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The out-of-plane compressive behavior of metallic honeycombs
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Abstract

Stainless steel square-honeycombs have been manufactured by slotting together steel sheets and then brazing the assembly. Their out-of-plane
compressive response has been measured as a function of the relative density, the ratio of specimen height to cell size, and the degree of
constraint associated with bonding of the honeycomb to face-sheets. It has been found that, for the practical range of relative densities (less
than 20%), the peak strength is relatively insensitive to both the ratio of the specimen height to cell size and to the presence or absence of
bonding to face-sheets. An analytical model, derived from existing models for the buckling of shells, for elastic and plastic buckling of the
square-honeycombs is shown to be in good agreement with the experimental measurements.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

Hexagonal-honeycombs are routinely employed as cores
for lightweight sandwich panels, as well as for energy ab-
sorption. They are typically manufactured from aluminum
(Al) alloys by an in-plane expansion process that results in
two of the six cell walls having double thickness[1]. This
manufacturing method is restricted to relative density,ρ̄ ≤
0.03. In out-of-plane crushing, these honeycombs exhibit a
stress peak followed by large stress oscillations associated
with a succession of plastic folds in each cell. The peak is
set by elastic buckling while the post-peak average strength,
σm, is governed by folding of the cell walls and for a honey-
comb made from an ideally plastic material is given by[1].

Σ ≡ σm

σyρ̄
≈ 3.2ρ̄2/3, (1a)

whereσy is the yield strength of the parent material.
Recent studies[3,4] suggest that square-honeycomb

cores having higher relative density would be preferable
for high severity loadings, such as shocks, because of their
combination of crushing resistance and in-plane stretch-
ing strength. The out-of-plane mean crushing strength of
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square-honeycombs made from an ideally plastic material
is estimated to be

Σ ≡ σm

σyρ̄
≈ 1.5ρ̄2/3, (1b)

from the folding analysis[2] of an isolated square tube. En-
hancements in the performance of square-honeycombs are
expected upon using materials with high strain hardening,
such as stainless steels. Motivated by these expectations,
the present study examines the out-of-plane crushing char-
acteristics of stainless steel square-honeycombs, exploring
the sensitivity of the strength to such variables as: (i) the
relative density, (ii) cell aspect ratio, (iii) degree of end
constraint on the cells, and (iv) strain hardening of the
cell wall material. Tests are performed using 304 stainless
steel.

The outline of the paper is as follows. First, the procedure
used to manufacture stainless steel square-honeycombs is
described. Second, their out-of-plane compressive behavior
is experimentally investigated, including the effects of rela-
tive density, cell aspect ratio, and bonding to face-sheets. It
is shown that the peak strength is dictated by elastic or plas-
tic buckling of the cell walls. Buckling models are presented
and the predictions are compared with the measurements. Fi-
nally, the crushing response is compared with that for com-
mercially available aluminum hexagonal-honeycombs, and
with several alternative core topologies.
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Fig. 1. Sketch of the square-honeycomb manufacturing technique.

2. Materials and manufacturing route

Square-honeycombs were manufactured from 304 stain-
less steel sheets, thicknesst = 0.490 mm. The sheets were
cropped into rectangles, heightH in the range 2.8–163.5 mm
and length of 17.6–196.2 mm. Cross-slots (Fig. 1), width
�t = 0.495 mm, and spacingL in the range 2.8–32.7 mm,
were cut by electro-discharge machining (EDM) and the
square-honeycomb was assembled as sketched inFig. 1. The
clearance of 5�m between sheet and slot facilitated assem-

Fig. 2. Photograph of the unbondedρ̄ = 0.03 stainless steel square-honeycomb with a cell aspect ratioH/L = 5.

Table 1
Geometry of the square-honeycombs manufactured and tested in this study.

