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Abstract—Compositionally graded microtruss cellular materials can be created by electrodepositing ultrahigh-strength sleeves of
nanocrystalline material over precursor microtruss cores. Due to their position relative to the neutral axis of the struts, even rela-
tively thin coatings can provide significant strength and weight benefits to the precursor assembly. Using nanocrystalline nickel as an
example, the questions of strength prediction, performance increase, sleeve/core delamination and sleeve fracture are discussed.
© 2012 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

Electrodeposition is becoming established as a mature
technology for the production of ultrahigh-strength
nanocrystalline materials [1]. Grain size reduction to the
nanometer scale can result in large yield strengths (up
to 1200 MPa for Ni-based alloys [1]), while retaining rea-
sonable ductility (uniform plastic strains on the order of
5% are typical [1]). Moreover, electrodeposition is a
non-line-of-sight technique; an encapsulating high-
strength sleeve of nanocrystalline material can be depos-
ited on nearly any preform geometry. This means that
nanocrystalline electrodeposition is well suited to the
reinforcement of microtruss architectures. Because the
high-strength electrodeposited sleeve is optimally posi-
tioned away from the neutral bending axis of the micro-
truss struts, significant weight specific strength increases
can be obtained, despite the comparatively high density
of the reinforcement [2]. An important issue in the devel-
opment of these composite microtrusses is to determine
which core materials can be reinforced most effectively
by nanocrystalline electrodeposition. This analysis is
made more difficult by the interaction of competing fail-
ure mechanisms. The present article provides an overview
of these issues by examining the specific strength increases
that are possible when steel and aluminum microtrusses
are reinforced with electrodeposited nanocrystalline Ni.

Microtruss unit cells are designed in such a way that
external loads are resolved axially along the strut mem-
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bers, allowing these materials to possess enhanced
weight-specific properties compared to conventional me-
tal foams [3]. Microtruss assemblies are typically used as
cores in sandwich panels. The latter can fail in one of
three modes: facesheet wrinkling and yielding, core fail-
ure and core—facesheet shear [4]. Since this study is fo-
cused on material selection for microtruss cores, the
failure of truss core members is the most relevant type
of failure mechanism. The struts of microtruss cores
generally fail by tensile or compressive yielding and by
buckling [5]. Since the buckling strength of a slender col-
umn in compression will typically be substantially lower
than the yield strength of the material, it is the critical
buckling stress of the composite strut that will largely
determine the overall mechanical properties.

2. Buckling strength and density of composite columns

The simplest failure mechanism of an electrodepos-
ited composite column is elastic buckling. Assuming
that the starting core has a square cross-section and that
the coating has uniform thickness, the critical elastic
buckling strength of the hybrid column (a¥y) can be gi-
ven by [2,6]:

_kzﬂfz(Es(l_]?_l'FfS) + Ec(1 —fs)) "
B (L/rc)

where k is a constant which describes the rotational stiff-
ness of the ends of the column (e.g. kK = 1 for pin-jointed
conditions and k = 2 for rigid ends), Es and Ec are the

H
Ocr

1359-6462/$ - see front matter © 2012 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.

http://dx.doi.org/10.1016/j.scriptamat.2012.06.039


http://dx.doi.org/10.1016/j.scriptamat.2012.06.039
mailto:glenn.hibbard@utoronto.ca
http://dx.doi.org/016/j.scriptamat.2012.06.039

32 E. Bele, G. D. Hibbard/ Scripta Materialia 68 (2013) 31-34

elastic moduli of the sleeve and core respectively, fs is
the area fraction of the sleeve, and L/rc is the slender-
ness ratio of the starting core. The radius of gyration
rc is a function of the second moment of area and
cross-sectional area of the core (/- and Ac respectively),
and is given by rc = /Ic/Ac. The density of the hybrid
(p™) is related to the density of the sleeve and core (ps
and pc respectively) by:

P = psfs + pc(l = f5) (2)

The material performance parameters mentioned
above can then be represented as analytical functions
of geometric properties, material properties and the
end constraint constant.

However, microtruss struts typically have intermedi-
ate slenderness ratios (on the order of 15-55 [2,4,5,7-
17]), and failure often occurs by inelastic buckling
[2,4,8-13]. In this case, the Young’s moduli of the sleeve
(Es) and core (E¢c) in Eq. (1) are replaced by the respec-
tive tangent moduli, Er s and Et ¢, so material proper-
ties are no longer constant parameters. The values of
the tangent moduli (and corresponding critical buckling
stresses and strains) are dependent on the geometry of
the composite column and the particular value of the
end constraint; it is thus not possible to fully separate
material and geometric parameters, increasing the com-
plexity of sleeve/core material selection.

