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a b s t r a c t

The mechanical properties of three-dimensionally ordered macroporous (3DOM) nickel with pore sizes
between 312 and 1200 nm are explored under nanoindentation and microhardness tester. This paper
demonstrates that the hardness and elastic modulus of 3DOM Ni increase as the pore size decreases.
The phenomenon that ‘‘smaller is stronger’’ is mainly due to the combined effects of sharing the load with
more and smaller pore cells, the decrease of the moment upon the small pore wall and larger surface area
to volume ratio. The deformation process of 3DOM Ni is pore wall ‘‘fracture-dominated’’ under nanoin-
dentation while ‘‘bending-dominated’’ under microhardness tester. The results demonstrate how pore
size control at the microstructural scale can tailor hardness and elastic modulus and hold great potential
for the design and application of new 3DOM materials and devices.

� 2012 Elsevier Ltd. All rights reserved.
1. Introduction

Over the past several decades, three-dimensional ordered mac-
roporous (3-DOM) materials have stimulated great interest as their
promising applications in separation science, solar energy conver-
sion, catalysis, nanoelectronics, magnetic storage devices, chemical
sensors, and particularly photonic crystals [1–3]. To operate de-
vices from 3DOM, mechanical properties of 3DOM are important
for the functionality and reliability of 3DOM device. According to
current theory models, the mechanical properties of porous mate-
rials can be demonstrated by scaling equations with the porosity or
relative density of the porous materials as the dominating param-
eter, implying that the strength of 3DOM materials decreases with
increasing porosity, and the mechanical properties such as the
yield strength and hardness are assumed to be pore size-indepen-
dent [4,5]. However, recent nanomechanical measurements have
revealed that microstructures such as the ligament-size and the
morphology of the pore walls have affected their mechanical prop-
erties. The yield strength of nanoporous gold increases as the liga-
ment diameter decreases [6]. The strength of anodic aluminum
oxide structures increases significantly with the regularity of their
pore-channel arrangement, and wall thickness can govern the
compressive strength of the micropillars [7,8]. Previous experi-
mental studies on mechanical behavior of 3DOM have focused on
indentation deformation behavior and mechanically responsive
ll rights reserved.

7.
in filling mesopores with different secondary phase using depth-
sensing indentation, through optimization of the synthesis of
3DOM C, the mechanical stability could be improved further
[9,10]. However, the correlation between the pore cell geometry
and mechanical properties has been much less studied and poorly
understood.

The 3DOM Ni to be studied in this paper possess large-area
structures and well-defined pore size, holding promising potential
as battery electrodes, thermal emitters and photovoltaic devices
[11,12]. Recently we reported the mechanical properties of
3DOM Ni using nanoindentation and found 3DOM nickel possessed
excellent mechanical properties [13]. 3DOM Ni thus provides a
model for studying the effects of pore size on the mechanical prop-
erties of 3DOM materials. This paper presents a study on the
mechanical properties of 3DOM Ni with varying pore sizes using
nanoindentation and microhardness tester. 3DOM Ni show muta-
ble mechanical properties by manipulating the pore size. The phe-
nomenon that ‘‘smaller is stronger’’ and the deformation process
under indentation were investigated.
2. Experimental details

3DOM Ni samples, all with a theoretical porosities of 0.74, but
with different pore sizes (312,375,572,900 and 1200 nm), were
fabricated by colloidal crystal template-assisted electrodeposition
method as described in detail in our previous papers [13,14].
Briefly, polystyrene opal templates with different diameters
(312,375,620,900 and 1200 nm) were formed on nickel alloy
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substrates. Then, Ni was infiltrated into templates by electrodepos-
ition and 3DOM Ni was obtained by removing of polystyrene opal
templates. The thickness of 3DOM was about 20 lm controlled by
the electrodeposition time. The samples were tested using nanoin-
dentation with a Berkovich diamond indenter (Hysitron Inc., Tribo-
Indenter) and five experiments were conducted for each sample to
determine average value of the mechanical parameters. The
mechanical properties such as hardness and elastic modulus were
calculated using the Oliver–Pharr method [15]:

H ¼ Pmax

A
ð1Þ

A ¼ 24:5h2
c ð2Þ
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where Pmax is the peak load, A is the contact area, hc is the contact
depth, E and t are the elastic modulus and poisson’s ratio of the
samples, and Ei and ti are the elastic modulus and poisson’s ratio
of the indenter, respectively. According to the standard of ISO
6507-1:2005 [16], the microhardness of 3DOM Ni was determined
as the average of 10 measurements per-sample using a HVS-1000
type microhardness tester with a load of 50 g. The morphology
and the residual indentation were characterized by scanning elec-
tron microscopy (SEM).
3. Results and discussion

The maximum loads (5 and 9 mN) are applied using nanoinden-
tation. Fig. 1a shows the representative nanoindentation load–dis-
placement (P–h) curves obtained from different 3DOM Ni samples,
with pore size (312,375,620,900 and 1200 nm). In general, with
pore sizes decreasing, the shift of the P–h curves toward lower dis-
placement values indicates that the strength of 3DOM Ni increases
Fig. 1. (a) The representative load–displacement curves as a function of pore size with m
Ni with different pore sizes under the two loads.
under the same loads (5 or 9 mN). 3DOM with smaller pore size
can sustain relatively high loads at the same corresponding inden-
tation depths and undergo more elastic recovery. Based on the
load–displacement curve, the paper calculated the effective inden-
tation hardness and elastic modulus of different 3DOM structures
by the Oliver–Pharr method as a function of pore size, as shown
in Fig. 1b and c, respective [15]. Errors of the mechanical properties
measurement can come from the indentation position on pore or
cell wall as well as the load and displacement measurements
(see error bars in Fig. 1). The calculated results prove unambigu-
ously that the hardness of 3DOM Ni is strongly size dependent,
increasing from 85.54 to 717.75 MPa as the diameter decreased
from 1200 down to 312 nm under 9 mN load, while from 88.11
to 797.42 MPa under 5 mN load. The highest hardness of 3DOM
Ni is about nine times higher than its counterparts. Likewise, sim-
ilar trends are observed in the elastic modulus, increasing from
1.55 to 8.13 GPa as the pore size decreases under 9 mN load, while
from 1.75 to 9.57 GPa under 5 mN load. As aforementioned, the
synthesis of these 3DOM Ni are not different from the porosities in-
tended to be kept as constant (0.74) in this study, which indicates
that the mechanical properties are affected by the pore size varia-
tions in the 3DOM. The results demonstrate the trend that ‘‘smaller
is stronger’’ in 3DOM.

To further probe the mechanism for the pore size dependence in
the mechanical properties, the dependence of the maximum dis-
placement and the residual displacement as a function of pore size
have been examined. Fig. 2a displays the maximum displacement
increases with increasing pore size, and the maximum displace-
ment of 3DOM Ni with the biggest pore size is approximately 2.5
times bigger than the smallest one. Fig. 2b reveals that the residual
displacement increases as the pore size decreasing under the same
load. For a 3DOM Ni with small pore size, enhancing the number of
pore cells under the indenter that can activate band formation and
increasing the elastic constraint. The load can be distributed over
more pore cells and causes more resistance toward cell deforma-
tion during indentation. The load on the single pore decreases as
aximum loads of 5 and 9 mN. (b) The hardness and (c) the elastic modulus of 3DOM



Fig. 2. (a) The maximum displacement and (b) the residual displacement at the load 5 mN and 9 mN; (c) and (d) SEM of the residual nanoindentation impression of 3DOM Ni
(with pore size 1200 nm) under 5 mN load.
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well due to more pore share the load. This causes an increase in the
indentation strength with decreasing pore size. Additional, the
pore size-dependent mechanical properties can also result from
the decrease of the moment upon the small pore wall. Xu has
reported that the moment upon the cell wall decreases as the
decrease of the average cell size of Mg alloy foams [17]. The results
indicate that the greater aspect ratio of the pore walls in the smal-
ler pore size 3DOM Ni can suffer larger load. Finally, all these dem-
onstrate that controlling the pore size can improve the strength of
the 3DOM by sharing the load with more and smaller pore cells.

