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Porous metals represent a class of materials where the interplay of ligament length, width, node structure, and
local geometry/curvature offers a rich parameter space for the study of critical length scales on mechanical
behavior. Colloidal crystal templating of three-dimensionally ordered macroporous (3DOM, i.e., inverse opal)
tungsten provides a unique structure to investigate the mechanical behavior at small length scales across the
brittle–ductile transition. Micropillar compression tests show failure at 50 MPa contact pressure at 30 °C, implying
a ligament yield strength of approximately 6.1 GPa for a structure with 5% relative density. In situ SEM frustum
indentation tests with in-plane strain maps perpendicular to loading indicate local compressive strains of
approximately 2% at failure at 30 °C. Increased sustained contact pressure is observed at 225 °C, although large
(20%) nonlocal strains appear at 125 °C. The elevated-temperature mechanical performance is limited by cracks
that initiate on planes of greatest shear under the indenter.

Introduction
Nanoporous materials are of interest because their high surface
areas can provide enhanced properties benefiting a wide range
of technologies. Of particular interest in this study is the fact
that the mechanical properties of such materials exhibit length
scale effects [1, 2, 3]. In nanoporous gold, stresses approaching
the theoretical shear strength of the material (an upper bound
of τ = μ/10, where μ is the shear modulus) have been reported
as the ligament diameter decreases below 100 nm [2]. In addi-
tion, the behavior of porous materials scales according to rela-
tive density [4], grain size [1], and representative volume [5],
allowing for many degrees of freedom in material design.

Nanoporous metals made by dealloying processes have a
random arrangement of ligaments and typically possess poly-
crystalline microstructures and combine the effects of small
grain size with the open-pore structure. Open-cell structures
made with a number of pure metals, such as Au [1, 2, 5, 6,
7], Cu [8], and W [3] can exhibit very high ligament strengths.
The ligament strengths are estimated by inverting property

scaling laws [2]. Nanoporous tungsten made by high-pressure
torsion followed by dealloying showed high strength of
5.3 GPa even at a relative density of 65%, corresponding to lig-
ament yield stresses of 2.04 GPa [3]. Meanwhile, 36% dense
nanoporous gold with 15 nm thick ligaments shows ligament
yield stresses of 1.5 GPa, which is an order of magnitude larger
than the yield stresses found in fully dense gold columns [9].
Despite their high ligament strengths, the moderately high rel-
ative density in materials produced by dealloying limits their
potential as ultra-lightweight materials.

One approach to obtain more periodic structures with low
relative density (high porosity) involves colloidal crystal tem-
plating to obtain three-dimensionally ordered macroporous
(3DOM) materials. Alternatively referred to as inverse opals,
3DOM materials are a type of open-cell material featuring a
highly ordered lattice of solid material surrounding intercon-
nected macropores. These feature sizes can be controlled in
the range from 50 nm to several micrometers [10]. Moreover,
the densities of 3DOM materials can be reduced into the
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single-digit percentages relative to those of the bulk material
[11]. Additional flexibility exists to produce nanoporous thin
films and to employ a wide variety of materials (e.g., 3DOM
materials have been generated from C [12], V2O5 [13], SiO2

[14, 15], W and W-Mo [16, 17, 18], TiO2 [11, 19], Ni [20,
21], Cu [22, 23]). These geometries and chemistries are not
all readily produced with electrochemical dealloying processes.

3DOM materials possess a small representative volume ele-
ment [14], implying high periodicity and regularity in mechan-
ical response that in turn simplifies the required data analysis
protocols. Although derived for ideal open-cell foams that pos-
sess uniform ligaments, Gibson and Ashby open-cell foam
models [4] may be applied in some 3DOM materials with a rel-
ative density less than 0.3 [4]. Modifications have been made to
the scaling inherent to the Gibson–Ashby approach to incorpo-
rate other effects, such as those of grain size, characterized by
the Hall–Petch relation [1].

