critical dislocation compared to larger struts 
and bulk materials24. The results in Fig. 3c show a clear size-dependent strength enhancement in inverse opal 
materials.

Figure 3b and Table 1 show that the inverse opal strength increased in nickel inverse opals coated with addi-
tional nickel. The inverse opal strength increase is due to the strong dependence of the material strength on 
relative density (Eqn. 2), despite the strut yield strength decreasing as the strut diameter increased (Fig. 3c). 
Interestingly, the strut yield strength exceeds the strength predicted by the fit line in Fig. 3c, which indicates that 
coatings could provide a method for enhancing the total strength of inverse opal composites. Currently, the exact 
mechanism for the strength enhancement and the interaction between coated layers is not clear.

The high strength of the inverse opal struts combined with the regular porous architecture imparts unique 
macroscopic material properties including high hardness, high strength at a given weight, and a controllable 
modulus while maintaining high specific strength. Figure 4 shows inverse opal material properties and compares 
them to other high strength engineering materials. Figure 4a shows hardness as a function of solids volume 
fraction for nickel and nickel-coated nickel inverse opal materials. Hardness measures the resistance to local 
plastic deformation and is important for several applications including tribology. The hardness was measured 
with nanoindentation and increased from 0.082 to 2.4 GPa as the solids volume fraction increased from 0.1 to 
0.48. The most dramatic hardness increase, from 0.3 to 2.4 GPa, occurred between 0.28 and 0.48 solids volume 
fractions, where the inverse opal hardness approached the linear scaling of the bulk hardness and solids vol-
ume fraction. The hardness predicted from finite element simulations of the nanoindentation tests are shown 
in black and have good agreement with the measured hardness at 0.2 to 0.3 solids volume fractions41,43; how-
ever, the simulations under predict the hardness at low (less than 0.2) and high (greater than 0.3) solids volume 
fractions. Nanoindentation simulation details can be found in the supplementary methods section. The larger 
than predicted material hardness at high solids volume fractions results from a larger than predicted plastic 
Poisson’s ratio. This can be seen by comparing the measured and calculated nominal hardness, hardness normal-
ized by yield strength, which depends strongly on the plastic Poisson’s ratio (Fig. S2d). Figure 4b shows that the 
measured and predicted nominal hardness both increase with solids volume fraction, but the measured nom-
inal hardness increases dramatically at greater than 0.35 solids volume fractions while the predicted nominal 
hardness remained ~1.3. This jump in the measured nominal hardness is likely due to rapid densification of the 
inverse opal geometry during large plastic strains, which would increase the plastic Poisson’s ratio and increase 
the nominal hardness. Interestingly, the dramatic hardness increase in inverse opal materials with greater than 
0.3 solids volume fractions corresponds to the same volume fractions where previous simulations of inverse opal 
materials predicted a rapid increase of modulus towards the Hashin and Shtrikman upper bound for isotropic 
materials29,44,45. At greater than 0.3 solids volume fraction, simulations show that the inverse opal structure can 
outperform the state-of-the-art octet- and isotropic-truss geometries in isotropic Young’s modulus, shear and 
bulk modulus, as well as in structural efficiency (total stiffness)16,29. At smaller than 0.3 solids volume fraction, the 
inverse opal hardness is a good predictor of the yield strength.

Figure 4c shows the strength versus density of our materials along with data from other materials for com-
parison purposes, including high strength Ti, Ni, Al, and steel alloys. The nickel inverse opal materials with 
no coatings had the strength of aluminum alloys and titanium (σ* = 90–240 MPa), and density close to that of 
water (ρ* = 880 to 1400 kg m−3), filling a new material space in the strength-density relationship. The two lightest 
inverse opal materials had the same average solids volume fractions ((ρ*/ρs) = 0.1); however, the sample with 
smaller effective strut diameters (d = 17 vs. 59 nm) had an increased strut yield strength (σy(d) = 10 vs. 4.6 GPa) 
that more than doubled the material yield strength (σ* = 194 vs. 90 MPa). The presence of a coating further 
increased the material strength. The strength and density of the coated inverse opal materials was comparable to 
high-strength, lightweight alloys such as 7075-T6 aluminum, Ti-6Al-4V titanium, and Ti-10V-2Fe-3Al titanium. 
These material properties were achieved despite the inverse opal material being fabricated from dense engineer-
ing materials (Ni = 8,900 kg m−3 and Re = 21,020 kg m−3).

The unique relationship between the strut strength and inverse opal geometry enables independent control 
of the specific modulus and specific strength. Figure 4d shows the specific strengths versus specific moduli of 
the nickel inverse opal materials. The average specific strengths varied between 102–230 MPa/(Mg/m3) and the 
average specific elastic moduli varied between 9–25 GPa/(Mg/m3). Uncoated nickel inverse opal materials had 
solid volume fractions between 0.10 and 0.28 and average specific moduli between 15 and 20 GPa/(Mg/m3). 
Coating additional layers of nickel onto the inverse opal materials increased the solids volume fractions up to 0.48 
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and increased the average specific moduli to 25 GPa/(Mg/m3). In some cases, the specific moduli exceeded the 
bulk nickel specific modulus (19.2 GPa/(Mg/m3)), likely due to the non-negligible contribution of the stiff native 
oxide. As additional layers of nickel were coated, the specific strengths remained near 200 MPa/(Mg/m3) because 
an increased solids volume fraction increased the geometric strength but also increased the strut diameter, which 
reduced the benefit of size-based strengthening. As described by the arrows in Fig. 4d, the specific modulus can 
be controlled independent of the specific strength by increasing the total solids volume fraction; whereas, the 
specific strength can be independently controlled by changing the strut effective diameter while maintaining a 
constant solids volume fraction.

