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ABSTRACT

We measured mechanical properties, including Young’s modulus, effective bending modulus and nominal
fracture strength of nanohoneycomb structures using an Atomic Force Microscope (AFM) and a Nano-
Universal Testing Machine (UTM). Anodic aluminum oxide (AAO) films are well suited as nanohoneycomb
structures because of the simple fabrication process, high aspect ratio, self-ordered hexagonal pore structure,
and simple control of pore dimensions. Bending tests were carried out for cantilever structures by pressing
AFM tips, and the results were compared with three-point bending tests and tensile tests using a Nano-UTM.
One side of the AAO films is clogged by barrier layers, and looks like a face material of conventional
sandwich structures. Analysis of this layer showed that it did not influence the bending rigidity, and was just a
crack tip. The present results can act as a design guideline in applications of nanohoneycomb structures.
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Figure 1. Schematic diagram of fabrication of the
nanohoneycomb structures by anodization process of
aluminum.
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evaporation

(a) Nanohoneycomb structure

(d) After pattern transfer
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Figure 2. Schematic diagram of fabrication of the
nanohoneycomb microstructures for the mechanical
tests.
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Figure 3. Images of the nanohoneycomb specimen:
(a) For the tensile and the bending tests using Nano-
UTM.
(b) For the bending test using AFM.,
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Figure 4. Geometry of the nanohoneycomb structure.
(a) Schematic view. (b) Pore arrangements within a
grain boundary area. (c) Pore arrangements in many
grain boundary areas. (d) The open layer. () The
clogged layer.
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Figure 5. Unit cell model of each layer for finite
element analysis.
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Figure 6. Simplification of layer. (a) Tensile finite
element analysis of the clogged layer (b) Bending finite
element analysis of the clogged layer.
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Figure 7. Cross-section of the composite beam
composed of the open, porous and the clogged layers
for the simplified model.
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Figure 8. Tensile testing procedure of the
nanohoneycomb beam specimen using NanoUTM. (a)
General view (b) Metal plate fastened on bolt jigs. (c)
Nanohoneycomb specimen attached to the piece of
paper by adhesive. (d) Nanohoneycomb specimen
attached to the upper metal plate. () Nanohoneycomb
structure mounted on the metal plate gripper after
alignment. (The images of specimen on figure were
repainted for ease of observation.)
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Figure 9. Three-point bending test fixture.
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Figure 10. Schematic diagram of the bending test
procedure in AFM.
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Figure 11. Stress-strain relation in tensile test using
Nano-UTM.
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Figure 12. Load-displacement relation in bending test
using Nano-UTM.
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Table 1. Tensile Testing Results using Nano-UTM.

Number of samples 20
. 5.0x10°

Strain rate (/s) ~1.0x10"
, Average 40
Young’s Minimum value 36
n’l((éj;;;;s Maximum v.all.Je 46
Standard deviation 3.0
Nominal Average 150
fracture Minimum value 120
strength Maximum value 200
(MPa) Standard deviation 23
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Table 2. Bending Testing Results using NanoUTM.

Loading rate (mN/s) 0.5
Number of sample 12
Average 38
Minimum 35
Bending value
modulus Maximum 40
(GPa) value
Clogged Standard
. 1.7
layer at top deviation
position Average 0.19
Fracture Minimum 0.17
load per | value
unit width | Maximum 0.21
(mN/um) value
Standard
oy 0.016
deviation
No. of sample 18
Average 42
] Minimum
Ber:jdllng value 44
modulus ;
Maximum
Clogged (GPa) value 37
layer at Standard 19
bottom deviation '
position Average 0.13
Fracture M'I”'m“m 0.11
load per \S ue
unit width Va‘i‘;(;m”m 0.15
N
(mN/m) Standard
L 0.011
deviation

Table 3. Calculation of Young’s modulus of alumina
in the beam direction by tensile simulation of the unit
cell of nanohoneycomb structures. The total height is
42 yum.

Pore arrangement direction 1 2
relative to the beam axis
Force- Open layer | 1/1500 1/ 4200
supporting | Porous layer 1 1
ratio Clogged 1/780 1/780
layer
Young's | Nanohoneyc
modulus in omb 40.0 40.0
the beam
direction Alumina 48.5 48.7
(GPa)
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