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ABSTRACT

We report that hardness-to-strength ratio is not correlated with plastic Poisson’s ratio in nanoporous
gold, arguing against the Shaw-Sata relation. Instead, the hardness-to-strength ratio of nanoporous
gold increases consistently with increasing rate of strain hardening. Furthermore, in samples with
near-zero hardening in compression, the hardness-to-strength ratio does not deviate much from 1.0
when the plastic Poisson’s ratio increases up to 0.27, echoing Miller’s simulation. Current study sug-
gests that the hardness-to-strength ratio is not a restraint factor, but an indicator of the strain hard-
ening rate for nanoporous gold, which might apply to other porous materials with low-to-medium

relative densities.
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A widely used correlation between the hardness-to-strength ratio and the plastic Poisson’s ratio is
invalid in nanoporous gold; instead, its hardness is sensitive to the strain hardening in compression.

1. Introduction

Indentation hardness (H) of a low-density foam or
porous material is about equal to its yield strength (oy)
in compression, i.e. H ~ o0, [1-5], unlike fully dense
solids which usually show H ~ 30, [6-8]. The distinct
difference between two materials lies in their compress-
ibility, which is quantified by the plastic Poisson’s ratios
(vp), i.e. the negative ratio of transverse to longitudinal
strain. Fully dense solids are incompressible (v, = 0.5)
and show lateral expansion while plastically deformed
under compression. Thus plastic deformation under-
neath indenter of a fully dense solid is constrained by
its surroundings, leading to the lateral spread of plastic
zone and thus H ~ 30y [7]. On the contrary, low-density
porous materials with vanishing v, do not expand later-
ally when plastically deformed in compression [1-4,9].
In consequence, the plastic zone underneath indenter is
not constrained by its surroundings, making the hard-
ness test like a uniaxial compression test, and giving rise
to H ~ oy. Thus H/oy is often considered as a restraint
factor, which varies between 1 and 3 as v, increases from
0 to 0.5 [1]. By plotting the data of foamed polystyrene,
porous Al (with or without paraffin-filling) and mild
steel, Shaw and Sata [1] proposed that H/o) increases

rapidly and then levels off with increasing vp, as dis-
played in Figure 1. It suggests a strong v,-dependence of
H/oyin the samples with low-to-medium v, which often
correspond to porous materials with low-to-medium rel-
ative densities. This empirical relation has been widely
accepted and used in the community of porous [1,3] and
nanoporous [10-13] materials.

It should be noted that Shaw-Sata relation was devel-
oped without considering rate of strain hardening ()
under compression. This issue may be irrelevant for low-
density porous materials (¢ < 0.1), whose v}, is vanish-
ingly small and 6 is nearly zero. But for porous materials
with a medium-to-high relative density and a non-zero 6,
the flow stress may increase with increasing strain under
compression. Under this circumstance, the indentation
pressure or hardness, which reflects flow stress within the
plastic zone underneath indenter, could be way in excess
of its yield strength even if a constraint effect is absent. In
other words, H/oy may also increase with increasing 6.
From this point of view, the H/oy ~ v}, correlation pro-
posed by Shaw and Sata [1] needs to be revisited by ruling
out the 0 contributions.

Using finite element (FE) simulation, Miller [14] mod-
eledan indentation of porous materials with zero-9 and
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Figure 1. Correlations between a hardness-to-strength ratio and
a plastic Poisson’s ratio, showing the Shaw-Sata relation [1] and
the Miller's curve [14].

found that the H /oy remains nearly constant at 1.0 when
vp varies between 0 and 0.25, and then increases rapidly
towards 3 as the v, increases further and approaches
0.50, as also shown in Figure 1. In contrast to the widely
accepted Shaw-Sata relation [1], Miller’s simulation sug-
gests that indentation hardness is insensitive to v}, in
porous materials with low-to-medium vy, and the devia-
tion of H/oy from 1.0 in these materials may result from
the factors such as strain hardening (nonzero-6), but not
necessarily the lateral restraint arising from a nonzero-vy,.
However, vp and 6 usually increase simultaneously with
increasing relative density in conventional porous mate-
rials [15-18], making it challenging to experimentally
verify or test the validity of above-mentioned H/ay ~ vy
correlations.