Discussion
The inverse opal geometry enables unique mechanical properties. The specific strengths reported here and by 
Do Rosario et al.16,29 are greater than the specific strengths reported for nanoscale octet-truss architectures at 
similar volume fractions (10–150 MPa/(Mg/m3)), which ideally deform with no bending1,12,27. We hypothesize 
that the high specific strength of inverse opal materials arises from the large concentration of ultra-high strength 
struts that bear the majority of the stress concentrations, and the smooth transitions between struts that constrain 
bending modes and reduce stress concentrations where the struts connect. For example, and inverse opal mate-
rial with 500 nm pores has 32 struts in every 0.35 µm3. The high strength narrow regions in the struts support 
a majority of the stress concentrations and are smoothly connected to each other at ~100 nm thick nodes that 
prevent twisting and stress concentrations where the struts connect (Fig. S1). This pore geometry resembles 
closed-cell foams with small interconnected openings between pores; closed-cell foams outperform open-cell 
materials because the cell faces constrain the bending modes of cell edges29,44. Defects or non-closed-packing 
of particles in the self-assembly process caused disorder and increased the strut diameters and solids volume 

Figure 4.  (a) Nanoindentation hardness measurements versus total solids volume fraction of the inverse 
opal materials. The black dots are numerical predictions of the hardness measurements from finite element 
simulations. (b) Nominal hardness (hardness normalized by the yield strength) versus total solids volume 
fraction of several uncoated and nickel-coated nickel inverse opal materials. The flow stress at 10% strain is used 
as the yield strength for the nominal hardness measurements. The black dots are numerical predictions of the 
nominal hardness. (c) Ashby plot of material strength, calculated at a 0.2% strain offset, versus density for the 
fabricated materials and several reference materials. (d) Ashby plot of specific modulus and specific strength of 
the fabricated materials and several reference materials. For comparison in (c) and (d), common Ti, Al, Ni, and 
Fe high strength alloys are labeled as follows 1 - CP Ti, 2 - 2024-T4, 3 - Inconel 718, 4 - 7075-T6, 5 - HSSS steel, 
6 - Ti-6Al-4V, 7 - Ti-10V-2Fe-3Al31,32,67,68. Error bars show standard deviations.
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fraction, which decreased specific strength. Well-ordered inverse opal materials have a unique geometry that 
enables high specific strengths.

The specific strength of these materials could be further improved by fabricating smaller struts at increased 
volume fractions, and also with fewer defects in the crystal structure. For example, a perfectly ordered nickel 
inverse opal with 0.3 solids volume fraction and <10 nm effective strut diameters could achieve a specific strength 
of 520 MPa/(Mg/m3) because the strut strengths would be close to the ~10.5 GPa theoretical yield strength of 
nickel46. By using lightweight metal inverse opals such as titanium and aluminum, it might be possible to achieve 
1,463 and 770 MPa/(Mg/m3) specific strengths at 0.3 solids volume fractions as their theoretical yield strengths 
are ~15 and ~4.7 GPa47,48.

Conclusion
In conclusion, we present metallic wood fabricated from nickel inverse opals, which has the strength of titanium 
and the chemical properties of a metal, while having the density of water and the cellular nature of natural mate-
rials like wood. The high strength of the metallic wood results from the size-dependent strengthening of the 
inverse opal struts, which have up to 4X the yield strength of bulk electrodeposited nickel and enable high specific 
strengths of 230 MPa/(Mg/m3). The cellular structure can be controlled to tune the modulus and strength each 
by a factor of 10X.

The metallic wood can be easily fabricated over 100 mm2 areas, can be processed at room temperature, and 
can be combined with additional functional materials, as demonstrated with the rhenium coatings49. The high 
strength continuous metallic architecture with isotropic elasticity, high hardness, and high strain energy storage 
could be important for a variety of applications such as energy storage50–52, heat transport53, and sensors54,55. 
Future work could explore improvements in specific strength above 230 MPa/(Mg/m3) by incorporating light-
weight metals such as titanium or aluminum and developing roll-to-toll processing of high strength porous met-
als from self-assembly56–58.

Methods
Fabrication.  The inverse opal cellular solids were fabricated by self-assembling polystyrene (PS) opals onto 
a gold-coated glass slide, electrodepositing nickel, and etching the remaining PS. The gold coated glass slide was 
fabricated by sputtering 8 nm of chromium followed by 50 nm of gold on a 1 mm-thick soda lime glass slide. 
The glass slide with a gold film was cut into smaller samples, piranha cleaned for ten minutes, immersed in 
Millipore water with 3-mercapto-1-propanesulfonic acid and sodium salt (2.2% by weight) for 4 hours and rinsed. 
Polystyrene (PS) opals were self-assembled onto the gold coated substrates by placing the substrates vertically 
in a 1 inch diameter plastic container filled with a colloidal solution of PS spheres. The plastic container was 
set on a hot plate at 55 °C, covered, and left for 24 to 30 hours until the solution was dry. The PS diameters were 
varied between 200–2,000 nm to change the cellular solid strut size. The substrates were then sintered at 96 °C 
for 30 minutes to 6 hours depending on the PS diameter. Longer sinter times increased the interconnect diameter 
between spheres and reduced the nickel volume fraction. The PS colloidal solution was made by combining 8 wt% 
PS sphere solution (1.2 grams), purchased from Invitrogen, with ultrapure water (40 grams). Nickel was then 
electrodeposited through the PS opal at a constant −1.8 volts versus a nickel reference electrode for 32 minutes in 
commercial plating solution, Technic RTU Mechanical Agitation. PS was removed by immersing the substrates in 
a tetrahydrofuran bath for 24 hours followed by a tetrahydrofuran and toluene rinse. The resulting cellular solids 
were about 15–20 µm thick. Additional nickel was coated on the inverse opal cellular solids using the same elec-
troplating solution, but pulsing −1.7 volts for 30 seconds in between 20 second intervals of 0 amperage current for 
15–90 cycles. Pulsed plating allowed for uniform nickel coating throughout the inverse opal depth52. The nickel 
coating had a standard deviation between 10 and 30 percent of the average coating thickness for all samples. This 
variation was measured and accounted for in all calculations.