Wall thickness (t, mm) Cell size, (L, mm) Relative density (̄ρ)

0.50 32.7 0.03
0.50 19.6 0.05
0.50 9.8 0.10
0.50 4.9 0.20
0.50 2.8 0.36

bly while providing a sufficiently tight fit to assure stabil-
ity. Brazing was conducted with Ni–Cr 25-P10 (wt.%) at
1120◦C in dry argon at 0.03–0.1 mbar and the braze was
applied uniformly over the sheets, which increased the sheet
thickness tot = 0.5 mm. Capillarity draws the braze into
the joints, resulting in an excellent bond. In some cases, 304
stainless steel face-sheets, thickness 3 mm, were bonded to
the top and bottom of the square-honeycomb. The relative
densityρ̄ of the square-honeycomb is to first order given by

ρ̄ = 2t

l
. (2)

An example of a manufactured square-honeycomb, with
ρ̄ = 0.03, comprising 6× 6 cells and a cell aspect ratio
H/L = 5 is shown inFig. 2. The cell sizes and relative den-
sities of the square-honeycombs manufactured in this study
are listed inTable 1. Five relative densities were manufac-
tured in four configurations:

(1) Aspect ratioH/L = 5, with the top and bottom faces
of the square-honeycomb bonded to 3-mm-thick 304
stainless steel face-sheets;

(2) Aspect ratioH/L = 5, unbonded;
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(3) Aspect ratioH/L = 1, with the top and bottom faces
of the square-honeycomb bonded to 3-mm-thick 304
stainless steel face-sheets;

(4) Aspect ratioH/L = 1, unbonded.

Thus, a wide range of relative densities and specimen
configurations are investigated to determine the deformation
mechanism of square-honeycombs. Most specimens com-
prised 6× 6 cells. A few tests were performed with speci-
mens comprising 12× 12 cells to examine edge effects. All
properties were measured at a strain rate 10−4 s−1, using
a laser extensometer to measure the average compressive
strain in the out-of-plane direction (z-direction inFig. 1).

3. Mechanical measurements

3.1. The parent material

Tensile specimens of dog-bone geometry were cut
from the as-received 304 stainless steel sheets and sub-
jected to the same brazing cycle used to manufacture the
square-honeycombs. The measured true tensile stress versus
logarithmic strain response, shown inFig. 3, may be ap-
proximated as an elastic, linearly hardening solid: Young’s
modulusE = 210 GPa, yield strengthσy = 210 MPa, and
linear hardening modulusEt = 2.1 GPa.

3.2. Compression of steel square-honeycombs

The measured out-of-plane compressive responses of the
square-honeycombs are shown inFigs. 4–6for the relative

Fig. 3. Measured tensile stress vs. strain curve of the as-brazed 304
stainless steel. A bilinear fit with the choicesεy = 0.1%, σy = 210 MPa
and a linear hardening modulusEt = 2.1 GPa is also shown as a dashed
line.

Fig. 4. Out-of-plane compressive stress vs. strain response of theρ̄ = 0.03
square-honeycombs with cell aspect ratios (a)H/L = 1 and (b)H/L = 5.
In each case, curves are shown for honeycombs that are bonded and not
bonded to face-sheets.

densitiesρ̄ of 0.03, 0.10, and 0.20, respectively. Theρ̄ =
0.03 and 0.10 specimens display a peak strength followed
by softening and, finally rapid hardening upon densification
at a strain,εD ≈ 0.6–0.7. The softening beyond the peak is
more abrupt whenH/L = 5 and the responses are largely
unaffected by either bonding to the face sheets (Figs. 4
and 5) or by the number of cells (Fig. 5). The two excep-
tions are: (i) the diminished densification strain found in the
bonded specimens atH/L = 1, attributed to the excess braze
material at the nodes, and (ii) a slightly lower load-carrying
capacity for specimens with 6× 6 cells, whenH/L = 5,
caused by tearing of the brazed joints near the periphery of
the specimen. Conversely, whenρ̄ = 0.20 (Fig. 6), the re-
sponse is strongly affected by bonding to face-sheets. For
H/L = 1 (Fig. 6a), bonding eliminates the stress peak, while
for H/L = 5 (Fig. 6b), it elevates the peak by about 20%.

The variation of the peak strengthσp with relative den-
sity ρ̄, plotted inFig. 7, is compared with the mean stress
prediction fromEq. (1b), at the equivalent yield strength,
σy = 210 MPa. Note that, while the power-law dependence
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Fig. 5. Out-of-plane compressive stress vs. strain response of theρ̄ = 0.10 square-honeycombs with cell aspect ratios (a)H/L = 1 and (b)H/L = 5. In
each case, curves are shown for 6× 6 and 12× 12 cell honeycombs that are bonded to and not bonded to face-sheets.

of peak strength upon̄ρ is consistent withEq. (1b), the co-
efficient is larger by a factor of about four.