In this paper, we report that the 6- and v, effects
on H/oy can be decoupled by testing coarse-grained
nanoporous gold, whose 6 (but not v,) decreases even
vanishes with increasing relative density according to a
recent study [19]. Our results argue against Shaw-Sata
relation [1], but support Miller’s simulation [14], and
suggest that hardness is controlled by strain harden-
ing and insensitive to the plastic Poisson’s ratio for
nanoporous gold (and probably other porous materials
as well) with low-to-medium relative densities.

2. Experimental methods

Precursor alloys with nominal compositions of Au,Agioo—x
(x =25,30,33,35,37 at.%) and AuAl, were prepared
by arc-melting (MAM-1, Edmund Biihler) of high-
purity Au, Ag and Al (>99.99 wt.%, China National
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Gold Group Co., Ltd.) in the Ar atmosphere. Coarse-
grained nanoporous gold (CG-NPG-x) was fabricated
by dealloying [20,21] or selective dissolution of Ag
from Au,Agioo—x while nanocrystalline nanoporous
gold (NC-NPG) was dealloyed from Al,Au [22]. Some
NPGs were annealed for coarsening. More details of
sample synthesis can be found in the supplementary
materials.

Scanning electron microscope (SEM) imaging was
performed on an FEI Verios 460 under an operating volt-
age of 5kV, which is equipped with an energy-dispersive
X-ray spectroscopy (EDS, Oxford Instruments X-max
150). Electron backscatter diffraction (EBSD) was con-
ducted on FEI Nano SEM Nova 430 using an HKL tech-
nology channel 5 EBSD system, under an operating volt-
age of 20kV, a working distance of 9.8 mm, and with
a step size of 50 nm. Transmission electron microscopy
(TEM) was performed on FEI Talos F200X TEM at
an accelerating voltage of 200kV. Procession electron
diffraction (PED) was performed on Tecnai G2 F20 TEM
with a NanoMEGAS ASTAR system, operating at 200 kV.

Uniaxial mini-compression tests were performed on
Shimadzu AG-X 10kN, with force accuracy of +0.3%
and cross-head displacement accuracy of 0.01 mm, at
10~* s~ 1. Microcolumns with diameter of ~ 15 um and
a height-to-diameter of ~ 2 were machined (from CG-
NPG-37) by focus ion beam (FEI Helios Nanolab 650),
and compressed using a flat diamond punch tip in SEM
(SUPRA 55 SAPPHIRE) at 2 x 10~4s~!. Vickers micro-
hardness was measured using Qness Q10A+ under loads
of 0.002kgf for CG-NPG-25 and 0.005kgf for other
NPGs, with a dwell time of 10 s. Under this circumstance,
the indent size (20-50 um diagonally) is several orders
of magnitude larger than porous structure size of NPGs
in this study, so that the indentation size effect, i.e. the
increase of hardness below a critical indentation depth
(or size) as observed in nanoindentation of NPG [23], can
be ruled out here [5]. For most materials, Vickers hard-
ness is comparable to Brinell hardness [24]—the latter
was used in analysis of Shaw-Sata relation and Miller’s
simulations.

3. Results and discussion
The microstructure of CG- and NC-NPGs

CG-NPG-x dealloyed from Auy,Agjoo—x precursors show
an open uniform nanoporous structure, with small
ligament sizes (L: 30-60nm) as shown in an SEM
image in Figure 2(a), and concurrently large grain
sizes (10-100 um) as revealed by an EBSD image in
Figure 2(b). The relative density ¢ of as-dealloyed CG-
NPGs varies between 0.27 and 0.44, depending on x.
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Figure 2. (a) A typical SEM image and (b) an EBSD map (inverse pole figure) of CG-NPG-35. (c) A TEM image and (d) a PED orientation

map of the same region of NC-NPG.

