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a b s t r a c t

This paper makes a theoretical analysis of the steady-state creep strain rates and creep rupturing times
along the two principal directions of elliptical cell honeycombs using a unit cell model and assuming that
solid cell walls follow power law creep and the Monkman–Grant relationship. Based on the results, the
effects of the ellipticity of cell walls and relative density of elliptical cell honeycombs on their
steady-state creep strain rates and creep-rupturing times can be evaluated. It is found that the Monk-
man–Grant parameters, m�1 and m�2, of elliptical and circular cell honeycombs are equal to that of solid
cell walls, ms. In addition, the other Monkman–Grant parameters B�1 and B�2 decrease as the relative den-
sity increases, and B�2 is always greater than B�1. Moreover, the creep strain rates and creep-rupturing
times of elliptical and circular cell honeycombs are compared with those of regular hexagonal honey-
combs with the same relative-density to evaluate the efficiency of their microstructures.

� 2013 Elsevier Ltd. All rights reserved.

1. Introduction

The mechanical properties of hexagonal honeycombs depend
on their relative densities as well as the geometry of their cell wall,
and can be described by the cell-wall bending model presented in
Gibson and Ashby [1]. That is, the solid distribution in cell walls
plays an important role in determining the mechanical properties
of hexagonal honeycombs. For example, the in-plane stiffness
and strength of hexagonal honeycombs with variable-thickness
cell walls can be higher than those with constant-thickness [2–
5], and the out-of-plane elastic buckling strength of hexagonal
honeycombs with curved cell walls tend to be significantly higher
than those with straight ones [6]. Therefore, the mechanical
properties of hexagonal honeycombs with a specific relative den-
sity can be improved by tailoring the solid distribution in their cell
walls. Traditionally, elliptical and circular cell honeycombs with a
carefully constructed simple cell-wall geometry have been widely
used as lightweight load-bearing materials, and so the in-plane
stiffness and strength of such cell honeycombs have been thus ana-
lyzed by many researchers [7–14], and the results indicate that
they are superior to hexagonal honeycombs with straight and con-
stant-thickness cell walls [13,14].

When hexagonal honeycombs are employed in lightweight
structures at high temperatures, their creep behavior becomes crit-
ical, and should be taken into account to determine if they will be
durable and safe during their service life. As steady-state creep
proceeds at elevated temperatures, cell-wall creep-bending is

common and cell-wall creep-rupturing eventually occurs when
honeycombs are subjected to a uniaxial tension or compression.
However, when honeycombs are under uniaxial compression at
lower temperatures, there is another potential source of failure:
creep-buckling of the slender, internal cell walls. The creep-ruptur-
ing and creep-buckling of hexagonal honeycombs with constant-
thickness and straight cell walls can be analyzed theoretically
using a cell-wall creep-bending model [15,16]. The time it takes
for resulting creep-rupturing and creep-buckling of hexagonal
honeycombs are related to their steady-state creep strain rates,
and theoretical expressions for describing the creep-rupturing
and creep-buckling of hexagonal honeycombs with curved and
variable-thickness cell walls have been derived using the cell-wall
creep-bending model [17–20]. It has been found that the creep
behavior of hexagonal honeycombs is significantly affected by
the solid distribution in cell walls, and their creep-rupturing time
can be described by the well-known Monkman–Grant relationship
[19]. Since cell-wall creep-bending is the dominant deformation
mechanism when elliptical and circular cell honeycombs are
uniaxially loaded at elevated temperatures, their creep-rupturing
tendencies need to be known and understood and so should be
investigated in detail. In this work, we use a unit cell model and
first analyze the steady-state creep strain rates and creep rupturing
times along the two principal directions of elliptical cell honey-
combs subjected to a fixed uniaxial stress. Following this, the the-
oretical results of elliptical and circular cell honeycombs are
compared with those of regular hexagonal honeycombs with
straight and uniform-thickness cell walls to evaluate the efficiency
of their microstructure.
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2. Theoretical analysis

Fig. 1 schematically illustrates an idealized elliptical cell honey-
comb, with a unit thickness, a cell-wall thickness t1, a major axis
radius a and a minor axis radius b, subjected to a uniaxial tension
or compression. The thickness of perfectly point-connected contact
between any two adjacent elliptical cells is fixed and equal to 2t1,
and the ellipticity of the cell walls, a = a/b � 1, is defined as the de-
gree of deviation of an ellipse from a circle. The coordinate of any
position on each elliptical cell can be described by the set of a cir-
cumscribed circle with a radius a and an inscribed circle with a ra-
dius b, as shown in Fig. 2. The angle h1 measured counterclockwise
from b axis can thus be geometrically calculated and expressed as
h1 = tan�1[(1 + a) tan /1], while the angle h2 is measured clockwise
from a axis is h2 = tan�1[tan /2/(1 + a)]. A unit cell model sur-
rounded with dashed lines in Fig. 1 is employed to analyze theoret-
ically the steady-state creep strain rates along the two principal
directions of the elliptical cell honeycomb. The relative density of
the model honeycomb is the ratio of its density q⁄ to the density
of solid cell walls qs, and can be further expressed as:
q�=qs ¼ p½ð2þ aÞðt1=bÞ � ðt1=bÞ2�= 2

ffiffiffi
3
p
ð1þ aÞ

h i
.

