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EXECUTIVE SUMMARY

The research conducted in this program has led to the development of lattice structures which
can be configured in the form of various core topologies of sandwich panels with high specific stiffness
and strengths. They are of particular interest because of their many potential multifunctional applications.

The applications of these lattice structures have been paced by two synergistic developments: the
emergence of a micromechanics based approach for topology design and, scalable methods for the
affordable manufacture of optimal lattices from high performance engineering materials. A
micromechanics-based design approach was developed as part of this program. In this approach, the
(material property and lattice geometry dependent) modes of failure of a lattice structure have been
identified for specified loading conditions and optimal configurations identified by manipulating the
topology and parent material properties to find situations where failure occurs simultaneously by two or
three modes. Fabrication efforts have focused upon approaches for making these best performing
topologies from different materials systems. Panels with tetrahedral truss, pyramidal lattice, hollow truss
cores were made by these methods in stainless steel and aluminum, experimentally tested and analyzed,
the findings of which are documented in a series of papers which appear in the appendices.

Higher stiffness and strength and lighter weight structures were realized by extending the lattice
fabrication and topology design approach to high temperature metal (titanium) matrix composites and
carbon fiber reinforced polymer systems which are described below.

Technical Objectives

Interest in periodic cellular structures has been driven by structural and thermal
management applications of cellular metals. Previous work on a separate Office of Naval
Research (ONR) funded program showed at least a 300% increase in structural performance in
lattice based structures over stochastic foam sandwich panel analogues of similar relative density.
A number of routes to manufacture metallic lattice materials were developed in the original
program. These include investment casting to manufacture an Octet-truss type structure, laser
cutting and folding to manufacture “Kagome” type and pyramidal lattice materials and a slotting
technique to manufacture the triangular and square-honeycomb sandwich cores. New applications
of sandwich structures with lattice cores can be realized by extending the topology designs to new
cellular architectures such as those based on hollow truss assembly configurations and hierarchical
structures. The materials used for fabrication of these structures can be extended from steel and
aluminum alloys to high performance materials such as metal matrix composites and Carbon Fiber
reinforced polymer systems. The motivation of composite structures is driven by the need to seek
materials that fill a void in the high strength-low density material space. The potential multi-functional
applications will be explorcd by case studies with filled or coated lattice materials.
Multifunctional benefit for sandwich structures can potentially be accrued by the filling of the
empty space within the core with ceramics and polymers for blast mitigation and increased
ballistic resistance.




Technical Approach

Titanium matrix composite lattices.

To create high performance, sub-millimeter scale lattice structures, small scale truss components
made from advanced materials are needed. Ti-6A1-4V coated SiC (SCS-6) monofilament (240 um
diameter), Fig. 1, was proposed as a new candidate truss material for such lattice structures. Because the
SiC monofilament is brittle, fabrication processes are then limited to those that do not involve bending
and because Ti-6Al-4V is capable of being diffusion bonded, collinear lattices with square, Fig. 2(a), and
diamond topologies, Fig. 2(b), were therefore chosen. A manufacturing method for creating a sandwich
panel with collinear TMC truss core and Ti-6Al-4V face sheets was developed and improved.
Compressive and shear behaviors of these lattices were investigated at ambient temperature.

(a) Monofilament geometry (b) Cross section

240pm Ti-BAl-4V coating (50 pm)
\

SCS-6 fiber (140 pm diameter) —j

Fig.1 (a) Schematic and (b) cross-sectional micrograph of a Ti-6Al-4V coated SCS-6 SiC monofilament
(35% fiber volume fraction).

(a) Square collinear (b) Diamond collinear

Fig. 2 Sandwich panel structures with (a) square collinear and (b) diamond collinear core topologies.
Carbon Fiber Reinforced Polymer lattices.

