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Abstract

Incorporating an internal cellular architecture of open space is one strategy to increase the
potential functionality of aluminum alloys. Stretch-dominated microtruss cellular architectures,
which are designed such that externally applied loads are resolved axially along the internal
struts, provide enhanced strength and stiffness at low densities when compared to conventional
metal foams. In this study we introduce the idea of using a structural coating to reinforce
AA3003 aluminum alloy microtrusses. Because the internal surface area is large and the strut
cross-sectional dimensions can be as small as hundreds of microns, only a 40 pm thick hard
anodized alumina coating was needed to induce a four-fold increase in compressive strength and
a six-fold increase in energy absorption at virtually no additional weight penalty. Backscatter
electron microscopy was used to examine the failure mechanisms of the structural coatings and
the cores in order to explain such a large change in behaviour.

Introduction

Microtrusses cellular materials have attracted considerable interest because of their structural
efficiency and their potential to exhibit multifunctional characteristics [1-10]. In term of load
bearing capacity, microtrusses are designed with a high degree of internal strut connectivity.
Externally applied loads are resolved by axial (stretching) rather than bending deformation,
making them up to ten times stiffer and three times stronger than conventional metal foams at
low relativity densities [11). Since the internal surface areas are large and the strut cross-sections
are small, surface modification can also be used to further enhance their mechanical behaviour.
Recently, electrodeposition of a ~50um thick coating of ultrahigh strength nanocrystalline nickel
was found to double and triple the compressive strength of low carbon steel and aluminum
microtrusses, respectively [5, 6, 12].

Inelastic buckling was the overall failure mechanism seen for both conventional and structurally
coated microtrusses [6]. Under this failure mechanism, the load carrying capacity of the
microtruss progressively decreases making these materials less desirable for energy absorption
applications. A recently study, however, indicated the possibility of enhancing the energy
absorption behaviour of aluminum microtrusses by applying anodic oxide coating in order to
change their overall collapse mechanism from inelastic buckling to hinge rotation and fracture
[13]. The present study examines this hinge rotation and fracture failure mechanism in order to
understand the mechanism of enhanced energy absorption in anodized microtruss materials.



Experimental

AA3003 aluminum perforated sheets (sheet thickness of 0.74 £ 0.01 mm) were purchased from
McNichols Perforated Products (Altanta, GA). The perforation pattern had square holes of
5.10x5.10 mm punched on a square lattice of 6.36x6.36 mm creating an open area fraction of @
= (.64; Fig. 1a shows a schematic diagram of the starting sheet materials. The aluminum sheets
were annealed at 600 °C for 30 minutes and then water cooled before forming into pyramidal
microtrusses, after Bouwhuis et al. [5, 14]. Three forming/annealing cycles (with intermediate
annealing treatments of 600 °C for 30 minutes) were used to achieve an internal truss angle of 6
= 42.6° £ 0.1° and a relative density of § = 4.8% (in Fig. 1b). The microtrusses were
subsequently given a post-fabrication annealing treatment of 600 °C for 30 minutes to remove
any fabrication-induced work hardening, which was confirmed by taking microhardness
measurements on axial cross-sections of the microtruss struts (an average of 36 £ 2 HV over all
sample types using 0.98 N applied load and 10 s dwell time).

(a) (b)
Fig. 1. Schematic diagram of a starting perforated aluminum sheet (a) and the final architecture
after forming (b).

The AA3003 pyramidal microtrusses were then subjected to three surface cleaning processes
(degreasing, etching, and de-smutting) followed by hard anodizing to form a 40 um thick anodic
aluminum oxide coating on the surface of the microtruss cores. Samples were rinsed with de-
ionized water between each step and after hard anodizing. Table [ summarizes the process
conditions for each step. The microhardness of the anodized coating was 537 + 38 HV (using
0.98 N applied load and 10 s dwell time). Coated and uncoated (only subjected to surface
cleaning) samples were then tested in uniaxial compression at a cross-head displacement rate of
1 mm/min using confinement plates that restricted the nodal displacement in the microtrusses. In
addition, four coated samples were partially compressed to different strain level (starting from ¢
=0 to £ = 0.53). The axial cross-sections of their internal struts were characterized by scanning
electron microscopy (SEM).



Table I. Surface Cleaning and Hard Anodizing Specification

Process Name Solution Time Temperature Current density
Degreasing 5g/1 Na;CO3 10 min 8§7+£5°C | -
Sg/] Na3P04
Etching 5wt% NaOH 2 min S7+2°C | e
De-smutting 20vol% HNO; 1 min 33£2°C | e
Hard anodizing 12wt% H,SO04 45 min 10+ 1°C 4 A/dm®
1wt% (COOH);

Results and Discussion

Figure 2 presents typical compressive stress-strain curves of the coated and uncoated samples.
Both samples exhibit an initial clastic region (of slope E) before reaching a peak stress (gpear)
that is followed by post-peak softening until a valley stress (ovauy), and eventually final
densification is reached.

