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A high-temperature forming and diffusion bonding method has been investigated for the fabrication of
modified pyramidal lattice core sandwich structures from a titanium alloy. A periodic asymmetric hex-
agonal perforation pattern was cut into thin Ti–6Al–4V sheets which were then folded along node rows
by a combination of partial low-temperature bending followed by simultaneous hot forming/diffusion
bonding to form sandwich panel structures with core relative densities of 1.0–4.1%. The out-of-plane
compression and in-plane longitudinal shear properties of these structures were measured and compared
with analytical estimates. Premature panel failure by node shear-off fracture was observed during shear
testing of some test structures. Node failures were also initiated at stress concentrations at the truss–
facesheet interface. A liquid interface diffusion bonding approach has been investigated as a possible
approach for reducing this stress concentration and increasing the truss–facesheet interfacial strength.

Published by Elsevier Ltd.
1. Introduction

Lightweight metallic sandwich panel structures consisting of
low density cores and solid facesheets are widely used in aerospace
applications [1–5]. Cellular core structures based upon honeycomb
topologies are most often used because of their high compressive
and flexural stiffness and strength-to-weight ratios, good vibration
damping and low through thickness thermal conductivity [6–8].
These honeycomb structures are closed-celled with no access to
the core region and are susceptible to internal corrosion [6]. Lattice
truss structures with tetrahedral, pyramidal and Kagomé cell topol-
ogies are beginning to be explored as alternate core materials. For
example, pyramidal lattice truss structures can be fabricated from
ductile aluminum and stainless steel alloys by perforating a metal
sheet to form a periodic diamond perforation pattern, followed by
a node row folding process [9–14]. The folded core can be brazed
or laser welded to solid facesheets to form a sandwich structure.
The lattice topology, core relative density and parent alloy mechan-
ical properties combine to determine the mode of truss deformation
and therefore the mechanical response of these structures [9,10].

Previous studies with lattices fabricated from high elastic mod-
ulus, low strength stainless steels indicate that high core relative
density cores fail by yielding of the truss columns [9–11,13,14].
For elastic–perfectly plastic materials, the peak out-of-plane com-
pressive strength, rpk, scales linearly with the relative density;
rpk ¼ Rrys �q where R is a lattice topology (geometry) dependent
scaling factor (for a pyramidal lattice, R ¼ sin2 x, where x is the
angle of inclination of the truss), rys is the yield strength of the so-
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lid material and the relative density �q ¼ qc=qs is the density of the
core, qc, divided by that of the solid material, qs. Increasing the so-
lid materials yield strength enables the lattice strength to be in-
creased when yielding is the operative failure mode. Table 1
summarizes the specific yield strength for several alloys that have
been used to fabricate lattice truss structures. Data for Ti–6Al–4V is
also shown. It has the highest specific yield strength and a signifi-
cantly higher maximum service temperature than 6061 aluminum
alloys. A lattice structure fabricated from Ti–6Al–4V might there-
fore have useful applications.

Here, we explore the use of a modified form of the sheet folding
method, developed for highly ductile materials, and used it to fab-
ricate modified pyramidal lattice structures from a Ti–6Al–4V al-
loy. A combination of cold and hot forming/diffusion bonding
was needed to fabricate the sandwich panel structures. The out-
of-plane compressive and in-plane longitudinal shear properties
have been measured and compared with analytical estimates for
truss plastic yielding and buckling. The resulting structures have
higher strength-to-weight ratios than similar lattices made from
either heat treatable aluminum or stainless steel alloys. Premature
panel failure by node flat shear fracture and node truss shear-off
fracture was observed during shear testing of some structures. A li-
quid interface diffusion bonding technique was investigated as a
possible approach for the mitigation of this failure mode.