The 3DOM structure enables the study of thermally acti-
vated, dislocation-mediated deformation processes at small
length scales. Some of the materials that have been synthesized
in the 3DOM structure do not typically deform via thermally
activated mechanisms. These include face-centered cubic
(FCC) metals [20, 21, 22, 23], which deform by dislocation-
mediated processes on close-packed planes and directions,
and ceramics [11, 14, 15, 19], which demonstrate limited plas-
ticity at experimentally accessible temperatures. In contrast,
body-centered cubic (BCC) metals are known to possess highly
temperature-dependent mechanical properties due to increas-
ing numbers of active slip systems ({110},{112}, and {123}) at
increasing temperatures [24]. Therefore, a 3DOM structure
comprised of BCC metal provides an excellent test bed for
studying the effects of increasing slip activity on the overall
deformability of a porous nanostructured material. The
mechanical properties of a BCC metal are most drastically
affected in the region around the brittle–ductile transition
(BDT). Many BCC metals have BDT temperatures (BDTTs)
around or below room temperature [25–27]. In addition, the
BDT is an important consideration for structural materials;
neglecting the BDT can have disastrous effects, such as the
famous catastrophic hull failures of steel Liberty Ships during
World War II [28]. Tungsten is an elastically isotropic, high-
strength BCC metal considered for replacements for depleted
uranium projectiles for tanks [29] and for divertors in
Tokamak-type fusion reactors [30] and possesses a relatively
accessible BDTT of around 400 K [31], making it an ideal
material for studying the effects of increasing plasticity at
small length scales. Synthesis of the 3DOM material as detailed
here results in a nanocrystalline microstructure within the lig-
aments. Given that dense nanocrystalline tungsten thin films
exhibit hardness values over 10 GPa (corresponding to a
yield strength of approximately 3.4–5 GPa) [3, 32], it is

postulated that the nanocrystalline microstructure in 3DOM
tungsten could enable exceptional yield strengths across a
range of temperatures.

This article presents the mechanical behavior of 3DOM W
(successfully synthesized as in earlier works [16, 17, 18]) across
the BDT to assess the effects of increasing plasticity on the
mechanical behavior of BCC metals in the 3DOM structure.

Results and discussion
Synthesis of PMMA templates and 3DOM W
materials

To fabricate 3DOM W materials, two types of poly(methyl
methacrylate) (PMMA) colloidal crystal templates were used.
One was prepared through gravity sedimentation of PMMA
spheres from its colloidal suspension [33]. The other type
was obtained through convective self-assembly of PMMA
spheres onto silicon wafers [34]. The sedimentation method
produced PMMA monoliths with sizes up to centimeters
(monolithic PMMA template). The convective self-assembly
method produced PMMA colloidal crystals in the thin-film
form (PMMA film template). The film template had fewer
defects and cracks than the monolithic PMMA templates.
However, in this method, the tensile forces generated during
water evaporation caused longitudinal cracks in the PMMA
film. In addition, transverse cracks occurred at the boundaries
of wet and dry regimes as the water evaporated [35, 36, 37].
Therefore, the PMMA films produced by convective self-
assembly formed strips with lengths around 0.5 cm, widths
around 0.2 cm, and thicknesses less than 50 μm (Fig. 1).

3DOM W was synthesized through the infiltration of acet-
ylated peroxotungstic acid (APTA) as a tungsten precursor into
PMMA colloidal crystal templates followed by reductive heat
treatment in the H2 atmosphere. Either 3DOM W monoliths
or 3DOM W films were obtained using the corresponding
PMMA template (Fig. 1 and Supplementary Fig. S1).
Dwelling at 310 °C helped with the removal of the PMMA tem-
plates [38]. Further heating in the H2 atmosphere enabled the
formation of W via reduction of the WO3 generated from the
condensation of APTA. XRD patterns of both the 3DOM W
film and monolithic 3DOM W indicated that the material con-
tained α-tungsten (BCC) as its only crystalline phase (Fig. 2).

Extensive volume shrinkage was observed during the pro-
cessing of 3DOMW, because the majority of the APTA precur-
sor consisted of solvent (water and methanol), which left the
system during the heat treatment. To increase the fraction of
the APTA in the PMMA template and reduce the occurrence
of voids, multiple cycles of APTA infiltration and drying
were performed. For monolithic 3DOM W (synthesized from
the monolithic PMMA template), multiple infiltrations
increased the uptake of APTA molecules and resulted in larger
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regions of well-defined 3DOM structure (Supplementary Figs.
S2 and S3). However, for more than three infiltrations, the
monolithic PMMA templates were inclined to crumble into
smaller pieces. For the synthesis of 3DOM W films (from
PMMA film templates), multiple infiltrations generated a tung-
sten overlayer resulting from excess APTA precursor
(Supplementary Fig. S4). Therefore, monolithic 3DOM W pre-
pared by triple infiltration and 3DOM W film prepared by a
single infiltration were employed for the subsequent studies.