An image of the unbonded̄ρ = 0.10, 12×12 cells speci-
men (H/L = 5), compressed to a strain ofε ≈ 0.10 (Fig. 8)
reveals periodic, axial-torsional buckling of the cells. In this
mode, the vertical nodal axis remains straight, while cell
wall segments rotate about this axis. We demonstrate that
this specimen underwent plastic buckling by comparing the
true stressσw versus logarithmic strainεw developed in a
cell wall with the uniaxial response of the parent material.
For this purpose, the wall stressσw and strainεw are esti-
mated using

σw = σn

ρ̄
(1 − εn) (3a)

and

εw = |ln (1 − εn)|, (3b)

respectively. Here,σn is the nominal compressive stress in
the honeycomb at a compressive nominal strainεn (all stress

and strain measures are taken to be positive). The compar-
ison (Fig. 9) demonstrates that the cell wall response du-
plicates that for the parent material up to the peak stress,
coincident with the onset of plastic buckling, and deviates
thereafter.

3.3. Compression of Al alloy hexagonal-honeycombs

Measurements of the out-of-plane compressive re-
sponse of a commercial Al alloy hexagonal-honeycomb,
HexWeb1, are obtained (without bonding the honey-
comb to face-sheets), and contrasted with the steel
square-honeycomb. The HexWeb material is made from a
3003-grade aluminum alloy (yield strength,σy ≈ 210 MPa),
manufactured by cold expansion, at three relative den-
sities ρ̄ = 0.018, 0.024, and 0.03. The response of the
ρ̄ = 0.03 hexagonal-honeycomb is compared with that

1 Hexcel Composites, Duxford, Cambridge, CB2 4QD, UK.
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Fig. 6. Out-of-plane compressive stress vs. strain response of theρ̄ = 0.20
square-honeycombs with cell aspect ratios (a)H/L = 1 and (b)H/L = 5.
In each case, curves are shown for honeycombs that are bonded and not
bonded to face-sheets.

for the unbonded stainless steel square-honeycomb at the
same density withH/L = 1 (Fig. 10). The aluminum
hexagonal-honeycombs have a lower peak stress and a more
rapid softening beyond the peak. Each oscillation in the
plateau region corresponds to the formation of a new fold
in the cell walls. This difference in post-buckling response
is attributed to the differing strain-hardening capacity of the
cell wall material. That is, the high strain hardening of the
stainless steel suppresses the formation of successive folds.
The effect of relative density upon the peak strength of
these Al alloy hexagonal-honeycombs is included inFig. 7.

4. Buckling of honeycombs

4.1. Square-honeycombs

The buckling mode shown inFig. 8 resembles torsional-
axial buckling of a square tube with built-in top and bottom
edges. Elastic buckling predominates at low relative densi-

Fig. 7. The measured compressive peak stressesσp = 5 of the steel square
and Al hexagonal-honeycomb specimens as a function of the relative
densityρ̄. The mean crushing strength prediction (1b) withσy = 210 MPa
is also included.

ties [1], transitioning to plastic buckling at higher relative
densities.

4.1.1. Elastic buckling
The cells walls are treated as plates, heightH, width L,

and thicknesst, simply supported along their vertical edges.
The elastic buckling loadPc of such plates is[5]

Pc = k π2

6(1 − ν)
G

t3

L
, (4)

whereG andν are the elastic shear modulus and Poisson’s
ratio, respectively, of the plate material, andk a factor that
depends upon the aspect ratioH/L as well as upon the bound-
ary conditions at the top and bottom edges. For simply sup-
ported boundary conditions along the top and bottom edges,
k ≈ 4.0 provided thatH/L > 1. Furtherk is insensitive
to the boundary conditions along the top and bottom edges
whenH/L ≥ 3. With the choicek = 4.0, the elastic bifur-
cation stressσe

c of the square-honeycombs becomes

σe
c = 4π2

3(1 − ν)
G

( t

L

)3
= π2

6(1 − �)
G ρ̄3. (5)

Note thatEq. (5) includes a dependence onν, because
the cell walls undergo longitudinal bending, in addition to
twisting.

