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Abstract—Topology optimization was combined with a 3-D weaving technique to design and fabricate structures with optimized combinations of
fluid permeability and mechanical stiffness. Two different microarchitected structures are considered: one is a “standard” weave in which all wires
were included, while the other is termed an “optimized” weave as specific wires were removed to maximize the permeability of the resulting porous
materials with only a limited reduction in stiffness. Permeability was measured and predicted for both structures that were 3-D woven with either Cu
or Ni–20Cr wires. The as-woven wires in the Cu lattices were bonded at contact points using solder or braze while the Ni–20Cr wires were bonded at
contact points using pack aluminization. Permeability was measured under laminar flow conditions in all three normal directions for unbonded and
bonded samples and in the optimized structure it was found to increase between 200% and 600%, depending on direction, over the standard struc-
tures. Permeability was also predicted using finite-element modeling with as-fabricated wires positions that were identified with optical microscopy or
X-ray tomography; the measurements and predictions show good agreement. Lastly, the normalized permeability values significantly exceed those
found for stochastic, metallic foams and other periodic structures with a material volume fraction of over 30%.
� 2014 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

Cellular materials offer the exciting opportunity to
enhance fluidic, thermal and mechanical properties when
fabricated as either stochastic structures such as metal
foams [1–5] or periodic structures such as prismatic topol-
ogies [6–8], truss architectures [9–12] or woven textiles
[13–15]. Stochastic structures provide excellent heat
exchange [3,4,16] and energy absorption [17,18] due to their
large specific surface areas and light weight, but their low
stiffness and strength limit use in load-bearing applications
[19,20]. Periodic structures with regular topologies have
been studied as alternatives that offer more stiffness and
strength while still enabling the exchange of heat and
the absorption of energy [21–23]. As examples, Maloney
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et al. [24] investigated a microlattice heat exchanger that
possesses high compressive strength and energy absorption;
Wadley [25] presented truss topologies that support high
stresses, enable cross flow heat exchange and mitigate
dynamic loads; and Wirtz and Park et al. [13,14] examined
thermal and fluid flow in 2-D screen laminates and 3-D
metal textile sheets. In this study we explore similar peri-
odic structures but have gone one step further by trying
simultaneously to optimize two coupled properties: fluid
permeability and mechanical stiffness. Both properties can
be important for applications such as filters, actuators
[26], porous bone implant scaffolds [27–29] and heat
exchangers [30]. These two properties are competing as
increases in porosity may enhance permeability but degrade
stiffness [31,32]. To design a periodic structure with the best
combination of permeability and stiffness, we utilize topol-
ogy optimization that can identify an ideal material archi-
tecture that yields the best combination of considered
properties. We draw on earlier efforts [31–33] that proposed
reserved.
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optimized 3-D porous structures but in this paper we focus
exclusively on optimized topologies that can be manufac-
tured via the 3-D weaving process [34,35].

Topology optimization has proven to be extremely effec-
tive in designing new structural materials, yet the technique
tends to produce complex architectures that may be chal-
lenging to manufacture [36]. The Heaviside Projection
Method [37] is a well-known approach in topology optimi-
zation and is capable of improving manufacturability by
controlling the length scale of designed features in (for
example) porous [32,38] and composite materials [39]. In
related research, this Heaviside Projection Method was
extended to 3-D woven materials to ensure topology-opti-
mized lattices were manufacturable. By including weaving
constraints within the topology optimization routine, we
were able to predict orthogonal, periodic structures in
which wires were removed to enhance permeability in par-
ticular directions, with only a limited decrease in stiffness.
The basic weaving process is shown in Fig. 1a [34], with
metallic wires extending in all three directions, and with
the through-thickness (Z) wires binding the warp (X) and
fill (Y) wires. A finite-element (FE) model of a standard
or baseline architecture is shown in Fig. 1c and an X-ray
tomographic image is shown in Fig. 1d with all wires in
place. Topology optimization suggested removing wires in
the X and Y directions as shown in Fig. 1e and f to maxi-
mize the permeability in the X direction with limited
decrease in stiffness. The resulting wave-like flow field is dis-
played in Fig. 1b. This optimized architecture is predicted
to provide a 280% increase in permeability, with only a
15–30% drop in specific stiffness on going from the stan-
dard to the optimized weave [33].

