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Metallic sandwich panels with tetrahedral truss cores have been fabricated and their
structural performance evaluated. A fabrication technique involving deformation-shaping
and brazing has been used. The responses of the structure in core shear and panel
bending have been measured. The results demonstrate robust behavior beyond the limit
load. A finite element simulation of the core shear response duplicates the features found
experimentally. When combined with the constitutive properties of the face sheet material,
these shear characteristics have been shown to predict, with good fidelity, the limit load
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1 Introduction - P

The attainment of minimum weight structures has a long his- T EL (22)
tory, [1-8]. Three technical factors are involved in achieving thig hereE is the Young’s modulus. Fdrendingover a spars, it is
goal: (i) materials selection[1], (ii) topology optimization, more convenient to express the load index through a combination
[9-17, and (i) multifunctionality, [12,16. Topologies that can qf the maximum bending momer), and maximum transverse
be used to achieve high load capacity at low weight are exemplhear v/ (both per unit width, [11]:

fied by truss structures that stretch or compress without bending
and honeycomb core panel§,1-20. The truss topology has the .= \
benefit that the open spaces can be used to impart functionalities b™ JEM'

in addition to load bearing, such as active coolifig12,14, . . . -
whereupon, the extra weight of an additional component normally 1€ ratio of the maximunM and V defines a characteristic

needed to imbue that extra function can be saved. length scalef =M/V, [11]. For example, in three-point bending,
Performance indices are needed to ascertain minimum Weighf S/2,[11,17. When this index is used, the weight inde is

configurations and to compare designs. The indices are based @fffined with¢ replacinglL. ,

overall structural weightW (per unit ares load, P (per unit ~ comparative indices exist forstiffness but they are

width), stiffness, and yield straim, . When the faces and the coreconfiguration-dependerit},2,7,9. Stiffness governs the weight at

are made from the same alloy, the weight index1s6,11): smaller loads, wh_il_e streng_th is performance limiting at hi_gher
loads,[1], exemplified by Fig. 1. The present assessment is re-
w stricted to strength-limited designs, pertinent to high loads.
V= oL (1) Strength-limited minimum weight designs are founditgnti-
fying the failure modesspecifying the load capacity and then
wherelL is the length of the panel/lbeam apdhe density of the varying the dimensions to determine the lowest weight for each
solid material. mode,[1,11]. The benchmark configurations against which com-
For designs based airength the loads supported icompres- peting technologies should be compared are summarized on Fig.
sion can be compared using the load indg; 2,[12,15.
For flat panels, sandwich designs with honeycomb cores repre-
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MECHANICAL ENGINEERSfor publication in the ASME QURNAL OF APPLIEDME-  hat-stiffened panels define the benchmark in Compres$ﬁjn’
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Journal of Applied Mechanics, Department of Mechanical and Environmental Endil, 12,21, (Fig. 2(c)). Alternative topologies need not structurally
neering, University of California—Santa Barbara, Santa Barbara, CA 93106-50@utperform these benchmarks, provided that they exploit other
and will be accepted until four months after final publication of the paper itself in thﬁttributes such as cost. durability. strenath retention after impact
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Fig. 1 The minimum weight as a function of load for a simply '
supported panel subject to a uniformly distributed pressure,
evaluated for a material with yield strain, £,=0.007, and maxi-
mum allowable center displacement, &/ S=0.1. Results are pre-
sented for several values of the relative density of the core. In

all cases, at large loads, the panels become strength-limited.

Panels with open truss cores offer one such alterndtiviel§.
They are more amenable to forming into complex shapes than
honeycomb cores|19], and they allow fluids to readily pass
through, [16], rendering them less susceptible to internal corro-
sion. They are also attractive for cross flow heat exchageln
flat panels, when optimized, such cores are as light as the bench:
mark designs in both bendinfl1], (Fig. 2(a)) and compression,

ake e 2]

0004

Waight Index
Wipl

0002 =4

[1,21], (Fig. 2(b)). Moreover, in curved panels, they are much H e
more structurally efficient than stiffened desigh$,21], (Fig. ]‘,T_z‘
2(c)). At loads relevant to aerospace applicatioid, the mini- a

mum weight occurs at a core relative density in the range 2—3%,
with thin faces(thickness to load span of ordex303), [11].