2. Fabrication approach

2.1. Forming limit considerations

Pyramidal lattice structures can be fabricated from high ductil-
ity materials by a folding process [10–13]. However, when this was
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Table 1
Selected mechanical and physical properties of various alloys used for fabrication of lattice truss sandwich structures

Material Yield strength, ry (MPa) Density, qs (kg/m3) Maximum use temperature, T (�C) �103 ry/qs

Al 6061-H0 70 2700 �170 26
Al 6061-T6 268 2700 �170 99
304 SS 176 8000 �925 22
Al6XN SS 200 8000 �420 25
Ti–6Al–4V 900 4430 �420 203
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attempted here the limited ambient temperature formability of Ti–
6Al–4V resulted in sheet fracture on the tensile stress side of the
node after only a half of the required bending deflection. This prob-
lem is commonly encountered during deformation processes with
low ductility alloys [15,16]. The minimum bend radius (the radius
at which cracks appear on the tensile stressed surface of a bend) for
sheet material under plane strain conditions has been analyzed by
Yang [17]. He shows that the minimum bend radius, R, depends on
the sheet thickness, t, and tensile ductility, et:

R ¼ t
50
et
� 1

2

� �
ð1Þ

where et is the tensile elongation to failure of the solid material in%
and is expressed as a function of sheet thickness [17].

Fig. 1 shows the minimum bend radius/sheet thickness ratio
predicted by Eq. (1). Typical ambient temperature tensile ductility
ranges for various alloys are overlaid [18,19]. Fabrication of pyra-
midal lattice structures via a folding process that bends a diamond
perforated sheet with a point node to create a single layer of
trusses is facilitated by R/t values 61.5. This requires a minimum
tensile elongation of about 25%. Titanium alloys have tensile elon-
Fig. 1. The minimum bend radius/sheet thickness ratio as a function of tensile
elongation for various alloys (all data is for alloys in the fully annealed condition at
ambient temperature). As the alloy ductility decreases it becomes much more
difficult to form lattice truss structures by bending.
gations in the 10–15% range. The corresponding bend radius to
thickness ratio then lies in the range 2.5 6 R/t 6 4 which precludes
the fabrication of pyramidal lattices by an ambient temperature
bend forming approach.

To accommodate the lower ductility of this alloy, the fabrication
process was modified in two ways. The pyramidal lattice itself was
first modified to create a unit cell structure with a short flat nodal
region. Fig. 2a and b shows schematic illustrations of an ideal and
the modified unit cell geometries, respectively. This flat nodal re-
gion then enables the use of a larger bending radius folding oper-
ation. It also has the beneficial consequences of increasing the
node contact area and thus the fracture strength of the node. How-
ever, this is accompanied by a reduction of structural efficiency (by
the ratio of the mass of material utilized in the node to the total
core mass) [12]. The core was partially formed at ambient temper-
ature and the folding was completed at the higher temperature
used for diffusion bonding the core to solid facesheets.
2.2. Panel fabrication

The process consisted of perforating a metal sheet to create a
modified two-dimensional periodic diamond perforation pattern,
partially folding node rows by a cold bending process and then
hot forming/diffusion bonding the pyramidal lattice to facesheets
to form the sandwich structures. The periodic truncated-diamond
pattern punched into sheets of Ti–6Al–4V is shown in Fig. 3a. An
example of a partially formed modified pyramidal lattice is shown
in Fig. 3b. The lattice was bent using a bend radius/thickness ratio
of R/t � 3, which was sufficient to prevent cracking on the tensile
side of the bend region. A close-up of the node region is shown
as an inset of Fig. 3b. This bent radius region is flattened during
the subsequent high-temperature forming/diffusion bonding pro-
cess, Fig. 2b.

Fig. 4 shows a schematic illustration of the tool assembly for hot
forming/diffusion bonding the modified pyramidal sandwich
structures to solid facesheets. The room temperature formed cores
were placed on tool steel load supporting pins, a bottom Ti–6Al–4V
facesheet and tool steel support plate combination, Fig. 4a. A sec-
ond set of tool steel load supporting pins, a top Ti–6Al–4V face-
sheet and tool steel support plate combination, Fig. 4b and c, was
placed on top of the core forming the stacked assembly. Three of
these assemblies were stacked vertically and placed in a diffusion
bonding furnace. The node support pins and plates were also
cleaned prior to assembly and a light coating of boron nitride ap-
plied to act as a release agent between the fixture and sandwich
structures. Fig. 4d shows a schematic illustration of the hot
formed/diffusion bonded cores.