Compared to the monolithic 3DOM W, the 3DOM W
films exhibited much larger ordered domains (Fig. 3), making

them suitable to study a less defective microstructure via frus-
tum indentation, as described in Sec. II.B. The different degrees
of order in the 3DOM structures were attributed to the differ-
ent preparation methods of the PMMA templates. The convec-
tive self-assembly method can generate much thinner layers of
packed PMMA spheres with uniform thickness compared to
the sedimentation method [34, 35]. The thinner PMMA tem-
plate contains fewer mispacked PMMA spheres, and it is
more controllable during the infiltration of precursor, which
avoids over- or insufficient infiltration. However, because the
PMMA film templates were already thin and had small, contin-
uous domains, the resulting 3DOM W films were even smaller
pieces with lateral dimensions in the range of 50–200 μm,
thicknesses between 5 and 20 μm, and ligament widths of
35–40 nm (Fig. 4). The thickness of the 3DOM W films was
not suitable for the milling of micropillars of sufficient size
to ensure a large enough representative volume. The dimen-
sions of monolithic 3DOM W pieces make them suitable for
large micropillars, as well as other experiments dealing with
larger-scale measurements. The pore size was kept constant
in this study for the films and monoliths. It is expected that
pore size may influence the mechanical behavior of these mate-
rials, and such effects will be studied in future research.

Frustum indentation of 3DOM W

Frames from the failure point of the frustum indentation at
30 °C, 125 °C, and 225 °C are shown in Figs. 5(a)–5(c), respec-
tively. Fig. 5(a) shows that at 30 °C, the indenter tip plunges
into 3DOM W. Strain is localized directly under the indenter

Figure 1: Schematic showing the major synthetic
processes. (a) Monolithic PMMA templates were
fabricated using gravity sedimentation. (b) PMMA
film templates were fabricated using convective
self-assembly. (c) In both cases, the PMMA tem-
plates were infiltrated with a tungsten precursor
solution, and the composite was converted to
3DOM W through reductive heating under H2
(2 °C/min to 310 °C, remaining at 310 °C for 2 h,
then 5 °C/min to 800 °C, remaining at 800 °C
for 1 h).

Figure 2: XRD patterns of 3DOM W monolith and film materials. The reference
W pattern corresponds to α-tungsten with BCC crystal structure.
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tip and failure appears to occur on the same length scale as the
3DOM unit cell. Conversely, at both 125 °C [Fig. 5(b)] and
225 °C [Fig. 5(c)], failure occurs on a more global scale with
delocalized strains appearing in a larger volume. In this man-
ner, failure occurs via the formation and propagation of cracks
that remove larger volumes comprising hundreds of unit cells
of material from the bulk.

Figs. 5(d)–5(f) show the vertical (εyy) Eulerian strain maps
calculated using the Ncorr algorithm at the time of failure. It is
clear from Fig. 5(d) that nearly all strain is localized in the
vicinity of the indenter tip; as noted above, this indicates that
there is a minimal stress redistribution in 3DOM W at 30 °C.
On the other hand, strain fields emanating from the indenter
tip can be seen in both the 125 and 225 °C cases, indicating
some delocalization of stress to surrounding ligaments.

Images of the deformed area after indentation are shown in
Figs. 5(g)–5(i). At 30 °C, it is apparent that the material ulti-
mately conformed to the shape of the indenter tip during the
deformation process. Here, the deformation is contained within
a region close to the indenter. At higher temperatures, from
Fig. 5, the strain field underneath the indenter becomes more
distributed, possibly indicating a change in the plastic
Poisson’s ratio. This behavior is distinctly different from what
is seen at higher temperatures in Figs. 5(h) and (i), which
show that large pieces of material have sheared off from the
bulk structure.