The effects of material non-linearity, strut geometry
and end constraint are illustrated in Figure 1 for the case
of a low-carbon steel strut reinforced with 20 nm grain
size nanocrystalline Ni (material properties given in
Ref. [2]). The critical buckling stress is found at the
intersection of Eq. (1) (where the tangent moduli of both
materials are a function of strain) and the normal stress
in the composite column (given by the isostrain assump-
tion a(e) = as(e)fs + ac(e)(1 — fs), where o5 and g¢ are
the sleeve and core stresses respectively). The elastic—
plastic properties of the sleeve and core materials define
three buckling regimes in Figure 1: elastic sleeve/elastic
core (ecr < 0.0008, Zone 1), elastic sleeve/inelastic core
(0.0008 < gcr < 0.003, Zone 2) and inelastic sleeve/
inelastic core (¢cr > 0.003, Zone 3). For the uncoated
L/rc =55 column in Figure 1, the critical buckling
strains (defined by the k=1 (¢cg =0.0013) and k=2
(écr = 0.0022) limits) fall within a Zone 2 band. Note
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Figure 1. Evaluation of critical strength for an n-Ni/steel column with
core slenderness ratio L/rc = 55, sleeve area fractions fg =0, 0.1 and
0.25, and end constraints k=1 and 2, showing the average stress
a(e) = as(e)fs + ac(e)(1 — fs) (identified by the value of fs), and the
inelastic version of Eq. (1) for each k and fs.

that the actual end condition of struts in microtruss
materials will have a value that is intermediate to these
two limits (e.g. [3]), and will depend on factors such as
hinge curvature, strut cross-section and strut angle.
The nanocrystalline sleeve increases the critical buckling
strains by an amount that depends on the material prop-
erties of the core and sleeve, the strut geometry and the
end constraint. For instance, at fg = 0.1, a pin-jointed
(k = 1) column fails by elastic sleeve/inelastic core buck-
ling (Zone 2). Shifting to either a rigid-jointed boundary
condition (k=2) or a thicker nanocrystalline sleeve
changes the failure mechanism into inelastic sleeve/
inelastic core buckling (Zone 3).

An envelope of achievable material performance can
therefore be defined by the k=1 and k=2 boundary
conditions for hybrid struts. The width of this envelope
is a complex function of the strain dependence of tan-
gent modulus in both materials and the sleeve/core
geometry. Figure 2 illustrates these strengthening enve-
lopes for low-carbon steel and 3003 aluminum alloy
cores (L/rc = 15 and 55) reinforced with nanocrystalline
Ni sleeves of 0 < fs < 0.9 (material properties described
in Ref. [2]). One metric that can be used to evaluate the
efficiency of the reinforcement material is the strength
increase per unit density (Ao/Ap), which is equal to
the initial slope of the envelopes shown in Figure 2.
The strength increase per unit density is higher when
the sleeve is deposited on steel precursors, because the
additional strength is associated with a relatively small
increase in density. The relative change in weight-specific
strength (i.e. the ratio of the strength/density of the hy-
brid relative to the core ((6/p)"/(c/p)°) is a second
metric that can evaluate the reinforcement efficiency.
Note that, for a given slenderness ratio, the sleeve is
more efficient at increasing the specific strength of the
aluminum alloy core, because the same amount of
strength increase per unit density is more effective in
increasing the strength to density ratio of the material
with lowest density. Finally, if symmetric tensile-com-
pressive loading is considered among the struts of the
microtruss, inelastic buckling will be the dominant fail-
ure mechanism when the stress in the sleeve is lower than
the tensile strength of the material (occurring at a strain
of ¢ = 0.006); buckling stresses that satisfy this condition
are shown as solid lines in the envelopes of Figure 2.
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Figure 2. Critical stress (ccr)-density (p) envelopes of n-Ni/Al and n-
Ni/steel columns with core slenderness ratios L/rc =15 and 55 and
0 < fs<0.9, showing the k=1 and k=2 lower and upper bounds,
and critical stress where the compressive stress in the sleeve is lower
than the tensile stress of the material (solid lines).
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