For the hot forming/diffusion bonding step, the chamber was
evacuated to �10�4 Torr and the stacked assembly was heated at
10 �C/min to 900 �C, held for 6 h with a pressure of 3.5 MPa applied
to the assembly and finally cooled at 10 �C/min. After diffusion
bonding, the node support pins were removed and compression
and shear samples were wire electro-discharge machined from
the sandwich panels. Fig. 5 shows photographs of typical node re-
gions for the four relative densities investigated here.



Fig. 2. Schematic illustration of (a) an ideal and (b) the modified pyramidal unit cells.

Fig. 3. Photographs of (a) the periodic asymmetric hexagonal perforation pattern
applied to sheets of a Ti–6Al–4V alloy and (b) the partially formed modified
pyramidal lattice.
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2.3. Relative density

The modified pyramidal lattice fabricated here is similar to that
made by using expanded aluminum sheets [12]. The relative den-
sity, �q; is the volume fraction of the unit cell occupied by metal. For
a unit cell defined by the included truss angle, x

�q ¼ ð2lþ bÞ
sin x � cos x � ðl cos xþ

ffiffiffi
2
p

bÞ
wt

l2

� �
; ð2Þ

where l is the truss member length, b is the length of a node, w and t
are the width and thickness of the truss member. If x = 45� and
w = t (the case here), Eq. (2) reduces to
�q ¼ 2
ffiffiffi
2
p ð2lþ bÞ
ðlþ bÞ

t
l

� �2

: ð3Þ

Samples were fabricated from sheet with thicknesses t = 0.635,
0.813, 1.016, 1.270 mm. A nominal truss length of l = 10.0 mm and
a flat nodal region b = 6.2 mm was used for all samples. Table 2
shows a comparison between the predicted and measured relative
densities for three panels at each relative density. The measured
relative densities, calculated by measuring the mass of the sand-
wich panel minus the mass of the facesheets, are reasonably pre-
dicted and lie just below that calculated by Eq. (3). The deviation
between measured and calculated relative densities is attributed
to manufacturing variations which included small variations in
the truss inclination angle, the finite bend radius at the nodes
which was not accounted for in the theoretical calculations and
variations in the core thickness over the length of the panels. There
were slight variations in the measured core thickness, due to man-
ufacturing defects, and an average core thickness was used for the
measured relative density calculations.
3. Mechanical property predictions

Deshpande and Fleck [9] have developed approximate analyti-
cal expressions for the stiffness and strength of pyramidal lattice
truss cores assuming elastic–plastic struts. It was assumed that
the truss cores were sandwiched between rigid facesheets and
their struts were of sufficiently low aspect ratio, t/l, that there
bending stiffness and strength were negligible compared to their
stretching stiffness and strength [9]. The collapse strength of a lat-
tice truss core is determined by the mechanism of strut failure
which depends on the cell geometry, strut material properties
and the mode of failure during loading (plastic yielding and elastic
or plastic buckling). The flat node region in the modified pyramidal
truss structure provides no contribution to the compressive stiff-
ness and strength or to the shear stiffness. However, it does con-
tribute to the shear strength by providing a larger contact area
between the core and facesheet. Kooistra and Wadley [12] intro-
duced a truss mass fraction to account for the mass of material
occupied by the nodes for similar lattices fabricated from an ex-
panded aluminum alloy. Here, we have used a similar analysis
and the resulting truss mass fraction for these structures is
g ¼ 2l=ð2lþ bÞ where b is defined in Fig. 2b As b approaches zero,
g = 1 (an ideal lattice). For non-ideal lattices, g is an analytical esti-
mate of the knock-down in the stiffness and strength properties.
For all of the samples tested, g = 0.763. Table 3 shows the analytical



Fig. 4. Schematic illustration of the lattice structure, face sheet and tool assembly used for hot forming and diffusion bonding the modified pyramidal lattice sandwich
structures.

D.T. Queheillalt, H.N.G. Wadley / Materials and Design 30 (2009) 1966–1975 1969
expressions for the compressive and shear stiffness and strength of
the modified pyramidal lattice truss sandwich structures.