As can be seen from Fig. 2c and d, the residual indentation re-
veals that the deformation is predominately confined to the area
under the indenter and the deformation under the nanoindenta-
tion in 3DOM Ni is fracture-dominated. As the load rises up, the
first layer pores wall will bend and fracture. Then the load in-
creases and the indenter reach the next pore layer and the process
is repeated again.

To extend our study on the phenomenon ‘‘smaller is stronger’’
in 3DOM, the microhardness has been tested. The variation of
microhardness as a function of pore size is plotted in Fig. 3a. The
Fig. 3. (a) The microhardness of the 3DOM Ni with different pore sizes and (b) SEM of res
size dependence following the same trend as the nanoindentation
experimentally is found. The microhardness increases from
230.67 HV to 358.03 HV as the pore sizes decrease from 1200 to
312 nm, and the microhardness then varies sharply at the small
size. The microhardness of the smallest pore size sample is
358.03 HV, close to the microhardness of the macrograin-Ni fabri-
cated by the same methods [18]. Fig. 3b shows the details of the
deformation. Fig. 3b indicates that the deformation mechanism
of indentation are more ‘‘bending-dominated’’, including the elas-
tic deformation of cell-wall bending, pore collapse, localized densi-
fication and compaction. The deformation closer to the indentation
center corresponds to severe densification and compaction of the
3DOM Ni structure, whereas that further away from the center
corresponds to bending and tilting of the pore walls instead of full
collapse of the 3DOM structure.

The observed pore size effect on mechanical properties of
3DOM may also be related to the enhancement in their large sur-
face area to volume ratio, Lu have reported the theoretical results
show that the Young’s modulus of the nanoporous materials
increases as the strut size decreases due to surface effects [19].
idual indentation impression of 3DOM Ni with pore size 1200 nm under 0.49 N load.
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Ni and Ag nanowires, which closely resemble the pore ligaments
(or struts) in 3DOM materials, have shown a similar phenomenon
that ‘‘smaller is stronger’’ under tension or compression as a result
of their large surface area to volume ratio, mainly surface elasticity
[20,21]. Wang has found that yield strength and tensile strength
increased as the NW diameter decreased due to the stiffening size
effect in Young’s modulus and the surface effect [21]. The present
results illustrate that the pore size of the 3DOM is an important
factor governing the mechanical strength of 3DOM. Unlike tradi-
tional porous materials, the pore geometry of the 3DOM can be
rationally designed. With the present technique to control the pore
size by colloidal crystal template-assisted method, other properties
of 3DOM structures can be investigated systematically as a func-
tion of their pore size.
4. Conclusions

In summary, this paper has investigated how the mechanical
properties of three-dimensionally ordered macroporous Ni depend
on pore size using nanoindentation and microhardness tester. The
deformation mechanism of 3DOM Ni using nanoindentation is
close to pore wall ‘‘fracture-dominated’’ while microhardness tests
are more ‘‘bending-dominated’’. The study has shown that 3DOM
Ni with small pore size can have enhanced hardness and modulus.
This enhancement may result from sharing the load with more and
smaller pores, the decrease of the moment upon the pore wall and
large surface area to volume ratio. These results demonstrate that
the mechanical properties of 3DOM Ni can be uniquely tailored by
manipulating the pore size. The phenomenon ‘‘smaller is stronger’’
in 3DOM indicate that the future 3DOM materials may be further
optimized to design more robust 3DOM devices for engineering
applications.
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