Rhenium-nickel alloy was used as a coating because of its high ductility, strength, and creep resistance at 
high temperatures59, which has made it an interesting material for thermophotovoltaics49. The rhenium-nickel 
alloy coating was deposited galvanostatically with a 5 mA cm−2 current density in a pH 5 electroplating bath with 
34 mM NH4ReO4, 93 mM Ni(NH2SO3)2•4H2O, and 300 mM C6H8O7 modified from ref.60. NaOH was used to 
adjusted the pH. ReO4

− is the most stable form of rhenium ion in solution. Citric acid, a tri-basic acid, deproto-
nates gradually as the pH is increased and is a complexing agent. The plating bath was immersed in silicone oil 
at 75 °C. A platinum reference and counter electrode was used. Varying the precursor concentration changed the 
alloy composition. The plated alloy was about 80 weight percent rhenium measured with energy-dispersive X-ray 
spectroscopy.

Material characterization.  The mechanical properties of the bulk materials depend on their crystal struc-
ture. Figure S1f shows XRD data for a solid nickel film, a nickel inverse opal, and a solid rhenium film depos-
ited on tungsten. The average grain sizes of the nickel film and nickel inverse opals were 12.4 nm and 15.1 nm, 
calculated from the XRD data using the Scherrer equation. A 15 nm grain size in pure nickel corresponded to a 
≈6.4 GPa hardness33,34, near the peak hardness values of pure nickel, which agreed well with our electrodeposited 
nickel thin film nanoindentation hardness measurements of 5.8 GPa. The deposited rhenium-nickel alloy was 
amorphous with some polycrystallinity detected in transmission electron microscopy diffraction patterns.

The nickel inverse opal solids volume fraction, (ρ*/ρs)Ni, and coating volume fraction, (ρ*/ρs)coat, are the inde-
pendent variables for calculating the effective mechanical properties of cellular solids. (ρ*/ρs)Ni and (ρ*/ρs)coat are 
calculated from SEM measurements of PS radius, R, interconnect diameter, b, and coating thickness, t, combined 
with a geometric model of self-assembled PS spheres organized in a FCC unit cell, details of which are in the 
supplementary methods.
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Mechanical simulations.  Uniaxial compression tests were simulated using the implicit version of the com-
mercial finite element package ABAQUS by modeling a three-dimensional unit cell of the inverse opal material 
with ten-node nonlinear tetrahedron elements. Since the inverse opal material was subjected to a macroscopi-
cally homogeneous stress state during the uniaxial compression test, it was sufficient to consider a unit cell to 
evaluate the effective mechanical properties. Figure S2a shows the hexagonal unit cell orientation, chosen to best 
represent the inverse opal geometry in the nanoindentation and micropillar compression tests. The unit cell was 
modeled with isotropic elasticity and J2 plasticity using the measured properties of the electrodeposited nickel. 
A displacement boundary condition was applied normal to the top surface and the average reaction force at the 
displaced boundary was recorded at each displacement increment61,62. The elastic modulus of cellular structures 
was calculated at the first increment of simulations. The flow stress at 0.2% offset plastic deformation was chosen 
as the yield strength. Additional details on the simulation setup and boundary conditions are provided in the 
supplementary methods.

We used a numerical method for simulating the Berkovich nanoindentation test. The main aim of the nanoin-
dentation study was to determine the nominal hardness, H

Y
, which is the ratio of the hardness, H, to the flow 

strength, Y. Figure S2b shows the simplified indentation problem. We represented the three-dimensional 
Berkovich tip as a conical indenter with half cone angle θ = 70.3°63, so that the nominal contact area An was the 
same as the Berkovich tip. The conical indenter was forced into the center of a cellular solid material block of size 
L at the center (Fig. S2b). As a result, only the axisymmetric mode of deformation was considered, and the corre-
sponding boundary value problem was solved in cylindrical coordinates (r, z).

The cellular solid block bottom was fixed in the z direction, uz|z = 0 = 0, while a symmetric boundary condition 
was imposed on the center line, ur|r = 0 = 0. The indenter was assumed to be rigid and frictionless, and was stat-
ically driven into the block with displacement h. We evaluated the reaction force, F(h), and the nominal contact 
area, An(h) = πa(h)2. The hardness, H, at indentation depth h was calculated as

π
= .H h F h

a h
( ) ( )

( ) (4)2

The boundary value problem was solved using the implicit version of the commercial Finite Element Package 
ABAQUS, with 4 nodes axisymmetric elements. To determine the nominal hardness, H

Y
, the flow strength, Y, was 

chosen as the flow strength at 10% axial strain and kept as a constant. We chose the flow strength at 10% axial 
strain because, as shown in Fig. 3b, the uniaxial compression response of the cellular solid showed a mild strain 
hardening behavior after reaching the yield stress, σY.

