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Research SummaryResearch SummaryNanomechanics Testing

Nanoporous gold (np-Au) is a mac-
roscopically brittle material, which 
poses diffi culties for tensile testing of 
bulk specimens. By combining a fabri-
cation approach that minimizes crack-
ing in bulk np-Au and a microspecimen 
test technique that permits small testing 
volumes, both tension and compression 
tests were performed on sub-millimeter 
gage thicknesses of np-Au. Compres-
sive strength was higher than tensile 
strength, as would be expected for a 
brittle material, but all strength values 
were signifi cantly lower than literature 
values for nanoindentation testing. 
Measured elastic modulus was nearly 
the same in tension and compression, 
and was much lower than Gibson-Ash-
by scaling relations would predict for 
porous gold with this density.

INTRODUCTION

 The ease of fabrication and novel 
behavior exhibited by nanoporous gold 
(np-Au) have made this material an in-
creasingly popular research subject. The 
nanoscale structure of pores and liga-
ments offers a high surface-to-volume 
ratio and, combined with the chemi-
cal properties of Au, suggest attrac-
tive properties for applications such as 
catalysis,1 sensing,2–4 capacitance,5 and 
surface plasmon resonance.6 However, 
producing np-Au that is strong, tough 
and has good mechanical integrity has 
not yet been achieved. Although Au is 
a highly ductile metal, np-Au fails in a 
macroscopically brittle manner,7 which 
makes specimen handling diffi cult and 
poses severe constraints on mechani-
cal testing. Previous reports of failure 
of np-Au investigated with three-point 
bend testing7 determined that samples 
signifi cantly larger than their intrinsic 
pore size are more brittle. Thus, bulk 
samples of np-Au have a strong tenden-
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material ductility, as damage evolution 
can give rise to signatures of apparent 
ductility during compression testing.
 A second challenge associated with 
mechanical testing of bulk np-Au is 
the volume contraction and cracking 
that typically occur during dealloy-
ing. The dealloying process is used to 
leach a sacrifi cial element (in this case 
Ag) from a precursor alloy (Au

30
Ag

70
), 

which is followed by surface diffusion 
of Au and agglomeration of Au adatoms 
into clusters that eventually form the 
interconnected ligaments of the nano-
porous structure.2 The removal of 70% 
of the atoms from the original material 
is usually accompanied by a signifi cant 
volume contraction, up to 30%.8 Often 
this contraction leads to intergranular 
cracking, which is exacerbated by the 
brittle behavior of np-Au. Recently, 
a two-step method for dealloying was 
developed.9 This approach avoids both 
volume contraction and cracking in 
bulk np-Au samples, and facilitates the 
processing of test specimens that can 
withstand tensile loading.
 This paper presents tension and com-
pression test results from microsamples 
of bulk np-Au that were processed to 
mitigate crack formation. These fi nd-
ings are discussed in relation to other 
studies of np-Au mechanical behavior. 
Most of the results in the scientifi c lit-
erature were obtained from nanoin-
dentation of bulk np-Au, which deliv-
ers hardness values of ~150 MPa for 
as-dealloyed material with a ligament 
width of ~10–20 nm.10,11 Given the as-
sumption of a near-zero Poisson’s ratio 
for highly porous materials, the hard-
ness value H measured during inden-
tation is generally taken to be equal 
to the compressive yield strength σ

y
, 

in contrast to the Tabor relation σ
y
 = 

H/3 commonly invoked for solid met-

How would you…
…describe the overall signifi cance 
of this paper?

Nanoporous gold, an open-cell 
material with nanoscale pores and 
ligaments, is a promising material 
for sensing or catalysis. However, 
it is extremely fragile, exhibiting 
macroscopic brittleness. For the 
fi rst time, nanoporous gold has 
been tested in tension to determine 
elastic modulus and yield/fracture 
strength. Elastic modulus was less 
than half the value predicted by 
classic scaling equations for porous 
materials, and the measured yield/
fracture strengths in tension and 
compression were signifi cantly lower 
than values reported in the literature 
and obtained from indentation tests. 