Annealing of CG-NPG-35 at 600°C for 0.5 h can enhance
L up to 700 nm, while its relative density (¢ ~0.36) and
grain size remain almost unchanged.

NC-NPG dealloyed from AuAl, also shows an open
nanoporous structure, as revealed by a TEM image in
Figure 2(c), with L &~ 45nm and ¢ =0.32. Figure 2(d)
shows that its grain size is equivalent to the ligament
size—this relation is maintained in annealed samples
because the ligament and grain sizes increase simultane-
ously in the annealing. Unlike CG-NPGs, the NC-NPG
shows slow coarsening but severe sintering (driven by
grain boundary diffusion) in annealing. The annealing of
NC-NPG at 600°C for 0.5 h increases L from 45 to 99 nm
and ¢ from 0.32 to 0.45.

The compression behaviors of CG- and NC-NPGs

Compression of as-dealloyed CG-NPG-x (see
Figure 3a) reveals that the yield strength increases with
increasing ¢, which is consistent with previous obser-
vations in other porous materials. However, in the

compression curves of CG-NPGs, a stress plateau is
absent at low ¢ and starts to emerge at higher ¢, leading
to a decrease of 6 with increasing ¢, which is opposite to
that of conventional porous materials [3,4]. This anoma-
lous behavior, which is associated with a transition from
homogeneous to localized deformation with increasing ¢
in CG-NPG as explained in more details in Ref. [19], pro-
vides an opportunity to decouple v,-effect from 6-effect
on indentation hardness.

Annealing of CG-NPG with a stress plateau in com-
pression (such as CG-NPG-35 in Figure 3b) leads to
coarse structure size and in consequence the lowered
yield strength; however, its compression behavior with
a stress plateau is essentially maintained when L is
enhanced to submicron scale. CG-NPGs might regain
strain hardening behavior in compression if their ¢
and/or L are sufficiently large [19].

Figure 3(c) shows that as-dealloyed NC-NPG with
¢ = 0.32 exhibits an evident strain hardening in com-
pression. Annealing of this sample leads to concurrent
coarsening and enhanced strength—the latter is induced
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Figure 3. Engineering stress—strain (o — ¢) curves of (a) the as-dealloyed CG-NPG, (b) the annealed CG-NPG-35 and (c) the NC-NPGs

under compression. L: ligament size. ¢: relative density.
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Figure 4. Plots of (a) normalized strain hardening rates (6 /oy), (b) hardness-to-strength ratios (H/o") and (c) plastic Poisson’s ratios (vp)
against relative densities (¢) of NPGs. (d) The variation of H/o with v, for NPG. The numbers refer to the ligament size of each sample
(unit: nm). The vy, data of annealed NC-NPGs are missing because these samples shrank significantly in annealing, making it difficult to
measure vy, accurately. The literature data [12,25-30] are included for comparison. Note that some previous studies may underestimate

¢ and define oy differently compared with this work.

by densification, i.e. an increase of ¢ in annealing. The
annealed NC-NPGs also show evident strain hardening
in compression. Generally, despite a high strength aris-
ing from nano-size effect, the compression behavior of
NC-NPGs is analogous to that of conventional foams of
a similar relative density.

The rates of strain hardening in compression

Normalized strain hardening rates, /0y, are summa-
rized in Figure 4(a) for each group of NPGs. Strain hard-
ening rate is defined as & = do/de, where o and € are
flow stress and engineering strain, respectively. Here, the
0 is derived from compression curves with € in a range

of 0.05-0.20. The yield strength (oy) is defined by the
stress at intersection of an extended line of elastic region
and an extrapolated linear portion of plastic flow (e:
0.05-0.20) region inthe compression curves. Using this
method, the yield strength determined from compression
curves of conventional low-density foams is equivalent to
their plateau stress.