The failure mechanisms operating at the optimum depend on the
yield strain of the alloy being useffl11]. At the high yield strains
pertinent to aerospace grade Al alloys, failure occurs by concur-
rent face yielding, face buckling and elastic buckling of the com-
pressed truss core membekl]. For the lower yield strains rel-
evant to stainless steels, the failure modes are concurrent face
yielding, face buckling and core member yieldihdl].

Experimental assessments of these predictions have been mad
in panels fabricated by an investment casting prodds$s, using
materials having yield strains in the range where the core response
is yield (rather than elastic bucklinglominated. These investiga-
tions had two primary limitations(i) due to the constraints on
aspect ratio imposed by investment casting, the core members
were less slender than that at the optimuin, the casting intro-

Teuss Con

Weight Index
WipR{10%)

duced defects that limited the ductility, inhibiting the ability to T I N
probe the performance envelope. Other limitations included the M/EL{x105)

relatively high manufacturing cost associated with investment Voud ket -
casting, as well as the limited property range that can be accesse(

(relative to wrought material

These issues are addressed in the present study by applying a
manufacturing procedure for open cell tetrahedral truss core struc-
tures (Fig. 3) applicable to wrought metal$19]. The cores are
made using metal perforation and deformation-shaping proces
They are bonded to thin metal face sheets using a brazing &/ ious panels under shear and bending load.  (b) Weight
proach. The specific objectives of this article are as folloWs: | qey versus load index for axially compressed flat panels,
manufacture wrought panels with core densities in the ranggio,1822]. (c) The minimum weight as a function of load for
found for fully optimized panelgabout 2%, [11]; (i) measure the axjally compressed curved panels. N is the load per unit length
performance of these panels subject to overall bending loads, afSthe periphery, [12].

S.' 2 (a) The minimum weight as a function of load capacity
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- whereH. is the core height; is the face sheet thickneds, is the
Megative ¢ ot %

Orientation truss member lengthi= \LZ—H?, oy is the yield strength, and

is Poisson’s ratio. The core failure modes are dictated by the shear
force per unit widthV, [11]. For truss members with rectangular
cross-sectiorfwidth, w and thicknesst), the constraints are

3VvdL
Positive %SUY (core member vyielding (3c)
Orientation c
J3vdL, km%E

t 2
= J—

Howt =~ 12 (Lc) (core member buckling (3d)

wherek depends on the end conditions of the truss members. For

conservatism, we assume that the nodal connections between the

core members and the face sheets are pin-joinked1(), [11].

For convenience, each geometric parameter is normalizeél by

allowing the constraint functions to be rewritten in the nondimen-

sional forms:
___________________ v \'E ¢ 1 (face sheet yielding  (4a)
| —— < ace sheet yieldin
VEM/ oy tiHc ’

<1 (face sheet buckling

VEM 4972 t3H,
)\ “

v )2432(1—V2) d2¢2

Vv \’E V3dL¢ o
Fig. 3 Tetrahedral unit with ligaments having rectangular \/— > Hwt <1 (core member yielding (4c)
cross-section. The directions of positive and negative shear EM y ¢
are indicated. 2 3

v |“12/3 dLie _

5 ;<1 (core member buckling
VEM/ k@ H.wt

sess their robustness, and compare the load capacity with predic- (4d)
tions, [11]; (iii) perform independent core shear measurementsa failure mode is considered active when the associated con-
and simulations to facilitate model validation. straint function reaches unity. As discussed be{Section 6, this

approach can be used to predict the load at failure initiation during

2 Basic Mechanics panel bending.

The four possible failure modes for the tetrahedral truss core
sandwich structure with solid face sheets are face sheet yielding,
face sheet buckling, core member yielding and core memb3r Sandwich Panel Construction
buckling, [11]. The face sheet failure modes are dictated by the Tryss cores can be fabricated from wrought metals by starting
bending moment per unit widthj. The associated constraints areyitn, perforated metal sheets and bending along diagonal nodes,