Several methods for constructing pyramidal CFRP structures have been investigated as shown in
Fig. 3. Fibrous composites are highly anisotropic with their best material properties found in the
direction along the fiber axis. Due to the difficulty in creating shaped carbon fiber composites, pre-
fabricated materials were used to form the trusses and epoxy bonded to the face-sheet at the node.
Unidirectional trusses are desirable due to the fact they utilize 100% of the available fiber in the load
bearing direction along the truss axis however node design is critical in order to attain the maximum
strength of the truss. In both unidirectional truss designs shown in Fig. 3, the panel underwent premature
node failure due to the truss being stronger than the node. In order to attain the maximum performance
from such structures, the node must be more robust.
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Fig. 3: Methods for manufacturing CFRP pyramidal cores with uni-directional fiber-reinforced trusses.
(a) Pultruded rods truss members are adhesively bonded to face sheets containing pre-drilled holes and
excess material removed. (b) Truss patterns are cut from uni-directional laminates and adhesively bonded
into milled slots in the face sheets.




A third method for constructing pyramidal cores was employed involving water-jet cutting of
pre-fabricated bi-axial CFRP composite laminates. This third manufacturing method, shown in Figure 4,
proved to overcome the node failure problem. By using a 0-90° ply lay-up, long snap-fitted truss cut-out
patterns are water-jet cut from a single laminate and laid up into a core. Small pockets are milled into the
face-sheet in order to mechanically integrate the node into the face-sheet and the whole assembly is
epoxy bonded together. While the node strength is increased by using this method, the bi-axial laminate
trusses only use 50% of the available fiber in the load bearing truss direction.

Water Jet
cutting

\\.. 0 e "
= ey, Mechanical snap fit at nodes

9] L

AAw sinlm)+h

nodes epoxy bonded and burried in
milled facesheet pockets o

Fig.4: Illustration of the manufacturing route for making the composite pyramidal lattice core sandwich
panels studied here. (a) Semi-continuous truss patterns are water jet cut from 0/90° laminate sheets. The

fiber directions are shown in this sketch and indicate that a half of the fibers are in the truss axial
direction. (b) The pyramidal lattice is assembled by snap-fitting the truss patterns. (c) The geometry of
the truss pattern with relevant core design variables identified. (d) A schematic illustration of a pyramidal
lattice core sandwich panel. The composite face-sheets utilized cruciform shaped slots into which the
pyramidal trusses were fitted and adhesively bonded.



Achievements

1. Ti-6Al-4V Pyramidal Lattice Truss Structures

Lattice structure fabrication

A method for fabricating sub-millimeter scale cellular lattice structures with a square/diamond
truss topology from 240 pm diameter Ti-6Al-4V coated SiC monofilaments that was developed is
summarized here in Fig.5. However, with this diffusion bonding condition (900°C, 4 hours, applied
force of 3.75 N per node) the lattice nodes debonded during compression test causing the specimens to

fail at relatively low stress. This node debonding was avoided by increasing the diffusion bonding time
to 6 hours and the applied force to 8 N per node.

(a) Lattice truss assembly (c) Assembly of machined truss
sequence core and braze coated face
sheets

Ti-6Al-4V face sheet

ol '7 Alignment
\ tooling
|

-
— X —

_ TiCuNi-60® brazing alloy
coating on face sheets

DN LR

(b) Diffusion bonding of truss (d) Face sheets attachment
assembly (brazing)

Heat
Heat Heat
T=900"C, Applied pressure = 1.5-5 MPa, T=975 C. Applied pressure = 0.01-0.05 MPa,
t =4 hours, Background pressure = 10 "Torr t=230 min, Background pressure =10 Torr

Fig. 5 Fabrication of a TMC square lattice core sandwich panel: (a) Assembly sequence to make a
TMC lattice; (b) vacuum diffusion bonding of the core; (¢) sandwich panel lay-up; (d) brazing of face

sheets to the square orientated core. A diamond lattice core can be made by rotating the lattice structure
by 45° during machining.

.



Analvtical models for the compressive and shear responses of the square and diamond collinear
lattice structures

Relative density calculation

Fig. 6 shows a unit cell of the collinear lattice structure prior to and after diffusion bonding

process. The relative density of the as layed-up lattice, p, , is simply the volume fraction of the unit cell
occupied by solid truss material:

— _£_27Za21_27ra21_ﬂ
L=y WP 4P 2

0

(D

where V., V,, w,, a and / are the unit cell volume, the volume occupied by the solid truss, the cell width,
the filament radius, and the cell length, respectively.

