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Abstract. Young's modulus, hardness and fracture toughness of highly ordered nanoporous
alumina (PAA) were measured by nanoindentation and Vickers microindentation. A finite element
model that accounts for the anisotropy and the pores was developed to extract the Young's
modulus and hardness values from the experiments. The measured Young's modulus of 140
GPa was not affected by a heat treatment at 650 °C. However, the same heat treatment causes
the hardness to increase from 5.2 to 6.3 GPa, while the fracture toughness sharply decreases
from 3.4 to 0.4 MPa-m1/2. When the indentation is made on the top surface of the membrane,
nanopore collapse in shear bands rather than crack formation was observed around the indent.
This suggests that the pores greatly improve the toughness of the porous alumina in the transverse
direction. X-ray diffraction shows no sign of crystallization of the amorphous alumina after annealing
at 650 °C. However, FTIR spectra show that the heat treatment significantly reduces the OH
content of the amorphous structure. Thus it appears that the sharp reduction in the fracture
toughness after annealing can be attributed to changes in the amorphous structure due to the
loss of water.

1. INTRODUCTION

The formation of nanopores during the anodic oxi-
dation of ultra-pure aluminium has been studied for
more than 40 years [1]. Since Masuda [2] first re-
ported the occurrence of a periodic pore arrange-
ment in porous anodic alumina (PAA) in 1995, these
materials have attracted considerable interest. Be-
cause of their unique pore structures, PAA has been
widely used as a template for preparing
nanostructures with a wide range of materials [3].
For example, porous alumina membranes have
been used to fabricate highly ordered nanopore ar-
rays as two-dimensional photonic crystals [4] or
micropolarizers [5]. Moreover, PAA has been used
as a template for the fabrication of polymeric
nanostructures [6], nanometals [7-8], polymeric and
carbon nanotubes [9-11]. Recently, we have ob-
served unique deformation and fracture mechanisms

in nanocomposite PAA films reinforced with highly
ordered carbon nanotubes [12].

A detailed understanding of the mechanical prop-
erties of PAA films is an important part of our inves-
tigations of composite materials based on PAA. To
date few studies have been conducted on the me-
chanical properties of PAA films. Alcala et al. [13]
measured Young’s modulus and hardness of bar-
rier-type amorphous anodic oxides by
nanoindentation. In the current paper we report me-
chanical properties including Young’s modulus, hard-
ness and fracture toughness (K

Ic
) of highly ordered

nanoporous alumina that were obtained by micro-
and nano-indentation. The fracture mechanisms of
the materials and effects of heat treatment on the
mechanical properties of the materials were also
investigated. Numerical models were developed to
calculate Young’s modulus and hardness of the



132 Z. Xia, L. Riester, B. W. Sheldon, W. A. Curtin, J. Liang, A. Yin and J. M. Xu

dense amorphous alumina. These results show that
the heat treatment does not change the Young’s
modulus but strongly affect the fracture toughness
of the alumina.

2. MATERIAL FABRICATION AND
TESTING METHODS

Fabrication of the composites studied here follows
the method in Ref. [11]. Briefly, high purity (99.99%)
aluminum sheets are anodized in a multistep pro-
cess to generate an amorphous nanoporous alu-
mina matrix having a hexagonal array of straight
pores extending from the substrate to the matrix
surface. The samples studied here are 20 µm- or 90
µm-thick coatings. After anodization, the alumina
pore diameters are in the range of 30-40 nm as shown
in Fig. 1a. The nanopores are straight all the way
from the top to bottom of the samples (Fig. 1c).
During subsequent etching, there is further widen-
ing of the pore diameters to 50-60 nm. A scanning
electron microscope (SEM) image of the top sur-
face of the 90 µm-thick specimen is shown in Fig.
1b. In addition to characterizing specimens after an-
odization, we also studied identical samples that
were subsequently heat treated at 645 °C in flowing
Ar for 12 hours.