…describe this work to a 
materials science and engineering 
professional with no experience in 
your technical specialty?

In this study, millimeter-scale 
specimens of nanoporous gold were 
tested in tension and compression, 
resulting in consistent strength and 
modulus values much lower than 
expected. Tensile testing showed 
that nanoporous gold has very 
little macroscopic ductility, even 
though individual ligaments undergo 
extensive plastic deformation.

…describe this work to a 
layperson?

Porous materials are typically 
weaker than fully dense materials. 
However, nanoporous gold, which 
has the structure of a kitchen sponge 
but with pores and ligaments only 10 
nm in diameter, has been reported to 
have extremely high strength levels. 
In this study, nanoporous gold 
samples were tested mechanically 
and it was found that the material 
is actually not as stiff or strong as 
reported by other groups. 

cy to crack and undergo catastrophic 
failure when loaded in tension. None-
theless, direct uniaxial tensile testing 
is the preferred method of assessing 
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als. Another study of np-Au mechanical 
behavior utilized micropillars prepared 
with a focused ion beam, which exhib-
ited a compressive yield strength of 
100 MPa.12 More recently, compression 
testing of millimeter-scale specimens 
revealed relatively low strength values 
(<30 MPa) in np-Au that exhibited large 
plastic strain.13 In the current study, the 
measured compressive and tensile yield 
strengths were both much lower than 
strength values derived from nanoin-
dentation. A signifi cant advantage of 
microspecimen testing is the ability to 
precisely measure elastic modulus in 
sub-millimeter gage sections, and the 
average moduli determined here were 
signifi cantly lower than predicted by 
porous material scaling relations.14

MICROSPECIMENS OF BULK 
NANOPOROUS GOLD

 Pellets (~5 × 5 × 5 mm3) of a pre-
cursor alloy with composition Au

30
Ag

70
 

were purchased from Kurt J. Lesker Co. 
The pellets were cold-rolled with a to-
tal reduction of 80%, corresponding to 
a true strain of 1.6, resulting in a sheet 
thickness of ~1 mm. After this, they 
were annealed at 850C for 100 h in or-
der to relieve stress and achieve a coarse 
grain size, which ranged from 20 to 250 
μm. The sheets were then ground and 
polished to a thickness ranging from 50 
to 500 μm (most samples were 150 to 
450 μm thick).
 Microspecimens for both uniaxial 
tensile and compressive mechani-
cal testing were fabricated by sinking 
electro-discharge machining of the 
bulk Au

30
Ag

70
 slices. This resulted in 

specimens with a gage width of ~430 
μm, as measured by calibrated optical 
microscopy. The microspecimens were 
machined into a dogbone geometry as 
shown in Figure 1, typically used for 
tension testing,15 with large gripping 
sections at both ends and a straight gage 
section. Specimens for both tensile and 
compressive testing were nominally 
identical, although different gripping 
techniques were used (see below).
 Dealloying of microspecimens was 
performed using the multistep method 
described in Reference 9. The extent of 
dealloying (i.e., amount of Ag removed 
in each step) varied for different sam-
ples. Therefore, each sample was deal-
loyed in a series of etchant solutions 

with HNO
3
:H

2
O ratios of 1:4, 1:3, 1:2 

and fi nally concentrated HNO
3
. Some 

samples were dealloyed with fewer 
etchant solutions. Dealloying was per-
formed until the dealloying current was 
negligible and the measured mass loss 
indicated that nearly all Ag had been 
removed. The remnant Ag content was 
typically less than 2 at.%, but did range 
up to 7 at.% for one sample. Figure 1 
presents an optical micrograph of a 
representative microspecimen in the as-
dealloyed state, which was crack-free 
and did not experience volume con-
traction. Average ligament width of the 
np-Au samples ranged from 20 to 35 
nm, as determined by measurement of 
scanning electron microscopy (SEM) 
images such as that shown in Figure 1b. 
Based on the measured ligament width 
and relative density (30%) of the bulk 
np-Au sample, an average pore size of 
17 to 29 nm was calculated. Thus, at 
least 1,000 cells (pore/ligament pairs) 
and 1–10 grains spanned the thickness 
of each microspecimen.