Here we examine the as-fabricated woven architectures
and quantify and predict their permeability in all three
directions. To do so accurately, though, we do not rely
solely on predictions from the optimization routines. Such
predictions are based on ideal single cells that are extended
to perfect, infinitely periodic material with no deviations in
wire positions [40]. The assumption of perfect weaves with-
out manufacturing defects leads to predictions that are
much lower than the measured values. For accurate predic-
tions of permeability in the as-fabricated structures, we
must characterize and then account for manufacturing
defects such as spreads in wiring spacing, as well as edge
effects and fluid conditions. In this study we use optical
microscopy to characterize average wire positions and X-
ray tomographic studies to identify actual wire locations.
These microstructure data are then input into FE models
to predict permeability in all three directions, for compari-
son with measured values. (The stiffness of the woven sam-
ples is also measured but is reported elsewhere [41].) We
consider both a standard and an optimized architecture
that are woven using Cu or Ni–20Cr wires. After weaving,
the Cu wires are bonded at contact points using solder or
braze and the Ni–20Cr wires are bonded using pack alum-
inization. We quantify the permeabilities for unbonded and
bonded samples in all three orthogonal directions under a
laminar flow condition, and compare the measured values
with the FE model predictions.
2. Experimental apparatus and procedures

Cu wires (Arcor Electronics) and Ni–20 wt.% Cr wires
(Arcor Electronics) [42] with 202 lm diameters were sepa-
rately 3-D woven into parts, shown in Fig. 2a, measuring
3 mm in thickness, 36 mm in width, and over 200 mm in
length at North Carolina State University using a 3-D fab-
ric machine owned by SAERTEX USA LLC [34]. Two dif-
ferent structures were fabricated, each with five warp layers
and six fill layers: a standard weave in which pairs of wires
run in the X and Y directions and single wires run in the Z
direction (Fig. 1c and d), and a topology-optimized weave
in which every other pair of wires is removed in the X
and Y directions (Fig. 1e and f) so as to maximize perme-
ability in the X direction. To prepare samples, we first cut
strips from the full weaves �20 mm in length using electri-
cal discharge machining (EDM) (Fig. 2b and c). Then, in
order to fit in our testing holder and avoid the ragged edges
shown in Fig. 2a, we cut 16 � 16 � 3 mm samples from the
middle of strips to form unbonded samples (Fig. 2d). To
create a rigid lattice, we bonded the wires using one of three
methods. Cu wires are bonded using a standard SAC305
(96.5 wt.% Sn/3.0 wt.% Ag/0.5 wt.% Cu) solder sheets
(Indium Corporation of America) [43] or AgCu (72 wt.%
Ag/28 wt.% Cu) braze sheets (Lucas-Milhaupt alloy 721-
VTG) [44], and the Ni–20Cr wires are bonded using pack
aluminization [45,46]. Fig. 2d shows the finished samples
after bonding and Fig. 2e–h show both unbonded and
bonded wires.

For soldering, 50 lm thick SnAgCu sheets were placed
on top of the unbonded Cu weaves and the assemblies were
heated at a rate of 20 �C min�1 to 500 �C, held for 10 min
in a low vacuum (�10�3 Torr), and then cooled to room
temperature. Six or four layers of solder sheets were used
for the standard or optimized samples, respectively, and
no flux was required due to the low vacuum.

Given the temperature limitations of solders, we devel-
oped an analogous method of bonding with higher-
temperature AgCu braze. Unbonded samples were
sandwiched between 46 lm thick foils of braze, heated at
a rate of 30 �C min�1 to 900 �C, and held for 5 min to allow
the sample to reach a uniform temperature under a
95 mol:% N2 5 mol:% H2= forming gas atmosphere at
2 psig. Samples were then cooled to 25 �C.

Pack aluminization, which is one of several chemical
vapor deposition processes in which a vapor is formed
and then deposits on a substrate through chemical reac-
tions, has been used to coat nickel parts [47–49] and
nickel foams [46,50,51]. Here we use it to deposit a
12 lm thick, uniform NiAl coating on the woven Ni–
20Cr wires [45] at 1000 �C for 1 h, as described in detail
elsewhere [52]. The NiAl coatings merged at numerous
wire contact points to form nodes or solid-state bonds.
After homogenization at 1200 �C for 48 h, a final compo-
sition of Ni–19Cr–4Al is achieved, with no compositional
gradients across wire diameters or across the bonds
between adjacent wires.

To measure permeability in the X, Y and Z directions,
we designed and fabricated the two stainless steel sample
holders shown in Fig. 3a and b. In the X or Y directions,
we sealed all four sides of the samples with Rogers BISCO
silicone closed-cell foam to prevent leaks around the sam-
ples, as shown in Fig. 3b. As the compressed foams do exert
pressure on the weaves we examined the impact of these
loads on the permeability measurements using foams of dif-
ferent stiffness. In the Z direction, we used a double O-ring
system as shown in Fig. 3c and d to ensure that fluid flows
only in the Z direction and not around the sample. Given
that the sample is thin (3 mm), we assume the inner



Fig. 1. (a) 3-D weaving process with warp (X), fill (Y) and z (Z) wires inserted in three orthogonal directions. (b) Topology-optimized wave-like flow
pattern to achieve maximum permeability with limited drop in stiffness. (c, d) FEM model and X-ray tomographic images of the “standard”

structure, respectively. (e, f) FEM model and X-ray tomographic images of the “optimized” structure, respectively. Note the removal of wires in the
X and Y directions in the optimized structure.
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diameter of the small O-ring defines the effective cross-sec-
tional area for fluid flow.