[11]: [19]. To illustrate the fabrication, commercially available 304
M stainless stedFe-18Cr-8Nj with hexagonal perforations was ob-
<o, (face sheet yielding (3a) tained from Woven Metal Products, In@Alvin, TX). The truss
tiHe members had widtlv=1.26 mm and thicknes$=0.59 mm. The
M 497°E  [t.\2 rectangular cross sectiorfahich have lower core performance
s—(_f (face sheet buckling (3b) than square sectiopsvere convenient for manufacturingl9)].
tiHe 432142 \d After bending(Fig. 4(@)), the core height wadd.=10 mm, such

(b)

Fig. 4 (a) Tetrahedral truss core after shaping,  (b) typical core /face sheet bond
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Table 1 Geometric parameters for three point bending panels

| APFLIED COMPRESSION |

Parameter Dimension(mm) "

Core heightH, 9.8 r_l_
Face sheet thickness, 0.75

Truss member length, 12.2

Truss member widthw 1.26

Truss member thickness, 0.59

Span lengthS 202

Panel width,B 66

that the relative density wag=p./p=1.7%, (wherep. is the
density of the core angd is the density of the solid materjal
A brazing approach was used for attaching the face-sheets to

the cores. The cores were lightly sprayed with a powder compris- APPLIED
ing a mix of a polymeiNicrobraz® 520 and 140 mesh Ni-25Cr- SHEAR

10P alloy(Nicrobraz® 52, both supplied by Wal Colmonoy Corp.
(Madison Heights, Ml The solidus and liquidus of this alloy are
880 and 950°C, respectively, whereas the solidus of 304 stainless
steel is approximately 1400°C. The coated cores were placed be-
tween solid 304 stainless steel face sheets and a small compres-
sive pressure was applied. The panel assemblies were heated in
vacuum & 10 2torr) to 550°C for 1h to volatilize the polymir

The system was evacuated to less than®t6rr, and the tempera-

ture increased to 1100°C and held for 1 h. At temperature, the

alloy melts and is drawn into the core/face sheet contacts by cap-

illarity. Bonding then occurs as interdiffusion changes the local

composition, causing it to solidify. Robust joints with desirable | |

nodes ensuéFig. 4(b)). Upon bonding, the core height diminishes
slightly, to H,=9.8 mm, increasing the core relative densitypto Fig. 5 Shear test fixture assembly
=1.8%. This density is very close to that found for fully opti-
mized panels11].
For the panel bending assessment, a face sheet thickness Measurements and Observations
=0.75 mm, was chosen, exceeding that for the optimum structure,_. . .
igure 6 shows the true stress-strain response of the 304 stain-

[11]. For the core shear tests, much thicker face sheets were uFeeés steel. The material exhibits a 0.2% offset yield strenggh,

(ty=3 mm) to prevent distortions during the measurements. =217 MPa. The hardening rate beyond yield is almost linear up
. to a strain of 10% and can be characterized by a hardening modu-
4 Test Design lus, H=do/de =2.5 GPa.

After cooling to ambient, the panels were machined for testing. The shear stress/strain responses measured in the positive and
The flexure panels had span lengtB=202mm, width B negative orientationgFig. 7) demonstrate the asymmetry of the
=66 mm, and mass 0.22 Kgable 1. They were tested in three- tetrahedral truss core. In the negative orientation, the limit load is
point loading by using a procedure similar to that described else-
where,[19,22. Flat-faced loading platens 16 mm thick were ad-
hesively bonded to the faces of the panels. The loads were appl | Bilinear Approximation
through lubricated rollers inset into the platens that allowed tt
specimen to rotate upon bending, with minimal friction. The tes
were performed in a servo-electric test frame. The load and loe
point displacements were measured simultaneously. 450