MICROSPECIMEN TEST 
PROCEDURE

 A custom-built mechanical testing 
apparatus16 was employed to assess the 
response of the dealloyed np-Au mi-
crospecimens. The major components 
of this system include a single-axis pi-
ezoelectrically actuated screw-driven 
motor for displacement actuation, a 
fi ve-axis motor for alignment of the mi-
crospecimen, a miniature load cell for 
force measurement, an air bearing for 
minimizing friction during loading, and 
a high-resolution optical microscope 
equipped with a digital camera for 
strain measurement. The gage section 
of each specimen was aligned with the 

loading axis of the test system, using 
the fi ve-axis stage and optical micro-
scope. High-viscosity, ultraviolet-cur-
able glue was used to affi x the speci-
mens to the grips. The high viscosity 
prevented seepage of the glue through 
the porous material. The np-Au micro-
specimen in Figure 1 is shown on the 
test stage. To ensure reliable gripping 
and avoid crushing in the grips, the ten-
sion and compression specimens were 
either glued or clamped to the stage. 
Gage lengths were shorter for com-
pression specimens to avoid buckling 
during testing. All experiments were 
conducted at a nominal strain rate of 
10–5 s–1.
 Digital images were captured with a 
6-megapixel camera during mechani-
cal testing, and strain in the micro-
specimens was calculated from these 
images using digital image correlation 
(DIC). Digital image correlation en-
ables non-contact strain measurement 
by calculating displacement shifts be-
tween reference and deformed images, 
with sub-pixel resolution. This method 
has been utilized by many researchers 
and the theory described in detail else-
where.17–19 Digital image correlation 
has the advantage of full-fi eld capabil-
ity with local fi delity (e.g., ability to 
detect strain heterogeneities near grain 
boundaries and stress concentrations). 
The full-fi eld information computed 
from images obtained during mechani-
cal testing provided information on the 
strain evolution in both in-plane direc-
tions of the images, and allowed for the 
direct quantifi cation of Young’s modu-
lus and Poisson’s ratio. A DIC software 
suite developed by the authors and 
implemented using MATLAB20 was 
utilized in this study. The np-Au mi-

Figure 1. (a) Optical micrograph of a dealloyed np-Au microspecimen, recorded before test-
ing. The gage width for all specimens was ~500 μm. Samples were either glued at the ends 
or clamped mechanically. (b) SEM micrograph of the nanoporous structure, with intercon-
nected Au ligaments and open porosity.
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crospecimens provided suffi cient natu-
ral surface contrast for high-resolution 
DIC, and thus the application of sur-
face markers at the micrometer length 
scale was not necessary. A representa-
tive snapshot of full displacement fi elds 
and calculated strain at various stages 
of an np-Au microspecimen tensile test 
is shown in Figure 2. The gradient of 
the displacement fi eld is related to ax-
ial strain, which is relatively uniform 
throughout the gage section, especially 
at low strain (Figure 2a). The displace-
ment gradient is oriented along the ten-
sile axis of the microspecimen, even at 
higher average strains (Figures 2c–d), 
indicating good sample alignment. The 
full-fi eld characterization of displace-
ment and strain provides access to the 
biaxial strain state, thereby allowing 
calculation of Poisson’s ratio. It should 
be noted that the strain measurement 
employed here does not have the fi del-
ity to resolve local heterogeneities at 
the length scale of individual ligaments. 
Nonetheless, tracking the displacement 
and strain fi elds (as shown in Figure 2) 
facilitates the accurate calculation of 
mechanical properties and also allows 
identifi cation of testing abnormalities 
such as microspecimen buckling or slip 
within the grips. Artifacts due to these 
effects can thus be eliminated, yielding 
higher quality test data.