Figure 4(a) shows that the 6 /oy of the as-dealloyed
CG-NPGs drops rapidly with increasing ¢, becomes van-
ishingly small at ¢ = 0.36 and then slightly increases at
¢ = 0.44. The annealed CG-NPG-35 samples gain near-
zero 6 /oy, except for the one with L = 706 nm. All NC-
NPGs show rather large 6/0y, which decreases slightly
with increasing ¢.
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Correlation between the hardness-to-strength ratios
and relative density

Hardness-to-strength ratio, i.e. H/oy, is summarized as a
function of ¢ in Figure 4(b) for all CG- and NC-NPGs.
It shows that as-dealloyed CG-NPG-25 obtains H/oy
A 2.6, which is consistent with previous reports [27].
Interestingly, H/oy decreases with increasing ¢ and
reaches the minimum value of ~1.0 in CG-NPG-35
with ¢ = 0.36, then increases slightly to ~1.5 as ¢
rises to 0.44 in CG-NPG-37. The H/oy of annealed
CG-NPG-35 remains almost constant at around 1.0
when L increases up to 275nm, and then goes up to
~ 1.7 as L increases to 706 nm. Unlike the CG-NPGs,
all NC-NPGs show rather high H /oy at around 2.5,
which appears to be ¢-insensitive within the range of
testing.

Mean H/oy of all NPGs in Figure 4(b) is approx-
imately 1.8, which turns out to be within the range
(1.5-1.9) predicted from an empirical relation of high-
density conventional foams, i.e. H /oy = 1+ 2¢, pro-
posed by Ashby et al. [4]. However, the large scatter of
H/oy (between 1 and 3) in a narrow range of ¢ does not
arise from the uncertainty of measurements, but differ-
ent behaviors of different types of NPGs. From this point
of view, the hardness and the relative density are poorly
correlated in this case.

Correlation between hardness-to-strength ratio and
plastic Poisson’s ratio

Plastic Poisson’s ratio (vp) is determined by the negative
of the ratio of transverse strain to axial strain in NPGs,
when compressed to 0.20-0.25 . At this strain, progres-
sive densification has been extended to the entire sample
for those with a stress plateau in compression, so that
the measurement of v, is not affected by the localized
deformation at early stage of compression. The data of
all CG- and NC-NPGs are summarized in Figure 4(c). It
shows a general trend of increasing v}, with increasing ¢.
Moreover, compared with 6 /oy and H /oy, vy, appears to
be less sensitive to material type and structure of NPGs
investigated in this study. Generally, our v, data are con-
sistent with some previous reports [26-28], in view of
the fact that v, may also be influenced by other factors
such as ligament size [26,31] and network connectivity,
and ¢ may be underestimated in some previous stud-
ies which ignored residual Ag and dealloying-induced
volume contractions.

Now we are able to plot H/oy against v, for all types
of NPGs, as shown in Figure 4(d). We found that H/oy
scatters in a large range between 1.0 and 3.0, when v,
varies in a narrow range between 0.07 and 0.14. It shows
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Figure 5. The correlation between H/oy and 6/oy for NPGs.
Comp.: pre-compressed samples.

a poor correlation, if there is any, between H/oy and v,
which argues against the widely accepted Shaw-Sata rela-
tion [1]. This observation strongly suggests that H/oy is
not solely, or even not, controlled by v, in NPGs.

It is noted that the NPGs whose H/oy ~ 1 locates
at the bottom of H/oy — vp plot and in the vicinity of
Miller’s line in Figure 4(d), are those showing a stress
plateau in compression stress—strain curves, despite their
large v, values, as summarized in Table 1. This find-
ing is in favor of the Miller’s simulation, which uncov-
ers that H/oy does not deviate much from 1.0 when v,
is increased up to 0.25, as long as compression strain
hardening is absent in porous materials.