The rotation of the sample with respect to the electron
beam makes it difficult to directly compare the shape of the
strain field underneath the indenter tip for each sample.
Instead, profile traces along the Eulerian strain map at

Figure 3: (a, b) SEM images with differ-
ent magnification of a 3DOM W monolith
and (c, d) a 3DOM W film. The 3DOM W
film contained larger regions of well-
defined and ordered structure.

Figure 4: SEM images of a 3DOM W film piece. The lateral dimensions of this piece were around 100 μm and 390 μm. The thickness varied across the piece from
8 μm on the left to 16 μm on the right. Most 3DOM W film pieces had lateral dimensions ranging between 50 and 200 μm.
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equivalent positions with respect to the indenter axis (along the
centerline) (Fig. 6) are used to provide a more representative
comparison of the strain distribution underneath the center
of the indenter. At 30 °C, the maximum compressive strain
along the centerline of the indenter is approximately 0.024.
In contrast, maximum compressive strains are nearly an
order of magnitude higher at both 125 °C (0.25) and 225 °C
(0.21), indicating a large increase in deformability between 30
and 125 °C. This increase in ductility can be attributed to an
increase in plasticity, possibly caused by the activation of addi-
tional slip systems over those active at 30 °C [24].

Analysis of the contact pressure as a function of the nor-
malized displacement [Fig. 7(a)] enables the further quantita-
tive comparison of the deformation behavior at 30, 125, and
225 °C. The curves shown in Fig. 7(a) were selected to be rep-
resentative due to the best contact conditions at the start of the
experiment, i.e., when the indenter tip and sample were closest
to parallel such that the contact was most uniform at the begin-
ning of the experiment. At 30 °C, there is a very short initial
loading region (h/a∼0.05–0.09) before the mean contact pres-
sure continues to increase linearly. This behavior is described
as an initial loading region because the exact deformation pro-
cesses during this regime are not currently known. The increase
in mean contact pressure is likely a result of the densification of
the material underneath the indenter tip at increased
displacements. The degree to which this occurs is heightened

after h/a∼1, where there are two important effects: the
increased contact area from the 60° angle of the cone, as well
as the densified material underneath the indenter tip.

Increasing the temperature from 30 °C changes the defor-
mation behavior significantly. As noted earlier, the material
does not deform by purely brittle fracture above 30 °C. This
can be seen by a longer initial loading region at 125 °C.
However, at 125 °C, the mean contact pressure increases
along this initial loading region curve until higher strains are
reached before the slope begins to decrease. The point of
slope decrease coincides with a large crack forming in the
material, as can be seen in Fig. 5(b). Increasing the temperature
further to 225 °C again distinctly changes the behavior; the ini-
tial loading region regime has a distinctly different slope from
the lower temperatures, indicating that a different deformation
mechanism is likely occurring. One of the most important fea-
tures exhibited at 225 °C is that the slope of the contact pres-
sure–strain curve begins to change at approximately
1800 MPa, before a crack is seen in the material, unlike in
the lower temperature cases, where a slope change coincides
with a crack in the material. This slope change prior to large-
scale fracture is thought to be the onset of large-scale plasticity
which is not seen in the lower temperature cases.

Since the stress state changes significantly after a large-scale
fracture has occurred, it is reasonable to analyze only the pre-
fracture behaviors, as seen in Fig. 7(b). The nondimensional

Figure 5: Images from in situ frustum compression of a 3DOM W film. Scale bar indicates 5 μm. (a–c) Images from compression at which failure occurs, i.e., when a
major crack can be seen in the structure. (d–f) Eulerian strains in the vertical direction (εyy) at the point just before a major crack is apparent in the 3DOM structure.
(g–i) Morphology of residual indent after frustum indentation.
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displacement at failure is difficult to characterize at 30 °C
because a macroscopic crack does not form. From the compar-
ison of these curves, one can immediately notice that the non-
dimensional displacements at macroscopic failure are relatively
similar in the elevated temperature experiments and much
higher than at 30 °C. This may be due to the large stress con-
centration around the edges of a flat punch indenter. However,
it is also obvious that the contact stresses that the material can
sustain at 225 °C are significantly higher than at the lower tem-
peratures. The areas underneath these curves are directly
related to the amount of energy absorbed by the material dur-
ing the deformation process. A comparison indicates that
approximately six times more mechanical energy is absorbed
by the 3DOM W structure at 125 °C compared to at 30 °C,
and approximately 18 times more at 225 °C, likely due to an
increase in the plasticity of the ligaments of the structure.