TENSILE BEHAVIOR

 Microspecimen test techniques were 
employed for both tensile and compres-
sive mechanical tests of bulk np-Au. 
Tensile test specimens exhibited little 
to no plasticity, due to the macroscopi-

cally brittle nature of np-Au deforma-
tion. Nonetheless, elastic properties 
and fracture strength were measured in 
multiple specimens. All tensile micro-
specimens demonstrated a linear elastic 
response, and only one specimen ap-
peared to undergo limited plastic defor-
mation. Figure 3 shows an engineering 
stress-strain curve for np-Au loaded in 
tension. A linear fi t accurately described 
the test data, which for this specimen 
gave a Young’s modulus of 3.2 GPa. 
As described previously, DIC allowed 
the calculation of the biaxial strain 
state during testing, which was utilized 
to compute Poisson’s ratio ν of bulk 
np-Au under tension (ν = 0.15 ± 0.02 for 
this specimen, where the error bounds 
represent the cumulative uncertainties 
associated with strain measurement).
 No appreciable tensile ductility was 
measured in most np-Au specimens, 
as seen for example in the stress-strain 

curve of Figure 3. Tensile specimens 
typically fractured at the transition 
from the straight gage section to the 
gripping ears, which is where stress 
is locally concentrated. Thus, the ten-
sile strengths measured here are prob-
ably a lower limit for the true fracture 
strength. Given the brittle nature of 
np-Au, the effects of subtle testing mis-
alignments are generally exacerbated 
by stress concentrations from specimen 
geometry. Indeed, the tensile specimen 
that generated the data for Figure 3 was 
re-tested upon fracturing at the fi llet 
(at a nominal strength of 11 MPa) by 
gripping the fractured end of the gage 
section with high-viscosity glue. When 
loaded again in tension, the microspeci-
men fractured in the middle of the gage 
section at a stress of 14 MPa, nearly 
30% higher than the fi rst test. During 
this second test, the specimen exhibited 
an apparent yield point (at 12 MPa) and 
a limited amount of plastic deformation 
before it fractured. This behavior may 
be attributed to the population of de-
fects within the np-Au microspecimen 
(i.e., the weakest area failed fi rst) and 
subsequent fracture required increasing 
amounts of stress as the defect popula-
tion shrank. These mechanical test data 
are summarized in Table I, along with 
the data for other microspecimens test-
ed in tension and compression.
 Using three-point bend testing of 
millimeter-scale samples, Li and Si-
eradzki investigated the fracture behav-
ior of bulk np-Au.7 They determined 
a fracture strength of 8.2 MPa for a 
ligament size of 18 nm. For np-Au 
with larger ligaments (60 nm), their 

Figure 3. Engineering 
stress-strain curve calcu-
lated for a microspecimen 
(sample S1, test #1) sub-
jected to tensile loading. 
Elastic deformation is fol-
lowed by brittle fracture, 
with no region of appar-
ent plastic deformation.

20

10

0

μxx
(pixels)

Figure 2. Displacement fi elds calculated using DIC and superimposed on optical micro-
graphs of microspecimen S1 during tension testing. The average strain value is indicated 

WEBWEB
in each image. Displacement gradients, and therefore strain, are quite uniform 
along the gage length. Poisson’s ratio can be calculated from the biaxial strain 
fi elds. Please see on-line content at www.tms.org/pubs/journals/JOM/0912/
balk-0912.html for a color movie that shows the evolving displacement fi eld 
during the tension test.
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measure of fracture strength rose to 12 
MPa. These values are quite close to 
the values of tensile yield and fracture 
strengths measured in the current study 
(see Table I), for which the np-Au liga-
ment size ranged from 20 to 35 nm.
 Figure 4 shows a sequence of ini-
tial crack formation and propagation 
from the specimen fi llet during the 
microspecimen tensile test for Figure 
3. No pre-existing cracks were seen 
before the test (Figure 4a). After elas-
tic deformation had occurred, a small 
crack began to propagate along the 
maximum expected stress gradient at 
the fi llet (Figure 4b), ultimately run-
ning perpendicular to the tensile axis. 
Approximately 10 s elapsed between 
Figures 4b and 4c, corresponding to 
a gage displacement of 0.25 μm. The 
crack advanced only slightly during 
this time. However, subsequent crack 
propagation was rapid, resulting in the 
complete fracture of the gage section as 
seen in Figure 4d. The interval between 
Figures 4c and 4d was ~5 s (0.125 μm 
gage displacement).
 Although the macroscopic behavior 
of tensile microspecimens was brittle, 
the failure of individual ligaments was 
ductile, as would be expected for Au. 
A microspecimen tested to failure in 
tension is shown in Figure 5. The frac-
ture surface in Figure 5a corresponds to 
brittle failure. However, observation of 
the ligament structure at the crack sur-
face reveals that individual ligaments 