X-ray diffraction of the as-fabricated PAA does
not show any evidence of crystallinity. There is no
noticeable change in the diffraction pattern after the
heat treatment, thus indicating that this material is
also amorphous. Based on SEM images, the pore
structure is also unchanged by the heat treatment.
Fourier transform infrared (FTIR) spectroscopy was
performed to look for evidence of water in the amor-
phous network. Transmission spectra for as-fabri-
cated and heat-treated specimens are shown in Fig.
2. The broad band between 2700 and 3700 cm-1 in
the as-fabricated material indicates that substan-
tial amounts of OH are present. This band is almost
completely eliminated after the sample is heated to
645 °C, which indicates that this annealing has re-
moved most of the OH from the material.

The specimens were subjected to nanoindenta-
tion, using a Nanoindenter® Model II with a
Berkovitch indenter and a cube-cornered indenter,
on the top and side of the porous alumina. The
Berkovitch indenter was used primarily to measure
hardness and elastic modulus. The sharper cube-
corner indenter was employed so that cracks were
most likely to be generated, and at the lowest pos-
sible loads. A standard Vickers microindenter on a
Wilson microhardness tester (model Tukon 2100)
was also used to measure the fracture toughness.

Fig. 1. SEM images of (a) as-fabricated 20 µm-thick
alumina before widening process and (b) 90 µm-
thick alumina after widening process, viewed from
the top, showing a high degree of hexagonal order
and (c) cross-section of 20 µm-thick alumina.

a)

b)

c)
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Fig. 2. Fourier transform infrared (FTIR) spectros-
copy of as-fabricated and heat- treated anodic alu-
mina thin films.

Loads of 20-650 mN were used for cube- cornered
indentation and 500 g for Vickers micro-indentation.
Indentation on the top surface generates planar
cracks parallel to the pore axis. Cross-sections were
obtained by embedding the samples in epoxy and
polishing, thus allowing indentation on the side sur-
faces of the film, away from both the alumina/alumi-
num and alumina/epoxy interfaces. This side inden-
tation generated planar cracks oriented roughly per-
pendicular to the pore axis. Thus, both dominant
cracking modes were explored with these two test
orientations. Indentation crack patterns and defor-
mation were observed with a Hitachi S-4700 SEM.

Young’s modulus for the porous film, E
eff

, was
calculated from the measured unloading tangent
stiffness S as
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where β is a constant which depends on the geom-
etry of the indenter (β =1.034 for Berkovich), (E

eff
, ν)

and (E
i 
= 1100 GPa, ν

i 
= 0.07) are the Young’s modu-

lus and Poisson’s ratio for the specimen and Dia-
mond indenter, respectively [14]. Implicit in the use
of Eqs. (1) is the assumption of material isotropy.
The hardness is obtained with
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where P is the applied load.

The fracture toughness of brittle materials can
be conveniently measured by indentation. The frac-
ture toughness K

Ic
 can be calculated from the equa-

tion:
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where E and H are the Young’s modulus and hard-
ness, respectively, c is the radial crack length, and
α is an empirical constant which depends on the
geometry of the indenter. For cube-corner indenter,
α = 0.04 and Vickers indenter α = 0.016 [15].

3. FINITE ELEMENT ANALYSIS

As noted above, Eq. (1) assumes material isotropy
and is not immediately applicable since the porous
material has a unidirectional structure that is elasti-
cally anisotropic. Proper extraction of the anisotro-
pic moduli and the moduli of the constituent alu-
mina requires careful attention to the details of the
material system and a revision of Eq. (1) [16]. To
accurately account for the anisotropy and the com-
plexity of the indentation loading, we use a self-
consistent multi-scale model that we developed for
nanotube reinforced composites with an analogous
structure [12]. An overview of the basic procedure
is shown in Fig. 3.