When the model honeycomb is subjected to a remote uniaxial
stress r�1 along the x1 direction, the induced forces P1 and P2 and
moments Ma and Mb are exerted on the unit cell model, as shown
in Fig. 3. From equilibrium, the following relation is found:
Ma = �Mb � P2b sin (p/3) � P1[(b � t1/2) � b sin (p/3)]. An assumed
uniform horizontal displacement d1 is shown in Fig. 3 and the
stored elastic strain energy of the unit cell model U can be calcu-
lated from a static analysis. Since the model honeycomb is sub-
jected to a remote uniaxial stress r�1, the following constraints on
the rotation and deformations of the unit cell model must be satis-
fied: @U/@Mb = 0 and @U/@P1 = @U/@P2 = d1. By imposing the con-
straints with respect to P1, P2 and Mb on the stored elastic energy
of the unit cell model [13,14], the induced forces and moments
can be rewritten as follows: P1 ¼ C1ar�1; P2 ¼ C2ar�1; Ma ¼
Caa2r�1 and Mb ¼ Cba2r�1. Meanwhile, the coefficients C1, C2, Ca

and Cb are expressed as:

C1 ¼ ð�0:44a2 þ 0:88aþ 1Þ

� 39:24þ 19:4ðt1=bÞ þ ð90:1þ 53:3vsÞðt1=bÞ2

20:9þ 16:8ðt1=bÞ þ ð80:1þ 32:7v sÞðt1=bÞ2

" #
ð1Þ

C2 ¼ ð�0:44a2 þ 0:79aþ 1Þ

� 3:05� 9:7ðt1=bÞ þ ð�60:7� 3:3v sÞðt1=bÞ2

20:9þ 16:8ðt1=bÞ þ ð80:1þ 32:7vsÞðt1=bÞ2

" #
ð2Þ

Ca¼ð�0:55a2þ0:87aþ1Þ

� �62:3þ176ðt1=bÞþð�378�121v sÞðt1=bÞ2þð397þ333v sÞðt1=bÞ3

394þ316ðt1=bÞþð1641þ615v sÞðt1=bÞ2

" #
ð3Þ

Cb¼ð�0:49a2þ0:64aþ1Þ

� 6:46�6:46ðt1=bÞþð�329�34v sÞðt1=bÞ2þð226þ85v sÞðt1=bÞ3

197þ158ðt1=bÞþð821þ308v sÞðt1=bÞ2

" #
ð4Þ

Here, ms is Poisson’s ratio of solid cell walls. The bending moment
M1, axial force N1 and shear force V1 acting at any cross-section at
an angle of /1 measured counterclockwise from the ee0 sections,
as shown in Fig. 3, can then be obtained from the equilibrium:

M1 ¼ a2r�1½�Ca � C1ðb=a� t1=2aÞð1� cos /1Þ� ð5Þ
N1 ¼ ar�1C1 cos /1 ð6Þ
V1 ¼ ar�1C1 sin /1 ð7Þ

The bending moment M2, axial force N2 and shear force V2 acting at
any cross-section of the unit cell model at an angle of /2 measured
clockwise from the cc0 sections, as shown in Fig. 3, can also be deter-
mined from the equilibrium:

M2 ¼ a2r�1½Cb � C2ðb=a� t1=2aÞ sin /2� ð8Þ
N2 ¼ ar�1C2 sin /2 ð9Þ
V2 ¼ ar�1C2 cos /2 ð10Þ
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Fig. 1. A model elliptical cell honeycomb with a unit thickness, a cell-wall thickness
t1 and a major axis radius a and a minor axis radius b.
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Fig. 2. The geometry of an ellipse can be described by a set of a circumscribed circle
with a radius a � t1/2 and an inscribed circle with a radius b � t1/2.
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Fig. 3. The induced forces and moments exerted on the unit cell model for
analyzing the creep-rupturing of the model honeycomb subjected to a uniaxial
stress r�1 along the x1 direction.
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