Table I. Summary of Tensile and Compressive Microspecimen Test Data*

  Elastic Yield/Fracture Ultimate  
Sample Testing Modulus Strength Strength Poisson’s 
ID Modality (GPa) (MPa) (MPa) Ratio Comments

S1 Tension 3.2 11 — 0.15 ± 0.02 Broke at fi llet between 
      gage and ears.
S1 #2 Tension — 12/14 — — Broke in center of gage. 
      No DIC data.
S2 Compression — — 21 — Grips came into contact.
      Test stopped.
S2 #2 Compression  — — 24 — Specimen cracked and 
      fi nally failed.
S3 Compression 2.7 15 29 0.17 ± 0.02 Specimen buckled.
S4 Tens Tension 3.1 9.1 — — Broke at fi llet between 
      gage and ears.
S4 Comp Compression  — 16 47 — Reached the maximum 
      load on stage.

*Note: Most tensile specimens fractured abruptly, with no apparent plastic deformation. Compression specimens exhibited a yield strength similar to the tensile fracture strength, but were 
able to carry much higher ultimate stresses. Measured elastic modulus was lower than expected. Poisson’s ratio was the same in tension and compression. The error bounds for values of 
Poisson’s ratio represent the cumulative uncertainties associated with strain measurement.

Figure 4. Optical micro-
graphs obtained during 
tension testing and frac-
ture of a microspecimen. 
(a) The specimen was 
initially free of cracks. 
(b) As the tensile load 
was applied, a crack 
eventually formed at a 
specimen edge, near a 
fi llet. (c) The crack prop-
agated a short distance 
as the tensile load was 
increased. (d) The mi-
crospecimen fractured 
abruptly across the 
gage section.

underwent extensive plastic deforma-
tion prior to rupture, as seen in Figure 
5b,c. This is consistent with observa-
tions made by Biener et al.21 Numer-
ous ligaments in Figure 5c have necked 
down to diameters less than 10 nm. It is 
also noteworthy that the plastic defor-
mation of ligaments appears confi ned 
to a region within ~100 nm of the crack 
surfaces (i.e., 1 to 2 ligament/pore 
“cells”). The underlying ligaments, to-
ward the left side of Figure 5c, are not 
visibly deformed. This suggests that 

ligament deformation during cracking 
of np-Au is a highly localized process 
and does not signifi cantly affect the 
neighboring structure as cracks propa-
gate through the material. This localiza-
tion of deformation is likely due to an 
inability of np-Au to store dislocations 
or undergo strain hardening in the liga-
ments. Au ligament surfaces have no 
oxide that can trap dislocations, which 
can therefore glide to the surface and 
escape. Dislocations are able to interact 
with each other in the nodes,22 but these 



JOM • December 200930 www.tms.org/jom.html

are thicker than the ligaments, which 
only enhances the localization of de-
formation within the ligaments, which 
experience higher stresses.

COMPRESSIVE BEHAVIOR

 Brittle porous materials can exhibit 
tension-compression asymmetry in plas-
tic deformation, depending on the mate-
rial system and cell-level architecture 
(e.g., orientation of structural elements 
relative to the applied stress, nodal de-
grees of freedom).14 In the current study, 
microspecimens were also tested in com-
pression to assess the infl uence of testing 