Fig. 4 displays a schematic of the experimental setup for
measuring permeability. Compressed air forces polyethyl-
ene glycol 400 (PEG, Sigma Aldrich) through the sample
and the regulation valve is adjusted to an accuracy of
±0.05% to control the rate of fluid flow. The dynamic vis-
cosity of the PEG was measured independently to be
112.2 cP at 20 �C using a Brookfield LVDV-II+PRO vis-
cometer. An OMEGA HHP-807/SIL differential pressure-
meter is positioned immediately before and after the sample
holder, and the pressure difference is measured to an accu-
racy of ±1.4 kPa. Knowing the thickness of the sample, the
pressure gradients were then calculated. Flow rates were
measured using an OMEGA FPD1002B flowmeter with
±1% accuracy, and flow velocities were calculated using
the appropriate cross-sectional areas. When measuring per-
meability in the X and Y directions, areas were measured
using cross-sectional optical images and ImageJ software.
For the Z measurements, the inner diameter of the smaller
O-ring was assumed to be the cross-sectional area:
4.21 � 10�5 m2.

To calculate permeability we measured the pressure
drop for a series of flow rates and then applied Darcy’s law:

rP ¼ DP
L
¼ l

K
v; ð1Þ
where DP is the pressure drop across the sample, L is the
sample thickness, l is the viscosity, K is the permeability,
and v is the superficial velocity defined by the flow rate
through the cross-section. Given that Darcy’s law approx-
imates creeping laminar flows, we used the following equa-
tion to estimate the range of Reynolds numbers, Re, for our
experiments:

Re ¼ qDh

l
v; ð2Þ

where q is the density of fluid, Dh is the hydraulic diameter,
and v is the superficial velocity defined as the ratio of the
flow rate Q and the cross-sectional area A:

v ¼ Q
A
: ð3Þ

The hydraulic diameter, Dh, can be estimated for a 3-D
woven structure by:

Dh ¼
4e
b
; ð4Þ

where e is the porosity of the material and b is the specific
surface area, defined by the total surface area divided by the
volume in a unit cell [13]. Knowing the diameters, d, of the
wires in both the standard (std) and optimized (opt) geom-
etries, the porosities and specific surface areas for both
structures are computed based on geometry as:



Fig. 2. (a) 3-D orthogonal weaves that measure 3 mm in thickness (Z direction), 36 mm in width (Y direction), and over 200 mm in length (X
direction). (b, c) After fabrication, the weaves are cut into 20 mm lengths using electrical discharge machining (EDM) for the purpose of bonding. (d)
Finished samples measuring 16 � 16 � 3 mm are then cut from the 20 mm strips using EDM. This includes both unbonded and bonded samples.
Optical images of (e) unbonded wires as well as wires bonded by (f) soldering, (g) brazing and (h) pack aluminization.
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estd ¼ 0:4563; bstd ¼
2:175

d
; ð5Þ

eopt ¼ 0:5972; bopt ¼
1:611

d
: ð6Þ

Using these equations, the hydraulic diameters are then
given as:

Dh;std ¼ 0:839d; Dh;opt ¼ 1:483d: ð7Þ
Given that all wires have diameters d = 202 lm, the

hydraulic diameters for ideal unbonded standard and opti-
mized structures are 169 and 300 lm, respectively. When
accounting for actual wire spacings, which are larger than
the theoretical values due to gaps in the manufactured sam-
ples, the hydraulic diameters increase to 297 and 470 lm,
respectively, and the Reynolds numbers range from 0.05
to 0.70 for the experiments reported here. Thus, laminar
flow is confirmed and the use of Darcy’s law is appropriate.

Two different finite-element method (FEM)-based
approaches were used to model and predict permeabilities
of the woven structures. The first approach used homogeni-
zation to approximate the effective permeability of unit cell
architectures that are representative of the standard and
optimized samples. As the weaving process introduced
small, unintended spacings between wires, cross-sectional
optical microscopy was used to determine the average spac-
ing between wires. Idealized wire positions were then
adjusted accordingly by introducing small increments in
spacing between relevant wires using multiples of the
FEM mesh resolution, 16.8 lm. A FEM-based implemen-
tation [40] of homogenization theory [53] was then used
to estimate permeability.