4. Experimental mechanical response

The lattice truss structures were tested at ambient temperature
in compression and shear at a nominal strain rate of 4 � 10�2 s�1 in
accordance with ASTM C365 and C273, respectively. A laser exten-
someter measured the facesheet displacement with a precision of
±0.001 mm. The nominal compressive strain was obtained by mon-
itoring the displacements of the unconstrained facesheets and the
nominal shear strain from the displacements of the shear fixtures.
For the shear experiments, the samples were rigidly attached to
the shear fixtures by steel machine screws and a leading edge
stop.

To determine parent alloy properties in the diffusion bonded
condition, tensile tests were performed on Ti–6Al–4V samples sub-
jected to the same thermal cycle used for fabrication of the diffu-
sion bonded sandwich structures. The parent material was
adequately approximated as an elastic–plastic solid with Young’s



Fig. 5. Photographs of the Ti–6Al–4V modified pyramidal lattice truss structures
along with their corresponding relative densities, �q ¼ 1:0%;1:7%;2:6%;4:1% .

Table 2
Measured and predicted relative densities for the Ti–6Al–4V modified pyramidal
lattice truss structures

Measure relative
density, �q

Average relative
density, �q

Predicted relative
density, �q

0.0071 0.0075 ± 0.0004 0.0102
0.0079
0.0075
0.0139 0.0139 ± 0.0012 0.0167
0.0150
0.0127
0.0260 0.0259 ± 0.0003 0.0261
0.0261
0.0256
0.0387 0.0367 ± 0.0018 0.0407
0.0358
0.0355

Table 3
Analytical expressions for the compression and shear stiffness and strength of
pyramidal lattice truss sandwich structures [9,10]

Mechanical property Analytical expression

Compressive stiffness Ec ¼ Es � sin4 x � g � �q
Normalized compressive

stiffness
P ¼ Ec

Es ��q ¼ sin4 x � g ¼ 0:191

Compressive strength
(plastic yielding)

rpk ¼ rys � sin2 x � g � �q

Normalized compressive
strength

R ¼ rpk

rys ��q ¼ sin2 x � g ¼ 0:382

Compressive strength
(elastic buckling)

rpk ¼ rcr � sin2 x � g � �q; where rcr ¼ k2p2 Es
12 ðtl Þ

2

Compressive strength
(plastic buckling)

rpk ¼ rcr � sin2 x � g � �q; where rcr ¼ k2p2 Et
12 ðtl Þ

2

Shear stiffness Gc ¼ 1
8 Es � sin2 2x � g � �q

Normalized shear stiffness C ¼ Gc
Es ��q ¼

1
8 sin2 2x � g ¼ 0:095

Shear strength (plastic yielding) spk ¼ 1
2
ffiffi
2
p rys � sin 2x � g � �q

Normalized shear strength
(plastic yielding)

T ¼ spk

rys ��q ¼
1

2
ffiffi
2
p � sin 2x � g ¼ 0:270

Shear strength
(elastic buckling)

spk ¼ 1
2
ffiffi
2
p rcr sin 2x � g � �q; where rcr ¼ k2p2 Es

12 ðtl Þ
2

Shear strength
(plastic buckling)

spk ¼ 1
2
ffiffi
2
p rcr sin 2x � g � �q; where rcr ¼ k2p2 Et

12 ðtl Þ
2

For the structures here, x = 45� and g = 0.763.

Fig. 6. Through thickness compressive stress–strain responses for Ti–6Al–4V lattice
truss structures with relative densities, �q, between 1.0% and 4.1%.
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modulus Es ¼ 116 GPa, 0.2% offset yield strength rys ¼ 900 MPa
and a linear hardening modulus Et � dr=de ¼ 1667 MPa .