modality on the mechanical response of 
np-Au. In the stress-strain curve of Fig-
ure 6, deviation from linear deformation 
occurred at 16 MPa, which was taken 
to be the compressive yield strength. 
This strength was also measured in an-
other microspecimen, as shown in Table 
I. The maximum compressive stress 
reached in these tests was approximate-
ly 47 MPa, due to system limitations 
(the sample grips came into contact, or 
the maximum stage load was reached) 
or to buckling of the microspecimen. 
Thus, 47 MPa represents a lower bound 
for the ultimate compressive strength of 
bulk np-Au. Although the stress-strain 
behavior during compression becomes 
nonlinear and appears to indicate plastic 
deformation, we do not draw conclu-
sions about intrinsic ductility from these 
tests, as other researchers have done.13 
The closure of micro-cracks and the ef-
fects of misalignment-induced bending 
and buckling could contribute to the be-
havior measured here, and such mecha-
nisms are not related to tensile ductility. 
The maximum strengths measured in 
compression were all higher than the 
tensile fracture strengths, which is not 
surprising given the brittle nature of np-
Au. When loaded in tension, ligaments 
will neck and rupture, whereas they will 
bend and buckle when loaded in com-
pression. The latter case allows for pore/
ligament compaction and distribution of 
the applied load much better than the 
former case (tension), which concen-
trates it. Nonetheless, the compressive 
yield strength (15 MPa on average) is 
close to the tensile fracture strength (11 
MPa on average), suggesting that plastic 
deformation of np-Au begins at much 
lower stresses than previously report-
ed.10–12 These lower strength levels do, 
however, agree with results from three-
point bend tests7 and more traditional 
compression testing.13

 Some literature studies have claimed 
that the hardness of np-Au is equal to 
the (ultimate) compressive strength,10,23 
based on the behavior of cellular mate-
rials with low density and µm to mm-
scale porosity.14 More recently, how-
ever, Jin et al. found a more traditional 
relationship between hardness and 1% 
offset yield strength (H = 3σ

y
) based on 

indentation and compression testing of 
bulk np-Au.13 In the current study, some 
microspecimens were subjected to mi-

croindentation after they were deal-
loyed, prior to performing tension/com-
pression testing, and yielded an average 
Vickers hardness H = 145 MPa. This is 
roughly three times the maximum com-
pressive stress measured here, but that 
value of 47 MPa is a lower limit for the 
ultimate strength in compression. As 
discussed below, the elastic properties 
measured here would suggest a hard-
ness-strength ratio close to the Tabor re-
lation, which would agree with the hard-
ness and maximum compressive stress 
values measured here. Comparison of 
the mechanical test data indicates that 
hardness is approximately one order of 
magnitude higher than the initial yield 
strength (i.e., 145 MPa versus 11 to 15 
MPa for tension and compression, re-
spectively). In light of these results and 
the recent study by Jin et al.,13 indenta-
tion hardness values may correlate with 
the ultimate compressive strength, but 
they do not represent a direct measure 
of np-Au yield strength.

ELASTIC PROPERTIES

 Young’s modulus was measured for 
three np-Au microspecimens, and the 
values were similar in tension and com-
pression. As indicated in Table I, the 
tensile modulus was ~15% higher than 
the compressive modulus, although 
this difference may not be statistically 
signifi cant. Further testing is required. 
However, the elastic modulus of cellular 
materials is generally higher in tension 
than in compression,14 due to beam-col-
umn interactions between ligaments ori-
ented perpendicular and parallel to the 
loading axis. 
 Poisson’s ratio, calculated from di-
rect measures of the biaxial strain state, 
was similar in tension and compres-
sion. However, the average value of ν 
= 0.16 lay between that of fully dense 
Au (ν = 0.44)24 and a low-density cel-
lular solid (ν = 0).14 This value is also 
much higher than that reported by Jin 
et al.,13 whose compression tests indi-
cated a Poisson’s ratio less than 0.08. 
Additionally, a non-zero Poisson’s ratio 
implies that hardness cannot be equal to 
the yield strength, i.e. the plastic zone is 
somewhat constrained by the surround-
ing material into which it moves. In fact, 
as Poisson’s ratio increases from zero, 
the ratio of hardness/strength increases 
rapidly from unity toward the standard 