Roles of plastic Poisson’s ratio and strain hardening
rate played in indentation

The variation of 6 /oy with ¢ in Figure 4(a) and the vari-
ation of H/oy, with ¢ in Figure 4(b) show a similar, if not
exactly the same trend for each type of NPGs. This points
to a correlation between indentation hardness and strain
hardening rate of these materials under compression.
This notion is confirmed by a general trend that H/oy
increases with increasing 6 /oy, as plotted in Figure 5
where the data from all types of NPGs are included.
Again, all NPGs with a stress plateau in the compres-
sion curve are located at the bottom left corner of this
plot, regardless of their ¢ and v, suggesting that the
indentation hardness is sensitive to 6 but not ¢ and v,
in NPGs.

For a material with mean strain hardening rate 6,
the flow stress og at a compression strain € can be
approximated as o = oy + 6 - &. Similarly, the indenta-
tion hardness can be expressed as

H=C1'UY+C2‘9-8H (1)
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Table 1. Relative densities (¢), ligament sizes (L), normalized strain hardening rates (9 /ay), plastic Poisson’s ratios (v,) and hardness-to-

strength ratios (H/oy) of NPGs and conventional porous materials with H/oy ~ 1.

Samples 7] L 0/oy Vp H/oy References

CG-NPG-35 036 46 nm 0.60 0.14+0.03 1.14£0.02 This work

CG-NPG-35 036 157 nm 0.36 0.10+0.03 1214003 This work

CG-NPG-35 0.36 275nm 0.51 0.1240.03 1.26 £0.07 This work

CG-NPG-37 0.44 58 nm 0.99 0.2840.01 1.59 £ 0.06 This work

Unidirectional NPG 043 10nm 0.38 - 1.01£0.17 132]

Al foam (Alporas) 0.08 mm-scale ~0 0.006 [15] 1.53 [5] [5,15]

Polyurethane foam ~0.15 mm-scale ~0 0.1 1.27 [2]

or an experimental observation that the plastic zone under
H P indenter extended deeper (if scaled with respect to the
o =C+Cy-¢en- o (2) indentation size) into NPG samples [38] than in conven-

y y

since the indentation hardness is more relevant to the
flow stress at ey than the yield strength. Here, ey refers
to the mean strain in plastic zone underneath indenter,
and C; and C; are the restraint factors for yield strength
and (non-zero) strain hardening rate, respectively. A lin-
ear fitting of our data in Figure 5 using Equation (2)
gives C; = 1.33£0.07 and C; - eg = 0.11 = 0.02. The
obtained C; is close to 1.0, confirming a weak restraint
effect on the yield strength of NPGs, agreeing well with
Miller’s simulation [14]. We note that a recent study [33]
also shows a linear relation between H/oy and 0 /oy
of FE-simulated NPGs, which is consistent with this
study, except that the simulated H/oy drops to below 1.0
(around 0.41) at 6 /oy = 0.

The slope of the fitted line in Figure 5 then roughly
measures the mean plastic strain involved in indenta-
tion, i.e. &y, which turns out to be ~ 0.11, if C, also
does not deviate much from 1.0. The relatively large scat-
ter of H/oy in Figure 5 may arise from difference in ey
of different NPGs [30] and other factors such as elastic-
ity [34]. Most data in Figure 5 are located in the region
between two fitted lines with slopes of 0.05 and 0.29 and
C; = 1.33, suggesting that the ey of NPGs in this study
varies between 0.05 and 0.29. These values, which could
be even smaller if C; > 1.0 [4,15], are much lower than
the initial porosity (1-¢) of NPGs prior to indentation.
This suggests that NPGs have undergone a partial densi-
fication in the plastic zone under indenter, unlike a near-
complete collapsing or crushing of indented low-density
foams [2,35-37].