4.1. Out-of-plane compression

The through thickness compressive stress–strain responses for
the Ti–6Al–4V lattice truss structures are shown in Fig. 6. Follow-
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ing an initial linear response, gradual core yielding was observed
followed by a peak in the compressive stress. The lattice truss
members within the structure plastically buckled shortly after
yielding (at a strain of between 2% and 4%). Continued loading re-
sulted in core softening followed by a stress plateau. The plateau
stress of the structure corresponded to �50% of the cores peak
strength. Softening was coincident with buckling and the forma-
tion of a plastic hinge near the center of the truss member. Neither
node nor truss fracture was observed during any of the compres-
sion experiments.

4.2. In-plane shear response

The longitudinal shear stress–strain responses are shown in
Fig. 7. In the in-plane shear orientation, each unit cell has two truss
members loaded in compression and two in tension. For some
samples the shear stress–strain response exhibited a reasonably
linear behavior followed by premature failure prior to the onset
of an expected peak load, Fig. 7. This has been attributed to failure
of the trusses and the truss–node interface. However, two of the
�q ¼ 4:1% cores did not fail prematurely and exhibited characteris-
tics typical of lattice truss based sandwich cores including: elastic
behavior during initial loading, followed by macroscopic yielding
of the core and continued load support until a peak stress was
reached which corresponded to the buckling of the compressed
truss members. At high strain the load carrying capacity of the lat-
tice structure decreased consistent with node debonding and ten-
sile failure at the truss member–node interface, as shown Fig. 8a. A
longitudinal metallographic image of a typical truss core–face
sheet cross-section is shown in Fig. 8b. It can be seen that some
residual porosity existed at the node–facesheet interface as well
as a sharp stress concentration at the confluence of the trusses,
the flat node and the facesheet.
Fig. 7. Shear stress–strain responses for the Ti–6Al–4V lattice truss structures of
different relative densities, �q .
5. Discussion

5.1. Compression

All the lattices showed a similar crush response consisting of an
approximately linear initial loading followed by a distinct yield
attainment of a peak strength and progressive softening there
after. The initial elastic compressive response of the lattice truss
cores was not perfectly linear. This is appears to arise from small
differences in the lengths of the lattice truss members which re-
sults in non-uniform load distribution. This was consistent with
experimentally observations of aluminum lattice structures which
substantially stiffen once the peak load is reached [20].

Approximate analytical expressions for the compressive stiff-
ness and strength of the pyramidal lattice truss cores can be devel-
oped following Deshpande and Fleck [9] and are summarized by
the equations listed in Table 3. The unloading modulus just prior
to lattice yield has been measured and plotted in Fig. 9a as a
non-dimensional compressive stiffness, P ¼ Ec=ðEs �qÞ against the
lattice relative density, �q. The analytical prediction of the non-
dimensional compressive stiffness has a value of 0.191 and most
of the experimental data lie within ±20% of this value. The lowest
normalized stiffness corresponds to the highest relative density
and the knock-down is attributed to truss waviness as seen in
Fig. 5c and d. Fig. 9b shows the non-dimensional compressive peak
strength, R ¼ rpk=ðry �qÞ again plotted against �q. The analytical pre-
diction of the non-dimensional compressive peak strengths are
also plotted for plastic yielding, and elastic and plastic buckling.
For the elastic and plastic buckling cases it was assumed that the
truss members were either built-in at the facesheets, whereupon
k = 2, or pin-jointed for which k = 1. The factor k depends on the
rotational stiffness of the plastic hinge at the nodes; k = 1 for a joint
that can freely rotate while k = 2 for fixed-joints which cannot



Fig. 8. (a) Photograph showing node debonding and fracture occurring during shear (�q ¼ 1:7%). (b) A longitudinal metallographic image of a representative diffusion bonded
node–face sheet cross-section.
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rotate. Fig. 9b shows that the plastic buckling model captures the
strength dependence upon relative density for samples between
1.0% and 4.1%. For the lower density samples, the data are reason-
ably captured by the k = 2 approximation as minimal truss wavi-
ness was observed at the truss–facesheet interface. Whereas,
truss waviness at the truss–facesheet confluence contributes to-
wards the apparent decrease in strength coefficient for the higher
relative density samples and the data lie closer to the k = 1
approximation.