We assume the solid is isotropic, and thus char-
acterized by a Young’s modulus E and Poisson’s
ratio ν. We then construct a fully-3d finite element
model of an isotropic material containing aligned
longitudinal pores in a hexagonal array. This model
is subjected to both axial and transverse loadings
to extract the elastic constants of the porous mate-
rial in terms of the matrix material values. A second
fully-3d FEM model is then used to represent the
indentation geometry. A coating of the appropriate
anisotropic homogenized porous material is placed
on a thick pure aluminum substrate (E = 70 GPa
and ν = 0.3). An indentation mark is carved out, and
symmetry permits the use of a reduced geometry,
as shown in Fig. 3. Note that the plastic deforma-
tion associated with the indentation is ignored, since
elasticity upon initial unloading should be indepen-
dent of the prior plastic or permanent deformation.
Very fine meshes are used around the indent area
to limit inaccuracy. The indent holes are constructed
to correspond to the experimental projected area A
and vertical indent distance hand a diamond indenter
having the same size as the indent hole is also con-
structed. The indenter and the material are con-
nected with gap elements that allow the indenter to
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slide along the interface. The coefficient of friction
is chosen as 0.2 arbitrarily since it has little effect
on the results. A small load P is applied on the top
of the indenter and the displacement u of the in-
denter is then calculated using the finite element
model. The unloading stiffness S’=P/u is then cal-
culated and compared to the measured stiffness S,
for both top and side indentation. Based on the dif-
ferences between S and S’, the elastic properties
of the alumina matrix are modified and the proce-
dure is iterated to self-consistency. The numerical
models were verified by using isotropic material prop-

Fig. 3. Schematic of the multiscale finite element-based model for obtaining the constituent alumina elastic
moduli from indentation measurements of the unloading stiffness S’.

erties and comparing the FEM modulus values to
those of Eq. (1).

4. RESULTS

4.1. Young’s modulus and hardness

The 90 µm thick porous alumina coating was
nanoindented along the coating cross section. The
Young’s moduli and hardness calculated with Eq.
(1) and (2) versus the distance from the Al/Al

2
O

3

interface are plotted in Figs. 4a and 4b. Both effec-
tive Young’s moduli and hardness decrease with the
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distance away from the interface. The diameter of
the pores at different positions, determined by SEM,
is plotted in Fig. 5. Note that the pore size increases
with the distance away from the interface. This wid-
ening appears to be associated with the anodiza-
tion process that was used to produce the PAA.
Based on the results in Figs. 4 and 5, the pore size
change may at least partially cause the observed
decrease of the Young’s moduli and hardness. To
determine how strong the pore size affects the alu-
mina properties, we used the finite element model
to calculate E of the alumina, accounting for the
pores. The results are plotted versus the distance
in Fig. 5. It can be seen that the average value of E
for the alumina is approximately 140 GPa, with a
small variation of less than 10% of the value. Since,
E is almost constant over the whole coating cross-
section, it appears that the pore size is the primary
factor leading to the observed variation of E

eff
 and H.

The Young’s moduli of the porous alumina on
the top surface and side of the sample, calculated
with Eq. (1) and the finite element model, are listed
in Table 1. The effective Young’s moduli and hard-
ness measured here are close to the results re-
ported by Alcala et al. [13]. The finite element re-
sults are close to the indentation modulus calcu-
lated with the standard method (Eq. (1)). The differ-
ence is due to the anisotropy that is not accounted
for in the standard method. The moduli and hard-
ness of solid alumina (no pores) as calculated us-
ing the finite element method are shown in Table 2.
The alumina modulus of 140 GPa is consistent with
the modulus of low-density irradiated alumina [17]
and is lower than the typical values of 350-390 GPa

�� ��

Fig. 4. Properties as a function of the distance from the Al/alumina interface for the 90 µm-thick specimen.
(a) effective Young’s modulus calculated with Eq. (1), (b) hard-ness of porous alumina calculated with Eq.
(2).

Fig. 5. Diameter of pores in 90 µm thick alumina
and Young’s modulus of the alumina calculated by
the FEA as a function of distance from the Al/alu-
mina interface.

for dense polycrystalline a alumina. As can be seen
from Table 2, the heat treatment does not affect
Young’s modulus but it does increase the hardness
of the porous alumina. After heat treatment, the
hardness increases by 20%. The hardness is also
over three times lower than that observed in a alu-
mina.

4.2. Fracture Mechanisms and
Fracture toughness

Micro- and nano-indentations were made on the top
of the porous samples, but cracking was not ob-
served at loads up to 9.8 N for microindentation and
650 mN for nanoindentation. A key feature is that in
addition to the indentation mark, the deformation is
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Table 1. Mechanical properties of porous Al
2
O

3
 calculated by standard formula (Effective Modulus) and

finite element model (FEM).