Above analysis is supported by a previous study on
a cross-sectional imaging of indented CG-NPG-35 by
Briot and Balk [38]. They revealed the partial densi-
fication of NP structure beneath indenter, with plastic
strain in the range of 0.18-0.34. These values are qual-
itatively consistent with the current study in view of
the fact that the plastic strains were derived indirectly
with a large margin of error in both studies. The partial
densification during indentation is also consistent with

tional low-density foams. A larger plastic zone is required
to accommodate the overall volume change induced by
indentation if a smaller strain is involved in the deformed
region.

Briot and Balk [38] also found that the plastic zone
of NPG with relative density up to 0.35 was confined in
the region beneath indenter similar to that of low-density
foams [1,2] and did not extend laterally as in fully-dense
materials [7]. This also supports the scenario proposed
in this study, i.e. a weak restraint of surrounding material
on the plastic deformation of NPG under indenter.

It should be noted that the strain hardening mentioned
in this study is a macroscopic behavior derived from their
compression curves. The presence of a stress plateau does
not necessarily mean the material deforms uniformly
without hardening in compression. Instead, it is mostly
induced by progressive deformation (densification) of
NP structure [19] as well as in low-density foams [17,18].
A recent study [32] reveals that unidirectional NPGs
deform by progressive kinking and also show a stress
plateau in compression, and in consequence, H/oy ~ 1
(see Table 1), agreeing with the scenario proposed in this
study.

It should also be noted that Miller’s simulation merely
predicts H/oy of porous and nanoporous materials with
zero strain hardening rate, which is seemingly the lower-
bound value of H/ oy of porous materials. However, using
Miller’s curve to predict yield strength from hardness
data could be problematic in most cases, if the rate of
strain hardening is not taken into account.

We emphasize that this study does not defy the critical
roles of compressibility played in indentation, but raise
a concern over how H/oy varies with vp. The low sen-
sitivity of hardness or H/oy to v, has been confirmed
in the dealloyed NPGs, which might also apply to other
low-to-medium density porous materials as well, with
vp below ~0.25. But for high-density porous materi-
als with v, well exceeding 0.25, the restraint factor C;
may increase rapidly with increasing v, as described
by Miller’s simulation [14], and the v,-effect may then
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contribute to H/oy on top of 6-effect, leading to H/oy
even larger than 3 as observed in a high-¢ nanoporous Al
(¢ ~ 0.65) [39]. This hints that the Shaw—Sata relation is
even not the upper bound of H/oy for porous materials.
For high relative density porous materials, the contri-
bution of lateral restraint to hardness, and the validity
of Miller’s curve as well, need to be tested in the future
where the strain hardening contributions should also be
quantified and considered similar to this study.

4, Conclusion

We studied the compression behavior and the indenta-
tion hardness of two type of NPGs, i.e. CG- and NC-
NPGs. We found that the hardness-to-strength ratio
H /oy and the plastic Poisson’s ratio vy are not correlated
in these NPGs. This observation argues against an empir-
ical relation proposed by Shaw and Sata [1], i.e. H/oy
increases rapidly with increasing vp, which has been
widely used in the community of porous and nanoporous
materials. We found that H/oy remains nearly constant
at around 1.0 in the NPGs showing a stress plateau in
compression curves, regardless of ¢ and vy, which is con-
sistent with Miller’s simulation [14] under similar condi-
tions. The finding suggests that H/oy is insensitive to v},
and not the restraint factor for the deformation of NPGs.
The deviation of H/oy from 1.0 can be interpreted by the
contribution of strain hardening, or more precisely, the
deviation of flow stress (at the strain of indentation) from
yield strength. In other words, the H/oy of NPGs reflects
the rate of strain hardening under compression, but not a
restraint factor as previously thought. This notion might
apply to other porous materials with low-to-medium rel-
ative densities as well. It raises a concern on numerous
previous studies which used the Shaw-Sata relation to
derive yield strength from the hardness of porous or
nanoporous materials.
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