We considered the cellular solid as a homogenized continuum during the indentation process, as the contact 
radii was large compared to the unit cell size over most of the range of indentation depth h. Isotropic elasticity 
was used to model the elastic behavior of the cellular solid, with Young’s modulus, E, and elastic Poisson’s ratio, υe, 
calculated from the unit cell compression simulations. Following Khaderi et al.41, the plastic deformation of the 
cellular solid was described by the isotropic crushable foam model of Deshpande and Fleck43.

The isotropic yield surface of the cellular solid is specified by

σ ε− = .ˆ ˆY( ) 0 (5)P

The equivalent stress, σ̂, was composed of the mean stress, σm, and the Mises effective stress, σe, by

σ σ α σ=
+

+
α
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2
 with σ σ σ′ = −ij ij kk

1
3

. The typical compressive response of a cellular solid is 
characterized by a plateau stress σY

pl followed by densification due to the contact between the cell walls at large 
deformation. Following Khaderi et al. we assumed the yield surface ε̂Y( )P  to have the following form41
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where the hardening rate hd after densification was assumed to be equal to the effective Young’s modulus, E, of 
the inverse opal cellular solid. The parameter α determined the plastic compressibility by specifying the ratio of 
deviatoric stress to hydrostatic strength. Assuming the associate flow rule, α was determined by evaluating the 
plastic Poisson’s ratio, vp, through the following relationship,

=
−

+
.α

α

( )
( )

v
1 (8)

p

1
2

3 2

3 2

With vp = 0.5, plastic incompressibility was maintained, and vp < 0.5 means the plastic flow was compressible. 
We thus calculate the plastic Poisson’s ratio from the uniaxial compression simulations with

ε
ε

=

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33
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and hence the corresponding α value is obtained. Figure S2c shows the finite element prediction of the plastic 
Poisson’s ratio, vp, as a function of solids volume fraction, (ρ*/ρs), from the unit cell calculations. The plastic 
Poisson’s ratio, vp, increased from 0.075 to 0.2 as (ρ*/ρs) increased from 0.17 to 0.43.

Figure S2d shows finite element predictions of the nominal hardness, H
Y

, versus vp for an inverse opal material 
with 0.17 total solids volume fraction. The nominal hardness, H

Y
, remained at approximately 1.3 when vp was 

smaller than 0.3, and increased to 2.7 as vp reached 0.5.

Mechanical measurements.  The inverse opal cellular solids were mechanically characterized using 
nanoindentation and micropillar compression. An Agilent G200 Nanoindenter with a diamond Berkovich tip 
measured the hardness and elastic modulus of the samples through continuous stiffness measurements. The 
continuous stiffness technique provided mechanical properties as a function of indentation depth. The inden-
tation depths were limited to 7.5 μm of displacement or the maximum peak load of 600 mN. Figure S4 shows 
hardness measurements for various nickel cellular solids with 500 nm diameter pores coated with nickel and 
rhenium-nickel alloy. The data has a large standard deviation due to the surface roughness inherent to the porous 
structure at indentation depths below 500 nm. Material aggregation and substrate mechanical properties affect 
the measurements at indentation depths comparable to the sample thickness64,65. In between these extremes, the 
data has a plateau typically near 2000 nm depth. The hardness and elastic modulus from each indentation were 
determined by the average value in this plateau range. For each sample, the reported values were the average of 
10 indentations or more.

Micropillar specimens were prepared by using an FEI Helios Nanolab 600i focused ion beam. Annular mill-
ing in three steps using beam currents of 21 nA, 2.5 nA and 80 pA resulted in cylindrical specimens of ≈3.6 μm 
diameter and ≈8 μm height. A final 100 nm-wide ring milling facilitated adjusting the height of the micropillars 
and minimizing their taper to less than two degrees from vertical. The Agilent G200 Nanoindenter with a 10 μm 
diameter flat diamond punch compressed the micropillars at an average strain rate of ≈1e-4 s−1. The nanoin-
denter deformed the micropillars to a total strain of about 20%. SEM-measured micropillar diameter, taken at the 
micropillar center, and height allowed the calculation of stress-strain behavior. The stress at 0.2% strain offset was 
used as the yield strength. The loading and unloading moduli were corrected to account for the substrate thick-
ness using the method described in ref.66. The Poisson’s ratio of the inverse opal cellular solids was taken as zero 
for nanoindentation and micropillar compression calculations based on previous testing of nanoporous open-cell 
foams and qualitative experimental observations3,8. The micropillar unloading moduli were 2–5X greater than the 
loading moduli and were similar to moduli measured with nanoindentation.

Availability of Materials and Data
The datasets generated during and/or analyzed during the current study are available from the corresponding 
author on reasonable request.