To further illustrate this point, it is important to look at the
mean contact pressure at the time of failure, which can be seen

plotted as a function of temperature in Fig. 7(c). At 30 °C, the
mean contact pressure at the time of failure is very low; the W
ligaments appear to fracture at relatively low stresses in the
absence of large-scale plasticity. In contrast, the stresses at fail-
ure are nearly a factor of 2 higher at 125 °C and nearly an order
of magnitude higher at 225 °C. The higher sustained contact
pressure at failure is likely due to the delocalization of stress
to other ligaments before widespread plasticity rather than a
fracture of ligaments.

Figure 6: Profile of Eulerian strains from DIC analyses at (a) 30 °C; (b) 125 °C;
(c) 225 °C.

Figure 7: Quantification of mean contact pressures from in situ frustum
indentation. (a) Mean contact pressure for selected tests as a function of
temperature. Tests were selected based on the flattest indenter-sample con-
tact. (b) A focused view of the initial loading of the tests in (a) up to the
point of failure, indicated by the ‘×’ symbol. (c) Mean contact pressure at
the point of failure, i.e., when a crack formed in the material, as a function
of deformation temperature.
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BCC materials like tungsten are known to have multiple
active slip planes at higher temperatures, namely {110}, {112},
and {123}-type planes [30]. At 30 °C, only a subset of these
active slip planes may be energetically favorable for slip.
Because the ligament diameter is on the order of 40 nm, a
flaw on the order of a few nm may have a large enough stress
concentration for the ligament to undergo brittle fracture in the
absence of plasticity. At 30 °C, when fewer slip systems are
active, and in a small volume of material, where fewer disloca-
tion sources may exist, it is likely that fracture is preferred over
large-scale plastic deformation. However, as the temperature is
increased, the number of energetically favorable slip systems
may be significantly higher, allowing for larger-scale plasticity.

The similarities in the initial loading region slopes of the 30
and 125 °C experiments could indicate that similar behavior is
occurring initially. However, as the indenter continues to press
into the material, the stresses underneath the indenter continue
to rise. At 30 °C, plastic deformation is limited because it is eas-
ier to deform the material by ligament fracture than to nucleate
dislocations in the ligaments. At 125 °C, the behavior is
fracture-dominated at lower contact pressures; at higher contact
pressures, there is enough stress to nucleate new dislocations
from the sources which are likely to be more active at the
higher temperature. Therefore, the contact pressure continues
to increase because ligaments are plastically deforming rather
than breaking, allowing for mixed behavior between fracture
and plasticity.

The behavior at 225 °C is distinctly different. The slope of
the initial loading region is significantly higher than what is
seen at 30 °C and 125 °C. It is likely that this is due to reduced
brittle fracture in the ligaments. At this temperature, more slip
systems are energetically favorable; thus, dislocation sources are
more likely to be favorably oriented for nucleation at lower
stresses. These dislocation sources, therefore, can emit disloca-
tions at the lower stresses seen at lower mean contact pressures.
Thus, ligaments plastically deform prior to rupture rather than
undergoing brittle fracture, resulting in a structure that appears
macroscopically stiffer.

Through these experiments, it is possible to infer that the
material is undergoing a BDT with increasing temperature.
At 30 °C, the local behavior under the indenter tip appears
to be mostly, if not entirely, brittle, whereas significant plastic-
ity is evident at 225 °C. As these were not fracture experiments
and they were performed with relatively large temperature
steps, it is difficult to identify a distinct BDT temperature
(BDTT). The BDT is thought to be controlled by dislocation
mobility [31], particularly screw dislocations in tungsten. A
BDT is therefore thought to correlate with the increase in plas-
ticity that is observed here. However, it is evident that a BDT
begins somewhere below 125 °C, where in bulk W, plasticity
begins to be enhanced. This is in relative agreement with the

literature regarding the BDTT of bulk single crystals of tung-
sten; Gumbsch et al. [31] found the BDTT of tungsten single
crystals to depend on both crack plane and crack front direc-
tion, ranging from 370–470 K. The BDT also is not a sharp
transition, as shown by both Gumbsch for macroscale crystal
fracture and Ast et al. [39] for fracture of microcantilevers ori-
ented for fracture along the {100}<010> crack system. In addi-
tion, 3DOM W is polycrystalline; some averaging of the BDTT
across crack systems is to be expected. Thus, the presence of a
range of temperatures for the BDTT is expected and in agree-
ment with the literature.