The shear test assembly comprised two L-shaped platens t
rigidly held each of the two face sheets of the paikéy. 5. The 400
assembly was placed between flat loading surfaces connecte(®
the load cell and actuator of a servo-hydraulic load frame. ImpcE
ing a compressive load to the assembly created a condition v 3¢9
nearly pure shear at the truss core. The tests were performed 5
load point displacement rate of 0.1 mm/min. Displacements we{} 250
measured by a laser extensometer. Tests were performed in X
negative and positive orientations shown in Fig[18,20. In the «
positive orientation, one truss member is in tension and the ot 5,
two in compression and vice versa for the negative orientationc

A high resolution digital camera was connected to the testit™ 100
frame in order to capture side-view images of the core. The
images were used to identify the failure mechanisms.

500

350

200

The constitutive properties of the 304 stainless steel used in 1 Y I A B BT B
face sheets were measured after exposure to a simulated bon 0.00 0.02 0.04 0.06 0.08 0.10 0.12
cycle (1100°C for one hour Flat dog-bone-shaped tensile speci TRUE STRAIN. €

mens were tested at a strain rate of 4671.

Fig. 6 True stress-strain response for 304 stainless steel fol-
INote that the alloy powder remains adhered to the structure after volatilizatioowing annealing at 1100°C for 1 hour
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Fig. 8 Load-deflection response during panel bending. The
open symbol represents the predicted load from Eqg. (5) at
which yielding occurs.

appreciably lower than in the positive orientation because the
most heavily stressed trusses are in compression and susceptible
to plastic buckling,[18,20. The maximum shear stress in this
orientation, 7,,,,=1.0 MPa, occurs at a shear strain of 1.4%, ob-
served to be coincident with plastic buckling of the compressed
members. In the positive orientation, the corresponding maximum
is Tmax=1.7 MPa, occurring at a shear strain of 13%. In this ori-
entation, the most highly stressed trusses are in tension. They
stretch and transfer load onto the compressed trusses, eventually
causing them to buckle plastically.

A load/displacement curve measured in bending is summarized
in Fig. 8. An approximately steady-state lod&,=1.5kN is at-
tained at displacements between 2 m#, <5 mm, followed by
gradual softening beyond 5 mm. An image obtained at the limit
load (Fig. 9 indicates that the response is asymmetric and that the
panel fails by core shear. That is, since the truss assemblies on the
left experience shear in the negative orientat{dg], failure oc-
curs through plastic buckling of the compressed members. The
buckling induces large strains that cause face sheet yielding and
result in the formation of a macroscopic plastic hinge at the outer
loading platen[1,20,24. In contrast, the right side experiences
positive shear. Consequently, the trusses stretch with relatively
small ensuing strain levels, inhibiting both face yielding and hing-
ing. After unloading, all of the core/face-sheet bonds were intact
with no visible cracking.

6 Finite Element Simulation of the Shear Response

The finite element simulation approach is similar to that de-
scribed by Hyun et a[.20]. The exact rectangular geometry of the
truss members has been used, as well as the measured stress/strain
curve for the facegFig. 6). The truss assembly and the finite
element mesh are shown in Fig. 10. The finite element code
ABAQUS has been used. The base of the truss assembly is fixed.
The top, where the assembly is bonded to the upper face, is dis-
placed parallel to the face, without rotation. The deformations of
the core that occur in the negative and positive orientations at
large displacements are shown in Fig. 10. They demonstrate the
plastic buckling of the compressed member in the negative orien-
tation and the stretching of the tensile member in the positive
orientation.