(a) Three layer lattice
@

A\

Carbon
core

3 SiC sheath

Ti coating

(c) Diffusion bonded unit cell

Fig. 6 Representative unit cells of a collinear lattice: (a) three layer lattice; (b) unit cell before diffusion
bonding; (c) unit cell of the diffusion bonded structure (w < w ).




During diffusion bonding, the spacing between layers and hence the overall lattice width
decreases as the titanium alloy coating at the contact points deforms and interdiffuses. A diffusion
bonding coefficient, £, can be introduced as W/, where W and W, are the macroscopic lattice widths
prior to and after diffusion bonding process (see Fig. 5 (b) and (c)), respectively. Assuming the titanium
alloy coating is redistributed similarly in each collinear layer, S also equals to w/w,, where w and w,, are
the unit cell widths prior to, and after the diffusion bonding process (Fig. 6(b) and (c)), correspondingly.
The diffusion bonded unit cell volume can be written as:

V.=wl* = pw ]’ = Bdal’ (2)

Even though the titanium alloy coating is deformed at the contacts, the volume occupied by the solid
composite in the unit cell remains the same as in the as layed-up unit cell. The relative density of the

diffusion bonded square lattice structure, p, is therefore:

— V. 2mtl p
p=—r=t =L (3)
V.  paal S

For the new diffusion bonding conditions reported above, [ is approximately reduced from 0.9 to 0.8.

Micromechanical Analytical models

Square lattice core:

Hutchinson [ 1] showed that the out-of-plane compressive and transverse shear moduli of the
square lattice truss can be expressed as

0 =009, 4
5 o 4)
and
1 —\
G =—EFE, : 5
<o) 5)

where E, and p are the Young’s modulus of the parent material and the relative density of the square
core, respective.

Under out-of-plane compression, the square lattices collapse by cooperative Euler buckling of the
loadcd constituent struts (vertical struts) over the full height of the sandwich core; see Fig.7. If the
vertical trusses are not joined together by the horizontal trusses, the buckling stress acting on each
vcrtical truss can be described by the elastic bifurcation stress, o, of a compressively loaded circular
column [2,3]:

1) 2
q=”kE{3J, 6)




where E, is the column elastic modulus, a the column radius and /, the length of the column between two
supporting ends. The factor k depends upon the rotational stiffness of the end nodes with k =1
corresponding to freely rotating pin-joint and £ = 2 corresponding to built in nodes which cannot rotate
[2,3]. For the square lattices, the trusses of length is H (the core height) and we assume k£ =2. Using this
expression for the predicted critical strength of individual truss members, the mechanical properties of
the sandwich panel can be globalized since the compressive collapse strength of a core structure, gy, can
be expressed by [4]:

c,=X0_pD, N

Pk C

where ¥ is a lattice topology dependent scaling factor. The scaling factor £ = 1/2(sin’ w,+sin’ @,)
accounts for the fact that trusses oriented in the loading direction are the most efficient for load bearing,
while those that are inclined are limited by force resolution considerations [5,6] For square truss samples
half of the trusses have ®; = 0° and another half have ®, = 90° so the effective value of 2 = 0.5.
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Fig. 7 Sketches of: (a) an undeformed square lattice core and; (b) its expected buckling mode under
compression.