References
	 1.	 Meza, L. R., Das, S. & Greer, J. R. Strong, lightweight, and recoverable three-dimensional ceramic nanolattices. Science 345, 

1322–1326, https://doi.org/10.1126/science.1255908 (2014).
	 2.	 Shan, Z., Mishra, R. K., Asif, S. S., Warren, O. L. & Minor, A. M. Mechanical annealing and source-limited deformation in 

submicrometre-diameter Ni crystals. Nat. Mater. 7, 115–119 (2008).
	 3.	 Biener, J., Hodge, A. M., Hamza, A. V., Hsiung, L. M. & Satcher, J. H. Nanoporous Au: A high yield strength material. Journal of 

Applied Physics 97, 024301, https://doi.org/10.1063/1.1832742 (2005).
	 4.	 Lee, J.-H., Wang, L., Boyce, M. C. & Thomas, E. L. Periodic Bicontinuous Composites for High Specific Energy Absorption. Nano 

Letters 12, 4392–4396, https://doi.org/10.1021/nl302234f (2012).
	 5.	 Bauer, J. et al. Nanolattices: An Emerging Class of Mechanical Metamaterials. Advanced Materials, 1701850-n/a, https://doi.

org/10.1002/adma.201701850.
	 6.	 Biener, J., Hodge, A. M. & Hamza, A. V. Microscopic failure behavior of nanoporous gold. Appl. Phys. Lett. 87, 121908, https://doi.

org/10.1063/1.2051791 (2005).
	 7.	 Biener, J. et al. Size Effects on the Mechanical Behavior of Nanoporous Au. Nano Letters 6, 2379–2382, https://doi.org/10.1021/

nl061978i (2006).
	 8.	 Hodge, A. M. et al. Scaling equation for yield strength of nanoporous open-cell foams. Acta Materialia 55, 1343–1349, https://doi.

org/10.1016/j.actamat.2006.09.038 (2007).
	 9.	 Volkert, C., Lilleodden, E., Kramer, D. & Weissmuller, J. Approaching the theoretical strength in nanoporous Au. Appl. Phys. Lett. 

89, 061920-061920-061923 (2006).
	10.	 Lee, D. et al. Microfabrication and mechanical properties of nanoporous gold at the nanoscale. Scripta Materialia 56, 437–440, 

https://doi.org/10.1016/j.scriptamat.2006.08.069 (2007).
	11.	 Jang, D., Meza, L. R., Greer, F. & Greer, J. R. Fabrication and deformation of three-dimensional hollow ceramic nanostructures. Nat 

Mater 12, 893–898, https://doi.org/10.1038/nmat3738, http://www.nature.com/nmat/journal/v12/n10/abs/nmat3738.
html#supplementary-information (2013).

	12.	 Zheng, X. et al. Ultralight, ultrastiff mechanical metamaterials. Science 344, 1373–1377, https://doi.org/10.1126/science.1252291 
(2014).

	13.	 Zheng, X. et al. Multiscale metallic metamaterials. Nat Mater 15, 1100-1106, https://doi.org/10.1038/nmat4694, http://www.nature.
com/nmat/journal/v15/n10/abs/nmat4694.html#supplementary-information (2016).

	14.	 Schaedler, T. A. et al. Ultralight Metallic Microlattices. Science 334, 962–965, https://doi.org/10.1126/science.1211649 (2011).
	15.	 Bauer, J., Hengsbach, S., Tesari, I., Schwaiger, R. & Kraft, O. High-strength cellular ceramic composites with 3D microarchitecture. 

Proceedings of the National Academy of Sciences, https://doi.org/10.1073/pnas.1315147111 (2014).
	16.	 do Rosário, J. J. et al. Self-Assembled Ultra High Strength, Ultra Stiff Mechanical Metamaterials Based on Inverse Opals. Adv. Eng. 

Mater., https://doi.org/10.1002/adem.201500118 (2015).
	17.	 Uchic, M. D., Shade, P. A. & Dimiduk, D. M. Plasticity of Micrometer-Scale Single Crystals in Compression. Annual Review of 

Materials Research 39, 361–386, https://doi.org/10.1146/annurev-matsci-082908-145422 (2009).
	18.	 Greer, J. R. & De Hosson, J. T. M. Plasticity in small-sized metallic systems: Intrinsic versus extrinsic size effect. Progress in Materials 

Science 56, 654–724, https://doi.org/10.1016/j.pmatsci.2011.01.005 (2011).

http://dx.doi.org/10.1126/science.1255908
http://dx.doi.org/10.1063/1.1832742
http://dx.doi.org/10.1021/nl302234f
http://dx.doi.org/10.1002/adma.201701850
http://dx.doi.org/10.1002/adma.201701850
http://dx.doi.org/10.1063/1.2051791
http://dx.doi.org/10.1063/1.2051791
http://dx.doi.org/10.1021/nl061978i
http://dx.doi.org/10.1021/nl061978i
http://dx.doi.org/10.1016/j.actamat.2006.09.038
http://dx.doi.org/10.1016/j.actamat.2006.09.038
http://dx.doi.org/10.1016/j.scriptamat.2006.08.069
http://dx.doi.org/10.1038/nmat3738
http://www.nature.com/nmat/journal/v12/n10/abs/nmat3738.html#supplementary-information
http://www.nature.com/nmat/journal/v12/n10/abs/nmat3738.html#supplementary-information
http://dx.doi.org/10.1126/science.1252291
http://dx.doi.org/10.1038/nmat4694
http://www.nature.com/nmat/journal/v15/n10/abs/nmat4694.html#supplementary-information
http://www.nature.com/nmat/journal/v15/n10/abs/nmat4694.html#supplementary-information
http://dx.doi.org/10.1126/science.1211649
http://dx.doi.org/10.1073/pnas.1315147111
http://dx.doi.org/10.1002/adem.201500118
http://dx.doi.org/10.1146/annurev-matsci-082908-145422
http://dx.doi.org/10.1016/j.pmatsci.2011.01.005


www.nature.com/scientificreports/

1 1SCIEnTIfIC REPOrTS |           (2019) 9:719  | DOI:10.1038/s41598-018-36901-3

	19.	 Frick, C. P., Clark, B. G., Orso, S., Schneider, A. S. & Arzt, E. Size effect on strength and strain hardening of small-scale [111] nickel 
compression pillars. Materials Science and Engineering: A 489, 319–329, https://doi.org/10.1016/j.msea.2007.12.038 (2008).