Micropillar compression of 3DOM W

A frame from the failure of a micropillar of monolithic 3DOM
W can be seen in Fig. 8(a). In the frame, it is clear that there are
extended voids within the structure of the 3DOM W, as well as
ordering that is not as perfect as the ordering seen in Fig. 3. As
shown in Fig. 8(a), the failure point in the micropillar, unsur-
prisingly, occurs at a large concentration of these voids.

Strain maps of the micropillar prior to the failure described
above results in the frame shown in Fig. 8(b). The alternating
bands of strain are collapse (compaction) bands that are char-
acteristic of deformation of low relative density porous solids
[40, 41, 42]. As such, an Ashby-type model [4] for foams is
applicable to the structure. Because the constants for such a
model should be functions only of the structure [43], the
model seems applicable to the 3DOM W structure in this
study. The model employed here was developed by Pikul
et al. using finite element simulations of Ni inverse opals
assuming isotropic elasticity [20]:

s∗ = 0.78sy
r∗

rs

( )1.52

,

where σ* is the measured yield strength of the pillar, sy is the
yield strength in the ligament, and ρ*/ρs is the relative density,
i.e., the density of the 3DOM material divided by the density of
bulk, non-porous tungsten. Using a relative density of 5% and a
pillar yield stress of 50 MPa, the ligament yield stress is calcu-
lated to be 6.1 GPa. In single-crystalline tungsten pillars com-
pressed along the [001] direction, yield stresses of 3.5 GPa
have been reported in 200 nm diameter pillars [44]. Yield
stresses of 2 GPa were found in 200 nm diameter single crystal-
line pillars oriented along the [235] direction for single slip
[45], indicating plastic anisotropy. However, in 200 nm diame-
ter pillars of either orientation, the stress-strain curves are not
smooth; the authors posit one possible explanation of disloca-
tion nucleation-mediated deformation behavior in line with the
observations seen in their stress-strain curves. In polycrystalline
3DOM W, where ligament diameters are significantly smaller
than 200 nm, one would expect that the deformation continues
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to be dislocation nucleation-mediated and that the ligament
yield stresses further increase due to the lack of active disloca-
tion nucleation sites.

Conclusion
3DOM materials possess two important features that bolster
mechanical performance: small ligament diameters which
exploit material size effects and lattice periodicity. Studied
here are the mechanical behaviors of ordered metallic tungsten
porous solids across the BDT. Micropillar compression tests at
30 °C reveal structural failure at a contact pressure of around
50 MPa, and utilizing a Gibson–Ashby model from the
literature [20] reveals ligament yield strengths on the order of
6.1 GPa. In situ frustum indentation of 3DOM W shows low
contact pressures before failure at 30 °C, but nearly an
order of magnitude increase in sustained contact pressure at
225 °C. In addition, strain maps during frustum indentation

reveal the local strains underneath the indenter tip.
Compressive strains on the order of 2% are seen at 30 °C
under the center of the indenter tip, whereas compressive
strains on the order of 20% are seen at both 125 and 225 °C.
Although the sustained contact pressures are not nearly as
high at 125 °C as at 225 °C, it is clear from the strain maps
that there is a significant degree of nonlocal deformation in
the structure. The plastic deformation of the 3DOM structure
at 225 °C allowed for nearly 18 times mechanical energy
absorption compared to 30 °C. Finally, this model system has
also shown a temperature-dependent enhancement in proper-
ties that may be exploited for engineering applications in a
low-density structure with small ligament lengths.