4.1.2. Plastic buckling
An extensive literature exists on the sensitivity of the plas-

tic bifurcation load to the constitutive model (see, for ex-
ample, the review of Hutchinson[6]). Flow theories with
a smooth yield surface overestimate the bifurcation load.
Deformation theories give closer agreement in the plastic
range because they provide a more accurate representation
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Fig. 8. A top view photograph of the unbondedρ̄ = 0.10, 12× 12 cells specimen (H/L = 5), compressed to a strainε ≈ 0.1. The photograph clearly
shows an axial torsional buckling mode.

of the tangent moduli for mildly non-proportional loading.
This finding has been rationalized in terms of crystal the-
ories of plasticity. These theories suggest that a vertex de-
velops at the loading point, with fixed tangent modulus for
loading increments within a forward cone of the so-called
“total loading” [7] or “fully active loading” [8], identical to
that given by deformation theories. Flow theories give an

Fig. 9. A comparison between the tensile stress vs. strain response of
the bulk 304 stainless steel and the inferred compressive stress vs. strain
response of a cell wall of the square-honeycomb. The cell wall response
is shown for theρ̄ = 0.10, 12× 12 cell square-honeycomb (H/L = 5)
that has not been bonded to face-sheets.

excessively stiff response for non-proportional loading, such
that large imperfections are needed to give buckling loads
in agreement with experiment.

The plastic bifurcation strength can be calculated from
the elastic formulaEq. (5), which provided that the elastic
shear modulusG and Poisson’s ratioν are each replaced by
their incremental plastic valuesGt and νt. In J2 deforma-
tion theory [9], the tangential shear modulusGt degrades
with uniaxial compressive stressσw in a cell wall element
according to[6]

Gt = G

1 + 3G(1/Es − 1/E)
, (6)

whereE is the Young’s modulus of the material andEs≡σ/ε

is the secant modulus at the current value ofσw. The tangent
modulusEt is likewise a function ofσw and may be used to
defineνt:

νt ≡ Et − 2Gt

2Gt
. (7)

For simplicity, we assume thatνt = 0.5 is consistent with
buckling deep in the plastic range. Then, the axial bifurcation
stressσp

c is given viaEq. (5)as

σ
p
c = 8π2

3
Gt

( t

L

)3
= π2

3
Gt ρ̄

3. (8)

It is emphasized thatGt is evaluated fromEq. (6) by
calculatingEs from the uniaxial true stress versus strain
curve of the parent material at the uniaxial stress,σ

p
c/ρ̄.

An analytical expression forσp
c may be obtained when

the parent material has a linear hardening plastic response.
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Fig. 10. A comparison between the unbonded compressive stress vs. strain response of typical stainless steel square-honeycomb and Al HexWeb
hexagonal-honeycomb specimens. Both curves are shown forρ̄ = 0.03 honeycombs with cell aspect ratioH/L = 1.

Then, the secant modulusEs at bifurcation is given by

Es = σ
p
c

ρ̄[εy + (σ
p
c/ρ̄ − σy)/Et]

, (9)

whereεy is the yield strain of the parent material. Combining
Eqs. (6), (8), and (9)gives the plastic bifurcation stress as,

σ
p
c

σy
= Ē[(π2ρ̄3/3) − 3ρ̄εy] + 3ρ̄

3 + Ēεy(2ν − 1)
, (10)

whereĒ ≡ Et/σy.

4.2. Hexagonal-honeycombs

The elastic buckling stress of the hexagonal-honeycombs
with two cells walls per cell having double thickness is given
by [1]

σe
c = 12.1

1 − ν
G ρ̄3. (11)

Following an analysis similar to that detailed above, the
plastic bifurcation stressσp

c of commercial hexagonal-honeycombs
is

σ
p
c = 24.2Gtρ̄

3, (12)

and for honeycombs made from a parent material with a
linear hardening modulus

σ
p
c

σy
= Ē[24.2ρ̄3 − 3ρ̄εy] + 3ρ̄

3 + Ēεy(2ν − 1)
. (13)

4.3. Comparison with measurements

A comparison between the buckling predictions and peak
stress measurements (unbonded,H/L = 5) is shown in
Fig. 11 by plotting the non-dimensional peak stressΣ ≡
σp/(σyρ̄) against relative densitȳρ with the elastic Poisson’s
ratio ν taken to be 0.3. The plastic bifurcation stresses are
shown for three choices of the linear hardening modulus
Et, ranging from an ideally plastic solid (Ē = 0) to a solid
with a high hardening rate (Ē = 100), as well as for the
measured stress versus strain response (Fig. 3). The lat-
ter gives excellent agreement in the plastic range, when
ρ̄ ≥ 0.05. The linear hardening approximation also in-
dicates reasonable agreement whenĒ = 10. The mod-
els predict the transition from elastic to plastic buckling at
ρ̄ ≈ 0.035.