	20.	 Uchic, M. D., Dimiduk, D. M., Florando, J. N. & Nix, W. D. Sample Dimensions Influence Strength and Crystal Plasticity. Science 
305, 986–989, https://doi.org/10.1126/science.1098993 (2004).

	21.	 El-Awady, J. A. et al. Pre-straining effects on the power-law scaling of size-dependent strengthening in Ni single crystals. Scripta 
Materialia 68, 207–210 (2013).

	22.	 Rao, S. I. et al. Athermal mechanisms of size-dependent crystal flow gleaned from three-dimensional discrete dislocation 
simulations. Acta Materialia 56, 3245–3259 (2008).

	23.	 An, B. H. et al. Ultrahigh Tensile Strength Nanowires with a Ni/Ni–Au Multilayer Nanocrystalline Structure. Nano Letters 16, 
3500–3506, https://doi.org/10.1021/acs.nanolett.6b00275 (2016).

	24.	 Rinaldi, A., Peralta, P., Friesen, C. & Sieradzki, K. Sample-size effects in the yield behavior of nanocrystalline nickel. Acta Materialia 
56, 511–517 (2008).

	25.	 Jang, D. & Greer, J. R. Size-induced weakening and grain boundary-assisted deformation in 60 nm grained Ni nanopillars. Scripta 
Materialia 64, 77–80, https://doi.org/10.1016/j.scriptamat.2010.09.010 (2011).

	26.	 Gu, X. W. et al. Size-dependent deformation of nanocrystalline Pt nanopillars. Nano Letters 12, 6385–6392 (2012).
	27.	 Meza, L. R. et al. Resilient 3D hierarchical architected metamaterials. Proceedings of the National Academy of Sciences, https://doi.

org/10.1073/pnas.1509120112 (2015).
	28.	 Wendy, G. X. & Greer, J. R. Ultra-strong architected Cu meso-lattices. Extreme Mechanics Letters 2, 7–14, https://doi.org/10.1016/j.

eml.2015.01.006 (2015).
	29.	 do Rosário, J. J., Berger, J. B., Lilleodden, E. T., McMeeking, R. M. & Schneider, G. A. The stiffness and strength of metamaterials 

based on the inverse opal architecture. Extreme Mechanics Letters 12, 86–96, https://doi.org/10.1016/j.eml.2016.07.006 (2017).
	30.	 Worsley, M. A. et al. Toward Macroscale, Isotropic Carbons with Graphene‐Sheet‐Like Electrical and Mechanical Properties. 

Advanced Functional Materials 24, 4259–4264 (2014).
	31.	 Kim, S.-H., Kim, H. & Kim, N. J. Brittle intermetallic compound makes ultrastrong low-density steel with large ductility. Nature 518, 

77–79, https://doi.org/10.1038/nature14144 (2015).
	32.	 Welsch, G., Boyer, R. & Collings, E. Materials properties handbook: titanium alloys. (ASM international, 1993).
	33.	 El-Sherik, A. M., Erb, U., Palumbo, G. & Aust, K. T. Deviations from hall-petch behaviour in as-prepared nanocrystalline nickel. 

Scripta Metallurgica et Materialia 27, 1185–1188, https://doi.org/10.1016/0956-716X(92)90596-7 (1992).
	34.	 Seo, B. B., Gu, J., Jahed, Z. & Tsui, T. Y. Influence of grain boundary modifier on the strength size-dependence displayed by complex-

shaped nanocrystalline nickel pillars. Thin Solid Films 621, 178–183, https://doi.org/10.1016/j.tsf.2016.12.005 (2017).
	35.	 Montemayor, L. C., Meza, L. R. & Greer, J. R. Design and Fabrication of Hollow Rigid Nanolattices via Two-Photon Lithography. 

Adv. Eng. Mater. 16, 184–189, https://doi.org/10.1002/adem.201300254 (2014).
	36.	 Gibson, L. J. & Ashby, M. F. Cellular Solids: Structure and Properties. Second edn, (Cambridge University Press, 1997).
	37.	 Greer, J. R., Oliver, W. C. & Nix, W. D. Size dependence of mechanical properties of gold at the micron scale in the absence of strain 

gradients. Acta Materialia 53, 1821–1830, https://doi.org/10.1016/j.actamat.2004.12.031 (2005).
	38.	 Callister, W. D. & Rethwisch, D. G. Materials science and engineering: an introduction. Vol. 7 (Wiley New York, 2007).
	39.	 Ashby, M. F. The properties of foams and lattices. Philosophical Transactions of the Royal Society A: Mathematical, Physical and 

Engineering Sciences 364, 15–30, https://doi.org/10.1098/rsta.2005.1678 (2006).
	40.	 Deshpande, V. S., Ashby, M. F. & Fleck, N. A. Foam topology: bending versus stretching dominated architectures. Acta Materialia 

49, 1035–1040, https://doi.org/10.1016/S1359-6454(00)00379-7 (2001).
	41.	 Khaderi, S. N. et al. The indentation response of Nickel nano double gyroid lattices. Extreme Mechanics Letters 10, 15–23, https://doi.

org/10.1016/j.eml.2016.08.006 (2017).
	42.	 Bauer, J., Schroer, A., Schwaiger, R. & Kraft, O. Approaching theoretical strength in glassy carbon nanolattices. Nat Mater 15, 

438–443, https://doi.org/10.1038/nmat4561, http://www.nature.com/nmat/journal/v15/n4/abs/nmat4561.html#supplementary-
information (2016).