Methods
Materials

The following chemicals were used as-received: 2,2′-azobis
(2-methylpropionamidine) (99+%), methyl methacrylate
(99.9%), tungsten monocrystalline powder (99.9+%, 0.6–1
micrometer sizes) from Aldrich Chemical Company; glacial ace-
tic acid (ACS grade) from VWR International; hydrogen perox-
ide (certified ACS, 30%) from Fischer Chemical; methanol (ACS
reagent, >99.8%) from Sigma-Aldrich; hydrogen gas (industrial
grade) and argon gas (UHP/zero gas) from Matheson.

Synthesis

Synthesis of the PMMA colloidal crystal templates

PMMA spheres with an average diameter of 397 ± 4 nm were
synthesized by emulsifier-free emulsion polymerization follow-
ing established methods [33]. These were assembled either into
monolithic pieces by gravity sedimentation or thin films by
convective self-assembly. For gravity sedimentation, a 15 wt%
aqueous dispersion of the PMMA spheres was placed in a crys-
tallization dish and allowed to settle for several weeks.
Monolithic PMMA colloidal crystals gradually formed at the
bottom of the crystallization dish as the spheres settled and
the dispersion dried. For convective self-assembly, a silicon
wafer with dimensions of 1.5 cm × 3.0 cm was placed vertically
into a 10 mL beaker [34, 46, 47]. A 1 wt% aqueous PMMA
sphere dispersion was then added into the beaker, partially
immersing the silicon wafers. The bottom of the beaker was
heated to 65 °C. A PMMA colloidal crystal film formed on
the silicon wafers as the water evaporated. Typically, a 2-cm
long assembly formed in 3 h.

Synthesis of 3DOM W

Two types of 3DOM W materials were synthesized. One was
denoted as monolithic 3DOM W, prepared from monolithic

Figure 8: Micropillar compression of monolithic 3DOM W. (a) Failure of pillar
due to buckling caused by voids at the bottom of the pillar; (b) DIC Eulerian
strain map (εyy) of pillar during compression showing compaction bands; (c)
Engineering stress–strain curve for the compression of the micropillar in (a).
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PMMA templates. The other one was denoted as 3DOM W
film, prepared from PMMA thin films. The synthesis of mono-
lithic 3DOMW was carried out following a previously reported
method, using APTA as the tungsten precursor [17]. Details are
provided in the Supporting Information. 3DOM W films were
prepared by infiltrating the PMMA thin film templates with
APTA solution and then heating the material under H2 to
remove the PMMA template and reduce the precursor to
metallic tungsten. Detailed procedures are: using a syringe, a
1 M solution of APTA in a mixture of water and methanol
(4:1 in volume) was injected to one end of the PMMA colloidal
film template on the Si wafer. The precursor gradually diffused
to infiltrate the whole template. Any excess precursor solution
was wiped off with Kimtech wipes and the film was allowed to
dry in air for 12 h. Then, the infiltrated PMMA colloidal tem-
plate was processed by heat treatment under H2 at 1 atm (2 °C/
min to 310 °C, remaining at 310 °C for 2 h, then 5 °C/min to
800 °C, remaining at 800 °C for 1 h). The resulting 3DOM W
pieces had lateral dimensions ranging from 50 to 200 μm,
with thicknesses between 5 and 20 μm, depending on the
sample.

Characterization

Powder X-ray diffraction patterns were collected using a
PANalytical X’Pert Pro diffractometer. The X-rays were gener-
ated with a Co anode (Kα radiation, λ = 1.789 Å) which was
operated at 45 kV accelerating voltage, 40 mA emission cur-
rent. Thermogravimetric analysis (TGA) was performed on a
Netzsch STA 409 instrument. Samples were heated in air at a
ramp rate of 5 °C/min. Scanning electron microscopy (SEM)
was performed on a JEOL-6500 field-emission scanning elec-
tron microscope with an accelerating voltage of 5.0 kV. All
samples were coated with a 50 Å platinum film prior to SEM
imaging.

Pillars with a diameter of 10 μm and an aspect ratio of
approximately 2 were machined using an annular milling pro-
cedure on an FEI Helios G4 UX dual-beam FIB/SEM. All cuts
were performed with an accelerating voltage of 30 kV and an
ion current of 9.1 nA. Initial annuli with an inner diameter
of 22 μm were cut prior to decreasing the annuli size to
13 μm. Final polishing cuts to reduce taper and achieve final
diameter were performed at ion currents of 1.2 nA.