: - uncoated
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Fig. 2. Typical compressive stress-strain curves of the coated and uncoated microtrusses.

Figure 3 plots the slope of the stress-strain curve as a function of strain for both sample types. At
a low strain level, both the coated and uncoated microtrusses elastically deform with nearly
constant compressive modulus. After a strain of about ¢ = 0.05, the samples begin to deform
plastically and the moduli values decrease, eventually dropping below zero. In the case of the
uncoated samples, the modulus drops gradually to zero; the first x-intercept is the strain when the
peak strength is recorded (gpes) while the second x-intercept is the strain when the valley
strength is recorded (Evaey). In the case of the coated samples, the local modulus passes through
large oscillations as it progressively decreases; the first x-intercept is lower than the value of the
&peat While the last x-intercept is higher than the value of the £.ay. These modulus fluctuations
indicate that the coated microtrusses are subjected to series of fracture events as they collapse,
which is not commonly seen in the inelastic buckling of conventional microtrusses.




60 -
_ J coated
™
0.
=,
43
L
B
o)
-20 R S B B
& [mm/mm]

Fig. 3. Modulus (do/d¢) curves of the coated and uncoated microtrusses.

The energy absorption properties of the microtrusses can also be examined by measuring the area
under their stress-strain curves (starting from half the peak stress to twice the peak stress, after

[15]):

E(ZU'peak)

]densificatian = f ade n
&

(2pea)

The compressive properties of the coated and uncoated microtrusses are summarized in Table II.
It seems at first surprising that with only a 40 um thick anodized coating, the coated microtrusses
were twice as stiff, four-times as strong, and had six-times the energy absorption capability of
the uncoated microtrusses. Note that the post-peak softening region (defined as the difference
between &pear and evaney) of the coated samples is 57% higher than that of the uncoated samples.
Prolonging the post-peak behaviour while maintaining a high stress level is the key reason why
the coated microtrusses have superior energy absorption characteristic.

Table II. Compressive Properties of the Coated and Uncoated Microtrusses.

Sample E O peak Epeak Ovalley Evalley Jdensification
[MPa] [MPa] [mm/mm] [MPa] [mm/mm] [MPa]
Coated 33 4.20 0.26 3.19 0.62 296
Uncoated 15 1.03 0.1 0.58 0.33 0.50




Macroscopic Failure Mechanism

While the uncoated AA3003 microtrusses follow a conventional inelastic buckling collapse
mechanism, the coated microtrusses fail in a very different manner. Backscatter scanning
electron microscopy (figure 4) shows the evolution of the coated axial cross-sections of the
coated microtrusses (x-direction in figure 1b) after different levels of compressive strain: ¢ = 0
(a), €= 0.24 (b), £ = 0.33 (c), ¢ = 0.44 (d), and ¢ = 0.53 (e). The lefi-hand side of the as-coated
sample (figure 4a) shows that the top part of the node is flattened due to the fabrication pin-
indentation while the bottom part has a convex curvature, creating a region with a smaller cross-
sectional thickness between the node and the strut. At ¢ = 0.24 (figure 4b), the microtruss is
compressed closed to its peak strength. The bottom part of the node is now flattened due to
compression and the top part is bulged outward. On the right-hand side closer to the node, a
series of oxide pulverizations is seen, which explains the modulus fluctuation of the coated
sample (figure 3). At strain-levels beyond the peak strain (¢ = 0.33, 0.44 and 0.53), pulverization
continues from the edge of the node, expanding along the strut length. Figure 5 shows the axial
cross-sectional thickness of the core for each of these strain-levels along the length of the strut.
For strain values greater than the initial peak strain of ¢ = 0.26, the samples show that the axial
cross-section thickness first decreases to a minimum at the edge of the node, then increases
within the pulverized region before decreasing again to the thickness level seen in the
undamaged region of the strut. It is interesting to note that the strut remained at an angle of ~40°
(near the starting angle of 6 = 42)6 throughout the collapse sequence. The fact that the
undamaged segments of the struts retain nearly the same angle throughout collapse is one of the
contributing factors to the prolonged post-peak behaviour of the coated microtrusses.
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Fig. 4. Backscatter scanning electron micrographs of the coated microtrusses at compressive
strains of € = 0 (a), ¢ =0.24 (b), € = 0.33 (¢), € = 0.44 (d), and £ = 0.53 (e).
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Fig. 5. Axial cross-sectional thicknesses of coated microtrusses cores at different strain levels
starting from the centre of the node at increment of 100um.