	43.	 Deshpande, V. & Fleck, N. Isotropic constitutive models for metallic foams. Journal of the Mechanics and Physics of Solids 48, 
1253–1283 (2000).

	44.	 Berger, J. B., Wadley, H. N. G. & McMeeking, R. M. Mechanical metamaterials at the theoretical limit of isotropic elastic stiffness. 
Nature 543, 533–537, https://doi.org/10.1038/nature21075, http://www.nature.com/nature/journal/v543/n7646/abs/nature21075.
html#supplementary-information (2017).

	45.	 Pikul, J. H. et al. Micromechanical devices with controllable stiffness fabricated from regular 3D porous materials. Journal of 
Micromechanics and Microengineering 24, 105006 (2014).

	46.	 Yue-Lin, L., Ying, Z., Hong-Bo, Z., Guang-Hong, L. & Masanori, K. Theoretical strength and charge redistribution of fcc Ni in 
tension and shear. Journal of Physics: Condensed Matter 20, 335216 (2008).

	47.	 Song, Y., Yang, R., Li, D. & Guo, Z. A first-principles study of the theoretical strength and bulk modulus of hcp metals. Philosophical 
Magazine A 81, 321–330 (2001).

	48.	 Ogata, S., Li, J. & Yip, S. Ideal Pure Shear Strength of Aluminum and Copper. Science 298, 807 (2002).
	49.	 Zhang, R., Cohen, J., Fan, S. & Braun, P. V. Electrodeposited high strength, thermally stable spectrally selective rhenium nickel 

inverse opals. Nanoscale 9, 11187–11194 (2017).
	50.	 Pikul, J. H., Gang Zhang, H., Cho, J., Braun, P. V. & King, W. P. High-power lithium ion microbatteries from interdigitated three-

dimensional bicontinuous nanoporous electrodes. Nat. Commun. 4, 1732, https://doi.org/10.1038/ncomms2747 (2013).
	51.	 Zhang, H., Yu, X. & Braun, P. V. Three-dimensional bicontinuous ultrafast-charge and -discharge bulk battery electrodes. Nat. 

Nanotechnol. 6, 277–281, http://www.nature.com/nnano/journal/v6/n5/abs/nnano.2011.38.html#supplementary-information 
(2011).

	52.	 Pikul, J. H., Liu, J., Braun, P. V. & King, W. P. Integration of high capacity materials into interdigitated mesostructured electrodes for 
high energy and high power density primary microbatteries. J. Power Sources 315, 308–315, https://doi.org/10.1016/j.
jpowsour.2016.03.034 (2016).

	53.	 Yoonjin, W., Barako, M. T., Agonafer, D. D., Asheghi, M. & Goodson, K. E. In Thermal and Thermomechanical Phenomena in 
Electronic Systems (ITherm), 2014 IEEE Intersociety Conference on. 326–332.

	54.	 You, X., Pikul, J. H., King, W. P. & Pak, J. J. Zinc oxide inverse opal enzymatic biosensor. Appl. Phys. Lett. 102, 253103–253105 (2013).
	55.	 Stein, A., Wilson, B. E. & Rudisill, S. G. Design and functionality of colloidal-crystal-templated materials-chemical applications of 

inverse opals. Chemical Society Reviews 42, 2763–2803, https://doi.org/10.1039/c2cs35317b (2013).
	56.	 Li, X. & Gilchrist, J. F. Large-area nanoparticle films by continuous automated langmuir–blodgett assembly and deposition. 

Langmuir 32, 1220–1226 (2016).
	57.	 Hatton, B., Mishchenko, L., Davis, S., Sandhage, K. H. & Aizenberg, J. Assembly of large-area, highly ordered, crack-free inverse opal 

films. Proceedings of the National Academy of Sciences 107, 10354–10359, https://doi.org/10.1073/pnas.1000954107 (2010).
	58.	 Weldon, A. L., Kumnorkaew, P., Wang, B., Cheng, X. & Gilchrist, J. F. Fabrication of macroporous polymeric membranes through 

binary convective deposition. ACS Applied Materials & Interfaces 4, 4532–4540 (2012).
	59.	 Reed, R. C. The superalloys: fundamentals and applications. (Cambridge university press, 2006).
	60.	 Naor, A., Eliaz, N. & Gileadi, E. Electrodeposition of rhenium–nickel alloys from aqueous solutions. Electrochim. Acta 54, 

6028–6035, https://doi.org/10.1016/j.electacta.2009.03.003 (2009).