5.2. Shear

Fig. 10a shows the non-dimensional shear stiffness, C ¼
Gc=ðEs �qÞ plotted against �q. Again, approximate analytical expres-
sions for the shear stiffness and strength of the pyramidal lattice
truss cores have been developed and are summarized by the
equations listed in Table 3. The predicted non-dimensional shear
stiffness is also shown and it can be seen that the measured mod-
ulus is about half that predicted. This is thought to be a conse-
quence of geometric imperfections in the trusses (truss
waviness), core–facesheet misalignment and node debonding–
truss tensile failure. The data reported here for the shear stiffness
was taken at strains within the linear elastic region where geo-
metric defects are most pronounced. Audible failures occurred at
the onset of the shear tests and serrations in both the elastic
and plastic regions of the stress–strain response were observed
and correlated to fracture events and were accompanied by
acoustic emissions [9,20]. These events also contribute to the
low shear stiffness data.

The analytical predictions of the shear peak strengths are plot-
ted in Fig. 10b. For the elastic and plastic buckling cases, it was as-
sumed that the truss members were built-in at the facesheets
(k = 2). In addition, a first-order model for panel failure by node flat
shearing was developed for the modified pyramidal lattice struc-
tures. Maximum yield stress theory (assuming Tresca yield and
plane stress conditions) predicts that the shear yield stress,
sy = 0.5ry, where ry is the uniaxial tensile yield stress [21,22]. This
gives a sy = 450 MPa for the node failure stress analysis of the mod-
ified pyramidal lattice. Assuming a node contact area of b � w per
unit cell, the node flat shear fracture force that can be sustained
is sy � b � w and the shear strength is calculated by dividing by the
unit cell area and is also shown in Fig. 10b. This serves as an upper
limit prediction assuming a perfect bond exists at the interface.
Failure was also observed by shearing of the lattice struts of the
pyramidal core at the joints with the facesheets. Again, assuming
sy = 450 MPa for the node shear-off stress analysis the node truss
shear fracture strength dictated by the node cross-section area
t � w and is also shown in Fig. 10b.

Several conclusions can be drawn from the data in Fig. 10b. For
the geometry considered here, and for a relative density �q < 10%,



Fig. 9. Analytical predictions and experimental data for (a) compressive stiffness
and (b) compressive strength coefficients.

Fig. 10. Analytical predictions and experimental data for (a) the non-dimensional
shear stiffness and (b) the shear strength as a function of relative density. Solid
circles (d) indicate samples that failed at the nodes prior to the full peak
strength.
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panel failure in shear is predicted to be limited by either yielding
by buckling (elastic or plastic) of the truss members assuming no
node shear-off. As the relative density increases above 10%, failure
is then limited by node flat shear fracture. However, for the geom-
etry investigated here, node truss shear-off fracture dominates the
behavior over a wide range of relative densities. The quality of the
node joints between the core and the facesheet resulted in prema-
ture failure of a majority of the panels during shear loading by a
combination of node flat shear fracture and node truss shear-off
fracture and a majority of the data corresponds approximately
with that predicted by node truss shear-off fracture.

5.3. Node–facesheet joint design issues

The design of the core to facesheet interface in honeycomb
sandwich panels is of utmost importance. Ultimately, this dic-
tates the amount of load which can be transferred from the face-
sheets to the core. As shown previously, this is similarly true for
lattice based cores. Node bond failure has been identified as a
key catastrophic failure mode for sandwich structures, especially
titanium based honeycombs [23]. Similar node robustness issues
have been previously observed during shear loading of lattice
truss topologies [9,10,20]. When sandwich panels are subjected
to shear or bending loads, the node transfers forces from the
facesheets to the core members (assuming adequate node bond
strength exists) and the topology for a given core relative den-
sity dictates the load carrying capacity. When the node–face-
sheet interface strength is compromised, from either poor joint
design or bonding methods, node bond failure occurs and cata-
strophic failure of the sandwich panel results.