The configuration with̄ρ = 0.03, which is at the transition
between elastic and plastic buckling, has peak stress about
30% below the predictions. This reduced strength is probably
due to the presence of geometric imperfections: recall that
the knock-down in bifurcation stress due to imperfections is
greatest at the transition from the elastic to plastic buckling.

The prediction,Eq. (1b), is included inFig. 11. A com-
parison with the ideally-plastic peak stress prediction (Ē =
0) reveals that the ratio of peak to mean strength increases
sharply with decreasing relative density; varying from≈2
at ρ̄ = 0.20 to ≈6.4 at ρ̄ = 0.10. Recall that the mean
stress prediction,Eq. (1b), refers to progressive folding,
which was observed for the aluminum honeycomb (low
strain-hardening capacity) but not for the stainless steel hon-
eycomb (large strain-hardening capacity).
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Fig. 11. A comparison between the measured and predicted values of the non-dimensional peak compressive strengthsΣ ≡ σp/(σyρ̄) of the stainless
steel square-honeycombs as a function of the relative densityρ̄. The measured values are plotted for theH/L = 5 unbonded specimens.

Peak stress predictions for the hexagonal-honeycomb are
plotted in Fig. 12 using E = 70 GPa,ν = 0.3, andσy =
210 MPa, with no strain hardening as material properties of
the 3003 grade aluminum from which the HexWeb honey-
comb is manufactured. The predictions exceed the experi-
mental measurements by a factor of up to two. We attribute
this discrepancy to imperfections in HexWeb: the cell wall
waviness was much less for the steel square-honeycomb,
manufactured by the slotting method, than for the aluminum

Fig. 12. A comparison between the measured non-dimensional
peak compressive strengthsΣ ≡ σp/(σyρ̄) of unbonded stain-
less steel square-honeycombs (H/L = 1) and the unbonded Al
hexagonal-honeycombs as a function of the relative densityρ̄. The elas-
tic and ideally-plastic buckling predictions for the hexagonal-honeycombs
have been included.

hexagonal-honeycomb, manufactured by the expansion
method.

Finally, and surprisingly, a fit of the form

Σ ≡ σp

σyρ̄
= 9.9ρ̄0.75, (14)

characterizes the peak strengths of both the aluminum hexag-
onal and stainless steel square-honeycombs over a wide
range of relative densities (Fig. 12). While no straightfor-
ward physical justification can be offered, it provides a use-
ful rule for design purposes.

Fig. 13. A comparison between the measured non-dimensional peak com-
pressive strengthsΣ ≡ σp/(σyρ̄) of competing sandwich cores as a func-
tion of the relative densitȳρ. The stainless steel square-honeycomb data
shown are for the bondedH/L = 5 specimens tested in this study while
the data for the other cores are taken from the literature.
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5. Comparison with competing core designs

The performance of stainless steel square-honeycombs is
compared with that for alternative cores inFig. 13, which in-
cludes data for AL6XN stainless steel pyramidal cores[10],
316 stainless steel woven cores[11], aluminum egg-boxes
[12], and aluminum alloy metal foams[13]. It is clear that
the stainless steel square-honeycomb outperforms the other
cores. The rationale is that the square-honeycomb is aligned
with the loading axis, has few imperfections, and under-
goes plastic buckling in an axial-torsional mode. The other
topologies are misaligned with the loading direction and
possess softer plastic buckling modes.

6. Concluding remarks

Square-honeycombs were manufactured by slotting to-
gether sheets of 304 stainless steel and then brazing the as-
sembly. Five relative densities were tested in out-of-plane
compression. The peak stressσp was found to be relatively
insensitive to the ratio of the height of the honeycomb to
cell sizeH/L, and unaffected by bonding to face-sheets, at
least for relative densities of greatest practical relevance,
ρ̄ < 0.2. An analytical model for buckling is shown to be
in good agreement with the measured peak stress over the
entire range of relative densities tested, 0.03 ≤ ρ̄ ≤ 0.36.

Experimental measurements and predictions of buckling
for aluminum hexagonal-honeycombs manufactured by the
expansion process are reported. The measured strengths are
below the analytical predictions due to imperfections intro-
duced during manufacturing.

The square-honeycomb design exploits strain hardening
extremely efficiently with the measured non-dimensional

peak strength ratio� exceeding unity for̄ρ > 0.05. In con-
trast, all other core topologies (pyramidal, woven, egg-box
and metal foam) haveΣ < 1 for all practicalρ̄.
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