* in the middle of the sample

Table 2. Mechanical properties of amorphous Al
2
O

3

calculated by FEM (accounting for porosity).

Treatment E H K
Ic

(GPa) (GPa) (MPa-m1/2)

As-fabricated 141 5.2 3.4
Heat treatment 142 6.3 0.4

accommodated by shear collapse of rows of pores.
Figs. 6a,b,c show the deformation at various scales.
At large scales, as shown in Fig. 6a, a dark circular
ring is observed around the indentation mark. Upon
closer observation, this dark ring is caused by the
scattering from short bands of collapsed pores, as
seen in Fig. 6b. Further inspection shows the oc-
currence of shear cracks between opposite sides
of neighboring collapsed pores, as seen in Fig. 6c.
The pore collapse deformation mode is similar to
shear band formation and to deformation modes
observed in large-scale porous metals and polymers
[18].

Micro-indentation and nano-indentation were also
made on the side of 90 µm thick porous material.
The as-fabricated alumina shows no crack until the
load increases to a maximum of 650 mN. The crack
patterns are shown in Fig. 7a. Cracks are also gen-
erated on the heat-treated sample at a load of as
low as 100mN (Fig. 7b) but these cracks have rather
complex patterns such as chips and deflection that
are not valid for determining the fracture toughness
by Eq. (3). Nevertheless, the results suggest that
the porous alumina becomes far more brittle after

annealing. For micro-indentation, regular cracks are
generated in the heat-treated sample at a load of
500 g, as shown in Fig. 7c. However, it is important
to note that this load does not produce cracks in
the as-fabricated sample. At loads above 500 g, both
the as-fabricated and heat-treated samples were
crushed in the indentation due to the limited coat-
ing cross section.

The fracture toughness of the porous alumina
calculated using Eq. (3) is listed in Table 1. Ac-
counting for the presence of the pores, the K

Ic
 for

the as-fabricated amorphous alumina material is 3.4
MPa-m1/2. Although comparable to polycrystalline
α alumina (~3 MPa-m1/2), this is a high value for a
non-crystalline ceramic. After the heat treatment,
the mean value of K

Ic
 drops to 0.4 MPa-m1/2, much

lower than that of the as-fabricated material, but
comparable to other amorphous ceramics with a
typical value of K

Ic
 = 0.4-0.6 MPa-m1/2 [15]. Note

that our methodology for obtaining K
Ic
 accounts for

the void space due to the pores, but it does not
treat pore collapse. Thus while the observed drop in
K

Ic
 reflects a real effect (i.e., longer indentation

cracks in the heat-treated material), it is not clear
whether the actual value is fully equivalent to K

Ic
 for

a dense, elastic solid. An assessment of this will
require further investigation and verifaction.

5. DISCUSSION

Fig. 6 shows that the deformation around the inden-
tation mark is accommodated by shear collapse of
rows of pores. This type of behaviour is observed in
both the as-fabricated and heat-treated specimens.
The deformed shapes of the sheared pores indicate
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Fig. 6. SEM images showing deformation in the
porous alumina sample: (a) nanoindentation mark
surrounded by dark circular regions; (b) array of
‘shear bands’ of collapsed pores causing dark re-
gions; (c) close-up showing small shear cracks
between collapsed pores in a shear band.

��

��

��

Fig. 7. SEM images of indentation cracks gener-
ated on (a) as-fabricated porous alumina sample by
side nanoindentation at a maximum load of 650 mN,
(b) on heat-treated porous alumina sample by side
nanoindentation at a load of 400 mN and (c) on side
of heat-treated porous alumina sample by side
Vickers micro-indentation at a load of 500 g.
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that the shear cracks have formed only after sub-
stantial pore deformation. To accommodate the shear
deformation there must be some flow of the alu-
mina matrix. This is apparently possible in the amor-
phous alumina, although such flow is not normally
expected in oxide materials at macroscopic scales,
room temperature, and under the expected loads
around the indent mark. However, similar unexpect-
edly high flow rates have been deduced in studies
of relaxation of thin films with nanoscale subsur-
face silica layers [24]. Since silica has gross me-
chanical properties similar to those deduced for the
present alumina matrix, it is possible that related
mechanisms are operating in both of these amor-
phous oxides.