Figure 5. SEM micrographs of the 
fracture surface of a microspecimen 
subjected to tensile loading. (a) At the 
macroscale, fracture appears to have 
occurred in a brittle manner. At smaller 
length scales (b) and (c), the ductile 
failure of individual ligaments can be 
clearly seen. The high-magnifi cation 
micrograph in (c), which corresponds 
to the dashed box region in image (b), 
shows several ligaments that underwent 
extensive necking prior to rupture.
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resulting in an expected modulus of 7.0 
GPa for np-Au with a relative density of 
30%. The actual measured values of np-
Au modulus are ~3 GPa, implying that 
the standard scaling equation does not 
apply to the np-Au tested here. 
 These results are expected to have 
implications regarding the structural 
modeling of these porous architectures, 
which would affect our ability to esti-
mate stresses at the ligament level. The 
standard Gibson-Ashby scaling equa-
tions were developed for materials 
with µm to mm-scale porosity and low 
relative density (up to 30% density, al-
though most materials taken as support-
ing examples have lower density than 
this).14 Above 30% density, ligaments 
become so short and squat that the struc-
tural models, upon which these scaling 
relations are based, no longer apply. 
Nonetheless, these scaling relations are 
usually invoked for np-Au, although it 
is not yet clear how applicable they are 
to materials with nanoscale ligaments 
that are likely infl uenced by mechani-
cal size effects. One study by Hodge et 
al.23 proposed a modifi ed scaling equa-
tion, by introducing a Hall–Petch term 
to the yield strength. The differences in 
measured and equivalent (scaled) me-
chanical properties reported here and 
in the literature may be due to differ-
ences in nanoscale structure. For future 
work, the impact of ligament morphol-
ogy (short and squat, instead of long 
and slender) as well as size effects on 
plastic deformation mechanisms need 
to be considered. Overall, the discrep-
ancies discussed here reveal a need for 
more detailed studies of the mechanical 
behavior of nanoporous materials, with 
a critical assessment of the applicability 
of porous material scaling equations.
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quoted value of 3. For ν = 0.16, the ra-
tio is ~2.5.14 It should be emphasized, 
however, that the elastic property mea-
surements reported here need to be aug-
mented by additional testing in order to 
obtain statistically reliable values.

SCALING BEHAVIOR

 Based on the experimental results 
presented here, the strength and modu-
lus of bulk np-Au appear to be signifi -
cantly lower than previously reported 
for nanoindentation10,23 and micropillar 
compression tests.12 If Gibson-Ashby 
scaling equations14 were to be applied, 
the equivalent bulk mechanical proper-
ties would be correspondingly lower. 
For materials with macroscale poros-
ity, the yield strength of an open-cell 
foam is given by σ

y
 = C

1
 σ

s
 (ρ

np 
/ρ

s
) n, 

where σ
s
 and ρ

s
 are the yield strength 

and density of solid Au, and ρ
np

 is the 
density of np-Au. C

1
 and n are empiri-

cal constants, with C
1
 = 0.3 and n = 3/2. 

Such scaling relations, developed for 
materials with porosity at larger length 
scales than that of np-Au, are the only 
ones currently available. Thus the yield 
strengths of bulk np-Au measured here 
(σ

y
 = 11 MPa in tension and 15 MPa 

in compression) would correspond to 
equivalent bulk strengths ranging from 
220 MPa (tension) to 300 MPa (com-
pression). These calculated values are 
signifi cantly lower than those reported 
in the literature, which approach12 the 
theoretical strength of Au. 
 Applying the scaling relation for elas-
tic modulus should be straightforward. 
For open-cell materials with macroscale 
porosity, E = E

s
 (ρ

np 
/ρ

s
) m, where E

s
 is 

the modulus of solid Au and m is an 
empirical constant; typically, m = 2. The 
elastic modulus of dense Au is 78 GPa,24 
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Figure 6. Engineering stress-
strain curve from a micro-
specimen compression test 
of bulk np-Au (sample S4). 
Initially elastic deformation is 
followed by a gradual transi-
tion to apparent plastic defor-
mation. A compressive yield 
point can be identifi ed at 16 
MPa. The test continued un-
til the load capacity of the 
test system was reached, at 
which point the compressive 
stress was 47 MPa.