By substituting Eq. (6) into Eq. (7), the peak compressive strength of a square lattice truss
structure failing by elastic buckling is then:

7’E (a =
Ty = 2' E 0. (8)

Substituting H = nl (where n = numbers of unit cells along the height of the core), Eq.(1) and Eq.(3) into
Eq.(8) gives

o= 2E(p,) = 2L (o). ©

= np n

However, since the vertical trusses are joined together and hence are forced to buckle
cooperatively, an additional shear stress at truss nodes also present [7]. This cooperative buckling mode
is similar to the shear buckling mode of a fiber composite material proposed by Rosen [8]. In such
model, adjacent fibers buckle in the same wavelength and in phase with one another and the deformation
of the matrix material between adjacent fibers is assumed to be primarily a shear deformation. Rosen
found that the compressive strength of the fiber composite o, due to shear (cooperative) buckling is




-

m

cc =
1-v,

+v,0,, (10)

where G,,, v, o,are the shear modulus of the matrix, the volumetric fraction of the fibers, and the
buckling stress of the fiber, respectively. The first term on the right-hand side of Eq. (10) is the
contribution to the composite compressive strength from matrix shear and the remaining term is the
contribution to the compressive strength associated with the finite-bending resistance of the fibers. Later
on, Fleck [9] argued the matrix shear contribution G,/(1-v,) , should be replaced by the in-plane shear
modulus of the composite when the compressive strength of the composite material is to be estimated.

Using the same analogy, the effective compressive strength of a square lattice controlled by
cooperative buckling & is then contributed from resistance to lattice buckling given by Eq. (10) and
resistance to lattice shear given by the in-plane shear modulus of the lattice structure, G :

o' =G +o, an

The peak compressive strength of a square lattice truss structure failing by elastic cooperative buckling
becomes:

o’ =(%+Z£ij5‘_(5)}. (12)

The effective transverse shear strength of the square lattice truss was shown by Hutchinson [1] to
be

r=Ls (o). (13)

where o, is the maximum compressive strength of the constituent trusses set by elastic buckling of the
trusses.

Diamond lattice core:

Zupan et al. [10] showed that the out-of-plane compressive modulus of the diamond collinear
lattice is given by

E* =sin*w 1——1— Ep. (14)
(L eno ) °

where  is the angle of inclination between the truss elements and the face sheets, L and H are the length

and height of the lattice core, E, and p are the Young’s modulus of the parent material and the relative

density of the diamond core, respective. The transverse shear modulus of the diamond core was
developed by Coéte et al. [11] in a similar manner and it is given by




G st oplim Ep. (15).
4 (L/H)tanw ) -

The out-of-plane compressive and transverse shear peak strengths are

| o’ =sin‘w 1—; 0",;, (16)
| (L/H)tanw

and

. 1. ==
7" =—sin2w

— 17
2 ( (L/H)tana)]a‘p R

respectively, where g, is the maximum compressive strength of the constituent trusses. This maximum
compressive strength is set by either elastic or plastic buckling of the trusses. Assuming there is no node
debonding and the buckling length is governed by the cell size, / buckling between pinned ends, & =1; sec
Fig. 8 (b), the Euler elastic buckling and Shanley plastic bifurcation stresses are given by [2] .

Kn’E (aY .a 4o,
s | & -"f_< .
s\ 1 “\¥r'E,
| G, = (18)

| ( KrE (aY :
A 7 otherwise,

respectively. Here, E, = do/de, is the tangent modulus of the true tensile stress versus logarithmic strain

' curve of the parent material evaluated at o, = ¢, and g, its yield strength. However if nodes are
debonded under compression, the buckling strength would be reduced. The minimum value of this
buckling stress is obtained when all the nodes are debonded and the buckling wavelength is governed by
the whole length of the trusses, n/ when n is the number of unit cells along the truss between two face
sheets (see Fig. 8(a) and (c)). The critical buckling stresses can be found by substituting / by n/ in Eq.(18)

(a) Undeformed (b) Deformed (Upper bound)  (c) Deformed (lower bound)
. £ AN A A J

Fig. 8 Sketches of: (a) an undeformed diamond lattice core; (b) expected buckling mode when node
failure can be avoided (upper bound); (c) expected buckling mode as subsequence of node failure (lower
bound).




Compressive strength/stiffness comparisons with other cellular structures

The highest specific strength lattice structures reported to date have utilized Ti-6Al-4V alloy for
the pyramidal truss structure[12]. The specific strength of such lattices was ~ 100 kNm/kg [12]. The
specific strength of the titanium composite lattices studied here was 185 kNm/kg. These TMC lattices
are therefore the highest specific strength cellular material at ambient temperature reported to date.