http://dx.doi.org/10.1016/j.msea.2007.12.038
http://dx.doi.org/10.1126/science.1098993
http://dx.doi.org/10.1021/acs.nanolett.6b00275
http://dx.doi.org/10.1016/j.scriptamat.2010.09.010
http://dx.doi.org/10.1073/pnas.1509120112
http://dx.doi.org/10.1073/pnas.1509120112
http://dx.doi.org/10.1016/j.eml.2015.01.006
http://dx.doi.org/10.1016/j.eml.2015.01.006
http://dx.doi.org/10.1016/j.eml.2016.07.006
http://dx.doi.org/10.1038/nature14144
http://dx.doi.org/10.1016/0956-716X(92)90596-7
http://dx.doi.org/10.1016/j.tsf.2016.12.005
http://dx.doi.org/10.1002/adem.201300254
http://dx.doi.org/10.1016/j.actamat.2004.12.031
http://dx.doi.org/10.1098/rsta.2005.1678
http://dx.doi.org/10.1016/S1359-6454(00)00379-7
http://dx.doi.org/10.1016/j.eml.2016.08.006
http://dx.doi.org/10.1016/j.eml.2016.08.006
http://dx.doi.org/10.1038/nmat4561
http://www.nature.com/nmat/journal/v15/n4/abs/nmat4561.html#supplementary-information
http://www.nature.com/nmat/journal/v15/n4/abs/nmat4561.html#supplementary-information
http://dx.doi.org/10.1038/nature21075
http://www.nature.com/nature/journal/v543/n7646/abs/nature21075.html#supplementary-information
http://www.nature.com/nature/journal/v543/n7646/abs/nature21075.html#supplementary-information
http://dx.doi.org/10.1038/ncomms2747
http://www.nature.com/nnano/journal/v6/n5/abs/nnano.2011.38.html#supplementary-information
http://dx.doi.org/10.1016/j.jpowsour.2016.03.034
http://dx.doi.org/10.1016/j.jpowsour.2016.03.034
http://dx.doi.org/10.1039/c2cs35317b
http://dx.doi.org/10.1073/pnas.1000954107
http://dx.doi.org/10.1016/j.electacta.2009.03.003


www.nature.com/scientificreports/

1 2SCIEnTIfIC REPOrTS |           (2019) 9:719  | DOI:10.1038/s41598-018-36901-3

	61.	 Li, J. R., Cheng, H. F., Yu, J. L. & Han, F. S. Effect of dual-size cell mix on the stiffness and strength of open-cell aluminum foams. 
Materials Science and Engineering: A 362, 240–248, https://doi.org/10.1016/S0921-5093(03)00570-7 (2003).

	62.	 Kou, D. P., Li, J. R., Yu, J. L. & Cheng, H. F. Mechanical behavior of open-cell metallic foams with dual-size cellular structure. Scripta 
Materialia 59, 483–486, https://doi.org/10.1016/j.scriptamat.2008.04.022 (2008).

	63.	 Min, L., Wei-Min, C., Nai-Gang, L. & Ling-Dong, W. A numerical study of indentation using indenters of different geometry. Journal 
of Materials Research 19, 73–78 (2004).

	64.	 Tsui, T. Y. & Pharr, G. M. Substrate effects on nanoindentation mechanical property measurement of soft films on hard substrates. 
Journal of Materials Research 14, 292–301, https://doi.org/10.1557/JMR.1999.0042 (1999).

	65.	 Oliver, W. C. & Pharr, G. M. An improved technique for determining hardness and elastic modulus using load and displacement 
sensing indentation experiments. Journal of Materials Research 7, 1564–1583, https://doi.org/10.1557/JMR.1992.1564 (1992).

	66.	 Fei, H., Abraham, A., Chawla, N. & Jiang, H. Evaluation of Micro-Pillar Compression Tests for Accurate Determination of Elastic-
Plastic Constitutive Relations. Journal of Applied Mechanics 79, 061011–061011, https://doi.org/10.1115/1.4006767 (2012).

	67.	 Ledbetter, H. Physical Properties Data Compilations Relevant to Energy Storage. (National Bureau of Standards, 1982).
	68.	 Donachie, M. J. & Donachie, S. J. Superalloys: a technical guide. (ASM international, 2002).

Acknowledgements
This research was supported by the Department of Energy Office of Science Graduate Fellowship Program (DOE 
SCGF), made possible in part by the American Recovery and Reinvestment Act of 2009, administered by ORISE-
ORAU under contract no. DE-AC05-06OR23100.

Author Contributions
J.H.P., P.V.B. and W.P.K. conceived of the idea. J.H.P., S.O. and R.Z. carried out experiments. J.H.P., S.O., B.L., 
V.S.D. and W.P.K. developed the theory and B.L. and V.S.D. performed the simulations. P.V.B. and W.P.K. 
supervised the project. All authors discussed the results and contributed to the final manuscript.

Additional Information
Supplementary information accompanies this paper at https://doi.org/10.1038/s41598-018-36901-3.
Competing Interests: The authors declare no competing interests.
Publisher’s note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© The Author(s) 2019

http://dx.doi.org/10.1016/S0921-5093(03)00570-7
http://dx.doi.org/10.1016/j.scriptamat.2008.04.022
http://dx.doi.org/10.1557/JMR.1999.0042
http://dx.doi.org/10.1557/JMR.1992.1564
http://dx.doi.org/10.1115/1.4006767
http://dx.doi.org/10.1038/s41598-018-36901-3
http://creativecommons.org/licenses/by/4.0/

	High strength metallic wood from nanostructured nickel inverse opal materials

	Results

	Discussion

	Conclusion

	Methods

	Fabrication. 
	Material characterization. 
	Mechanical simulations. 
	Mechanical measurements. 

	Acknowledgements

	Figure 1 (a) The fabrication process for a unit cell of the nickel inverse opal material.
	Figure 2 (a) Unit cells of the nickel inverse opal material used to determine the yield strength and elastic modulus through finite element simulations.
	Figure 3 (a) SEM images of inverse opal micropillars with 500 nm pores, before and after compression testing.
	Figure 4 (a) Nanoindentation hardness measurements versus total solids volume fraction of the inverse opal materials.
	Table 1 Mechanical and physical measurements of inverse opal cellular materials.