Micromechanical testing

Frustum testing

Thin films of 3DOMW were mounted with M-Bond 610 adhe-
sive (Vishay Micro-Measurements, Malvern, PA) to the silicon
wafer for frustum indentation. Tominimize the amount of adhe-
sive absorbed by the material, the substrate was heated to ∼150 °

C prior to the application of the adhesive and allowed to partially
cure prior to the addition of 3DOMW pieces. The adhesive was
then cured at 175 °C for 1 h. The sampleswere compressed in situ
in an FEI Helios G4 UX dual-beam FIB/SEM using a Hysitron
PI88 Picoindenter (Bruker Nanosurfaces, Minneapolis, MN)
equipped with an xR High Load Transducer and a 10 μm diam-
eter diamond flat punch tip with a 60° cone angle. The films were
compressed in displacement control at 30, 125, and 225 °Cwith a
displacement rate of 20 nm/s. Although annealing in tungsten is
not expected at these temperatures, higher temperature experi-
ments were performed first to minimize any microstructural dif-
ferences between temperatures. Frustum indentation was
performed on the edges of film 3DOM pieces to probe the
mechanical response in a more idealized, less defective structure.

The mean contact pressures were quantified using the
method of Liu et al. [8]. The mean contact pressure is the
load divided by the contact area of the indenter. In cases
where the indenter tip overhung the edge of the sample, the
contact area was calculated by [8]:

Ac =
a2

2(Q− sin (Q))
, 0 , x , a,

where Q = 2cos −1(|x− 1|), a is the indenter contact radius, and
x is the fractional indenter overhang. An overhang of x = 1 cor-
responds to half of the indenter being in contact with the sam-
ple and half overhanging, whereas x = 0 is full contact such that
Ac = πa2. In this study, the dimensionless overhang ranged
from 0 to ¾; the majority of tests were performed with
x≤½. In addition, the displacement is normalized by the con-
tact radius of the indenter tip to achieve a dimensionless
displacement.

Micropillar compression

Monolithic 3DOM W pieces were mounted to a silicon wafer
with PELCO high-temperature carbon paste (Ted Pella,
Redding, CA). A thin layer of paste was spread on the wafer
prior to the addition of 3DOM W pieces. The paste was
cured at 90 °C for 2 h, then 260 °C for 2 h. Samples were com-
pressed in situ in an FEI Helios G4 UX dual-beam FIB/SEM
using a Hysitron PI88 Picoindenter (Bruker Nanosurfaces,
Minneapolis, MN) equipped with an xR Low Load
Transducer and a 20 μm diameter diamond flat punch tip
with 60° cone angle. Pillars were compressed in displacement
control at engineering strain rates of approximately 5 ×
10−4 s−1. Stresses were calculated by dividing the load by the
cross-sectional area of the top of the pillar. Monolithic
3DOM W pieces were used for pillar testing to ensure that
an appropriate representative volume would be contained
within a pillar; the thickness of the 3DOM W films would
not allow the formation of pillars with these same dimensions.
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In-plane strain maps

SEM images either of the micropillar or the sample edge were
further processed using digital image correlation (DIC) to
obtain in-plane strain maps. The analysis determined the rela-
tive displacements in the deformed specimen based on com-
parison to reference (undeformed) images. The native
features of the 3DOM structure provided sufficient contrast
for the DIC algorithm to track points during the deformation
process without the need for an applied speckle pattern.
Videos recorded during the in situ compression of the
3DOM structure were separated into individual frames. To
shorten the processing time, every third frame was used with-
out additional image post-processing. DIC analysis was per-
formed using an open-source analysis algorithm (Ncorr)
[48]. The applied subset radius was 150 nm, and the strain
radius was 250 nm. This package was used to calculate (i) the
horizontal normal strain (εxx), (ii) the vertical normal strain
(εyy), and (iii) the in-plane shear strain (εxy). Due to the slight
variations in the rotation of the sample with respect to the
viewing axis, only the vertical normal strains (εyy) are pre-
sented here. The vertical normal strains (εyy) also provide a
useful comparison of strains between frustum and micropillar
experiments.
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