The results in Fig. 4 and Table 2 show that the
heat treatment strongly affects H and K

Ic
 but not E.

After annealing, the Young’s modulus of the alu-
mina shows no sign of change, the hardness in-
crease by 20% while the fracture toughness de-
creases sharply from 3.4 to 0.4 MPa-m1/2. Based
on the FTIR results in Fig. 2, the observed proper-
ties variations may be caused by the water in the
alumina. These FTIR results are consistent with
other measurements in the literature. For example,
Lamparter et al. investigated anodic alumina that
initially contained 15% H

2
O, and reported that at

roughly 300 °C the water absorbed in the pores was
released, and above 500 °C the water in the bulk
has been removed [19]. Experiment, reverse Monte
Carlo calculation and molecular dynamics simula-
tions show that amorphous anodic alumina struc-
ture is dominated by slightly-distorted (AlO

4
)5- tet-

rahedron [19-23]. Introduction of H
2
O is likely to in-

terrupt the AlO
4
 network structure. Analogous ef-

fects have been widely studied in silicate glasses,
where this type of disruption of the network struc-
ture can be correlated with decreases in viscosity.
Similar effects may occur in amorphous alumina,
although the bonding is more ionic in this case. The
lower hardness in the as-fabricated material is po-
tentially consistent with an increase in viscous de-
formation at the high stresses under the indenter.
The relatively high K

Ic
 is more difficult to interpret.

To our knowledge, hydration effects are not known
to produce such fracture toughness values in sili-
cate glasses. One possible interpretation for our
results is that the porosity contributes to additional
toughening in the as-fabricated sample, but that this
effect is absent after the heat-treatment. This differ-
ence could involve viscous deformation, since the
pore collapse and shear banding observed under
different loading (Fig. 6) indicates that some flow

can occur in these materials. However, the differ-
ence in the K

Ic
 values obtained from the side in-

dents would then have to be reconciled with the
observation that the top indents produce similar
shearing of the pores in both materials. Further in-
vestigation of these effects is clearly warranted, with
more detailed consideration of the possible role of
hydration and structural defects in the alumina

In summary, our results show that porous an-
odic alumina exhibits toughening behaviour that is
not generally observed in dense amorphous oxides.
While the high mobility of structural defects leads
to high ductility and inhibits the propagation of
cracks in metals, the absence of these mechanisms
in ceramics generally leads to low toughness and
catastrophic failure by brittle fracture. However, the
pore collapse and shear banding observed in Fig. 6
allows the material to reduce high stress concen-
tration and absorb significant amounts of energy.
As a result, the nanoporous materials become
tougher in the transverse direction. In particular, this
behaviour occurs in the heat treated material, where
our measurements and modelling show that the in-
herent fracture toughness of the dense alumina is
very low. The high K

Ic
 value for the as-fabricated

material is another indication of toughening. It should
be emphasized that this increase is distinct from
the pore collapse and shear banding in Fig. 6, which
is observed in materials with both high and low K

Ic
.

6. CONCLUSIONS

Young’s modulus, hardness and fracture toughness
of highly ordered nanoporous alumina (PAA) were
measured by nanoindentation and Vickers
microindentation. A finite element model accurately
accounting for the anisotropy and pores was used
to extract the Young’s modulus and hardness of
amorphous alumina (no-pore). The principal results
are
1) Accounting for pores, Young’s modulus of the

alumina is determined as 140 GPa. Heat treat-
ment at 650 °C does not affect the Young’s
modulus.

2) After annealing hardness of the alumina in-
creases from 5.2 to 6.3 GPa while the fracture
toughness decreases from 3.4 to 0.4 MPa-m1/2.

3) In top indentation on the porous alumina,
nanopore collapse in ‘shear bands’, rather than
crack formation was observed around the indent,
suggesting that the pores in the alumina lead to
a higher toughness in the transverse direction.
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