Fig. 12. Compressive peak strength versus density for various sandwich core
topologies. (See above mentioned references for further information.)
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Titanium alloy honeycomb sandwich panels have been widely
used in aerospace structures. They can be formed by either an
expansion or corrugation processes [4,6]. Numerous methods have
been proposed for joining titanium honeycomb cores to facesheets
including: solid-state diffusion bonding [24–27], electron beam
welding [28], and transient liquid interface diffusion bonding
[29–35]. Solid-state diffusion bonding of titanium honeycomb
structures is limited because stress-reducing fillets are not formed
at the core–facesheet interface. During brazing, liquid interface dif-
fusion and activated diffusion bonding processes, a liquid filler me-
tal is drawn into the nodes and forms a stress-reducing fillet at the
core–facesheet interface.

One potential mitigation strategy is to use a combination of
hot forming/diffusion bonding, followed by brazing. Fig. 11a
and b show longitudinal and transverse micrographs of a node/
facesheet interface that has been hot formed/diffusion bonded
by the process developed here and subsequently brazed. A Ticu-
ni� braze alloy with a nominal composition of 60.0Ti–25.0Ni–
15.0Cu wt.% was used as the braze alloy. The sample was vac-
uum brazed (�10�4 Torr chamber pressure) at a heating rate of
10 �C/min to 550 �C, held for 1 h (to volatilize the binder), then
heated to the brazing temperature of 950 �C for 60 min prior
to furnace cooling at �25 �C/min. During brazing the molten al-
loy is drawn into the node–facesheet interface. It is seen in
Fig. 11, that the combination of hot forming/diffusion bonding
followed by brazing forms a large filet at the truss–facesheet
interface. The presence of this filet reduces the stress concentra-
tion and increases the node contact area which is likely to
reduce the local stress supported at the interface.

5.4. Comparisons with other topologies

To assess how well the Ti–6Al–4V modified pyramidal lattice
trusses compete with other lattice and prismatic topologies in
compression, the compressive peak strength, rpk, versus absolute
density, qs, is shown in Fig. 12. It can be seen from Fig. 12 that
all the lattice and prismatic topologies roughly follow the same
dependency upon density with the lattices out performing the
prismatic topologies. In addition to the topology dependence, the
parent materials strength-to-weight ratio affect becomes apparent.
Ti–6Al–4V possesses a higher strength-to-weight ratio than 6061
aluminum and 304 stainless steel and therefore sandwich struc-
tures made from it are stronger on a per weight basis. In addition,
increasing the truss mass fraction g from 0.76 to 1.0 would in-
crease the specific strength of the Ti–6Al–4V lattice truss sandwich
structures shown in Fig. 12 by �25%.
Fig. 11. Longitudinal and transverse metallographic images of a typical node–
6. Summary

� A new method for fabricating a pyramidal lattice truss structure
has been developed using a combination of ambient tempera-
ture forming and a combination of high-temperature forming/
diffusion bonding. The approach was illustrated by fabricating
and testing sandwich panels using a Ti–6Al–4V alloy and
appears extendable to other alloy systems that exhibit limited
ambient temperature formability and are suitable for diffusion
bonding.

� Analytical predictions for a regular pyramidal lattice truss struc-
ture have been adapted for modified lattices fabricated here. The
stiffness and peak strength of these modified pyramidal lattices
depends on three dominant factors: (i) the stress–strain
response of the parent alloy, (ii) the truss mass fraction, g, and
(iii) the relative density, �q, of the lattice core. The modified pyra-
midal lattices stiffness and strengths were shown to be reduced
from that of an ideal pyramidal lattice by the truss mass effi-
ciency factor g.
face sheet cross-section after diffusion bonding and subsequent brazing.
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� During compressive and shear loading, the stress–strain
responses were similar to other lattice truss based materials
and the peak strengths corresponded to the onset of truss mem-
ber buckling. The measured non-dimensional stiffness and
strength coefficients were found to be in reasonable agreement
with the analytical predictions.

� It was determined that for the current design, the predicted
node contact area was sufficient to resist node flat shear failure
during compressive deformation, but extensive node debonding
and truss fracture occurred during shear deformation prior to
the onset of the lattice cores peak load.

� A potential mitigation strategy has been proposed to increase
the node fracture strength and a full optimization of the node
bonding process and node interface geometry is forthcoming.
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