The titanium composite lattices investigated here are expected to retain good dimensional
stability during compressive loading at temperature below 400 °C (above which creep of the metal
component become significant). The compressive stiffness and peak strength of the square TMC lattice
structures can be compared with those of similar lattices made from stainless steel and ceramic foams
whose service temperatures are all above 400°C in Fig.9. It is evident that TMC square lattice structure,

especially with ; = 10.8% and 16.7%, posses higher specific stiffness and strength than any of the other

structures/materials. The compressive strengths of the diamond TMC lattices are expected to be
significant higher with the new diffusion bonding condition and close to the predicted upper bound
values. These materials may therefore provide novel multifunctional opportunities provided the restricted
ductility is not a significant constraint.
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Fig. 9 (a) Stiffness and (b) compressive strength versus density for the TMC and stainless steel collinear
square and diamond (upper bound) lattice structures and ceramic foams having service temperature of
400°C and above.




2. Carbon Fiber Composite Pyvramidal Structures

In order to investigate the effect of node design on panel strength, two pyramidal cores with
different node designs were constructed and tested using the snap-fit manufacturing method described
above. Panels were created with a range in relative density from 1-10% with five tests carried out at each
relative density. The results of the tests are presented in Figures 10 and 11. Design 1 cores used a small
node to minimize the material at the node. Design 2 cores used a larger node to increase the surface area
available for connection of the truss to the face-sheet and to reinforce the truss at the interface. The larger
nodes in design 2 cores contain some sacrificial material which serves to reinforce the node but does not
add to the strength of the core itself. This results in decreased efficiency at higher relative densities.
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Fig. 10: The measured modulus of core designs | and 2. The error bars indicate the maximum and
minimum values obtained from five tests. The micromechanical predictions of the modulus for the two
designs are also included.

Micromechanical models for panel modulus and peak strength predictions were developed.
Modeling of the through-thickness panel modulus for trusses under combined compressive and shear
forces (Fig. 10) gives good indications to the general trend in stiffness over a range of relative densities.
The model generally under-predicts the measured values at lower relative density. It is suspected that the
under-prediction stems from errors in the measured value of the laminate modulus as small
misalignments in the experimental setup can cause large deviations in the measured value of material
properties. The effect of the sacrificial node material in design 2 decreases the modulus with increasing
relative density as can be seen in Figure 10.

Strength models based on different failure mechanisms (Figure 11) give excellent correlation to
the measured peak strength values. The analysis also indicates the regions where different failure modes
are active. At low relative densities elastic buckling is active. Failure transitions to a delamination mode
at approximately 2% relative density. This transition corresponds to the most weight efficient design. At
higher relative densities, plastic microbuckling is predicted to be the dominant failure mode. The
downward curve of the plastic microbuckling strength prediction in Figure 11b gives a maximum pancl
strength limit. The same peak also occurs for Design 1 but is outside the range of the graph in Figure 11a.




The analysis reveals the most weight efficient designs as well as predicts the maximum strength
attainable using the snap-fitted truss manufacturing process (Figure 4). A log-log plot of available
engineering materials (Figure 12) shows that at low densities, these pyramidal CFRP lattice structures
out-perform other available light-weight panels. At higher densities, they are competitive with light-
weight metal alloys such as aluminum. Figure 12 also presents the theoretical limit for CFRP lattice
structures if premature node failure and delamination failure mechanisms can be overcome. Literature
suggests that different fiber-matrix systems and fiber configurations, such as braiding, may defeat or

delay delamination. Further design iterations may also solve the node failure issues in unidirectional truss
cores.
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Fig. 11: The measured peak strength of (a) design | and (b) design 2 of the composite pyramidal cores.
The error bars indicate the maximum and minimum values obtained from the five tests. The predictions
of the strength for the two designs are also included based on the Euler buckling, inter-ply delamination
and micro-buckling failure modes of the struts.
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