The shear stress/plastic strain relations calculated for the two
orientations are superposed on the experimental measurements in
Fig. 11. The similarity between the curves in both orientations
affirms the self-consistency of the present measurement and simu-
lation protocols and provides confidence in the scaling relations
(with relative density and core member aspect jatilmborated
elsewhere[11,13,2Q. There are two minor discrepancies. The
simulations generally underestimate the flow strength by a few
percent. Since the simulations use the stiffest possible boundary

Flat steel indenter

Fig. 9

™ Span, S *

Image of the panel obtained at the displacement indicated in Fig. 8. Note the plastic

buckling of the compressed truss core members on the left side and the associated plastic
hinge. The span was S=202 mm, the flat steel indenters were 16.0 mm wide and the overhang,

Nover=22.5 mm.
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Fig. 11 Simulations of the shear stress as a function of plastic
strain in (&) the positive orientation and  (b) the negative orien-
tation. The experimental measurements have been super-
posed.

Fig. 10 Finite element simulations showing the deformation . -
after shearing in () the positive orientation at ~ y,/=0.14 and (b) found to become active at the lowest load, wHép=V/EM

the negative orientation at  y,/=0.10. Note the plastic buckling =6.8x10"". The corresponding absolute yield load is
of the compressed member in the latter.

iy . o _ . P,=II?BES (5)
conditions, this difference implies that the material comprising the

truss members has higher strain hardening than that measured for
the faces. This may be attributable to chemical interactions beserting the panel dimensiori3able 1 into (5), the predicted
tween the braze alloy and the steel. The second discrepancyyield load become®,=1.25kN. This value corresponds closely
lates to the onset of plastic buckling in the negative orientatioto that measured at the onset of nonlineatfyg. 8), affirming
The simulation overestimates the stress at which this occurs that failure initiates in the core.

about 10%. This difference is associated with the imperfection

sensitivity of the buckling condition. Limit Load. The beam theory solution for the collapse load

of a sandwich panel in three-point bending with small overhang,
7 The Bending Response hover» iS given by,[1,22],

Initial Failure Load. By ins_ertingzthe geometric parameters ™ Zrhe analysis assumes, /E=0.001 andv=0.33. Further, for three point bend-
for the panelTable 1) into equation(4),” core member yielding is ing, ¢=S/2=101 mm.

Journal of Applied Mechanics MAY 2004, Vol. 71 | 373

Downloaded 01 Feb 2008 to 128.111.74.179. Redistribution subject to ASME license or copyright; see http://www.asme.org/terms/Terms_Use.cfm



25@ 2h P, = vyield Ioa_d in three-point bending
PA:TUyJF 2BH Tmad 1+ ik (6a) S = three-point bend span length
t = truss core member thickness
The corresponding result for a panel with large overhang is, ty = face sheet thickness
[1,22], V = shear per unit width
B2 w = truss core member width
_co W = weight per unit area
B="g yT 2BHcTmac (60) 5 = displacement in three point bending
Here, the pertinent value of ., is that corresponding to the 5555 i Siifllgcst{?;nrange foPss
- ; - y
softer, negative orientation. The lower of the two loaHg, and Y. vy = shear strain and plastic shear strain, respectively

Pg, dictates panel bending strength.
Upon incorporating intd6) the measured shear strength in the
negative orientations,,,,x=1.0 MPa, the face sheet yield strength,

¢ = characteristic length scales(M/V)
WV = nondimensional weight index

oy=217 MPa, and the panel dimensidiable 1), the peak loads I 1 i Ic?:r?siltr;/dlcffe:mid material

are predicted to b®,=1.7 kN andPg=1.5kN. The lower value L — relative core density< p/p)

is virtually identical to the measured collapse load. The quality of P — density of core yxpelp
i C

the agreement suggests that simple beam theory models can ad- , = 0.2% offset yield strength

equately account for measured limit loads, provided that indepen-
dent information about the core shear strength and face strength is -
available.

7 = shear stress
= maximum shear stress
Poisson’s ratio

max
v =
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B = beam width
d = base leg of tetrahedral truss assembly
(=VLe—HQ)
E = Young's modulus
Fn = shear force in negative orientation
Fp = shear force in positive orientation
hover = Overhang in three-point bend experiment
H = hardening modulus
H. = core height
k = buckling constantK=1 for pinned ends, 4 for
built-in ends
L = length of panel/beam
L. = truss member length
M = moment per unit width
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