The second FEM-based approach sought to model an
actual specimen by determining exact wire locations using
X-ray tomography. The X-ray tomography was performed
with a Skyscan 1172 microtomography system. Using this
system, acquiring tomographic scans of individual perme-
ability specimens is difficult, due to the size and shape of
the specimens (16 � 16 � 3.3 mm). Therefore a single speci-
men was cut into three sections (16 � 5.4 � 3.3 mm) using an
abrasive cut-off wheel. The tomography of each section was
additionally split into two scans consisting of the top and
bottom of the section with significant overlap. Each scan
was performed with a scan resolution of 11.8 lm, and an
angular step of 0.2� with the specimen rotated through
180�, resulting in 900 radiographs for each reconstruction.
Each radiograph used in the reconstruction was the average
of 20 measurements and small random vertical motions were
applied between angular steps to reduce camera pixel errors.
The X-ray source was set to 100 kV and 100 lA. 3-D recon-
struction was performed using Skyscan’s NRecon software
with a beam hardening correction. The two scans of an indi-
vidual section were combined into a single reconstruction by
deleting overlapping volumes and concatenating the resul-



Fig. 3. Stainless steel fixtures for measuring permeability in the X or Y directions with closed cell foams (a, b) and in the Z direction with double O-
ring system (c, d).

Fig. 4. Schematic of experimental setup for measuring permeability
with PEG as the working fluid. We measure the pressure drop across
the sample and flow rates through the sample.
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tant files. The reconstructed volumes were binarized into two
states (wire and void) using a simple threshold technique.
Finally, a FE mesh was generated from the binarized data
by direct voxel-to-element methodology. The mesh resolu-
tion was reduced to 23.7 lm per element by selection of every
other voxel in order to reduce the size of the model. A pres-
sure drop, along with no-slip conditions due to the surround-
ing foam, were then applied to the model as boundary
conditions and the resulting fluid velocity was computed to
determine permeability.
3. Results and discussions

Prior to making extensive permeability measurements,
we first examined the repeatability of these tests by
performing multiple measurements on an unbonded, opti-
mized Cu weave sample. Pressure gradients were measured
across this sample in the X, Y and Z directions while
increasing and decreasing the rate of fluid flow. In addition,
the sample was removed and then reinserted into the X, Y
and Z holders prior to varying the rate of fluid flow. Fig. 5
illustrates that the data is very reproducible with virtually
no hysteresis between increasing and decreasing the flow
rates (Fig. 5a) and virtually no variation from test to test
(Fig. 5b). The linear trends in Fig. 5 imply that laminar
flow exists and the slopes of these lines give the ratio of vis-
cosity over permeability (l K�1) from which permeability
K can be calculated. The resulting permeability measure-
ments vary by <1.4% for Fig. 5a and <3.5% for Fig. 5b.
Even smaller variations were found for other samples.
The full data set demonstrates that the measurements of
permeability are very reproducible for a given sample.

In addition to characterizing the repeatability of the
measurements, we also examined the impact of the silicone
closed-cell foams on the permeability measurements. As
shown in Fig. 3c, closed cell foams were placed around
the samples when measuring permeability in the X or Y
directions to ensure that fluid did not flow around the sam-
ples. These foam inserts were compressed against the sam-
ples by the stainless steel holders, thereby exerting a stress
on the samples that could cause wires to shift position
and alter measured permeability. To assess this potential
impact, we used closed-cell foams with similar thicknesses
but different buckling stresses. Thus, for the same compres-
sive strain applied by the holders, a different compressive
stress resulted on the weaves. Three different foams
(PORON 4790-92 Extra Soft, PORON 4701-30 Very Soft
and PORON 4701-50 Firm) were used with different
stress–strain curves [54] and the applied stresses are



Fig. 5. Pressure gradients are measured as a function of fluid velocity through a single, unbonded, Cu optimized weave. (a) Measurements are made
in all three directions on the rectangular sample, and pressure drops are measured while increasing (up) and decreasing (down) the fluid velocity. (b)
Three measurements are also made on the same sample in one direction (X) after removing and reinserting the sample from/into the holder between
measurements.
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estimated to range from 21 kPa for the extra soft foam to
115 kPa for the firm foam. Results shown in Fig. 6 and
Table 1 demonstrate that measured permeabilities do not
show a difference within experimental error when varying
Fig. 6. Three silicone closed-cell foams were used to encapsulate
optimized, unbonded Cu weaves during X direction permeability
measurements to examine the influence of the pressure applied by the
sealing foams. The extra soft, very soft and firm foams all had the same
thickness and hence applied different normal stresses when compressed
against the weaves by the stainless steel holders. The stress is estimated
to have ranged from 21 to 115 kPa. All measurements were performed
on the same unbonded optimized sample, with increasing and
decreasing flow rates.

Table 1. Permeability as a function of foam stiffness for optimized,
unbonded samples.

Foam type Extra soft Very soft Firm

Strain of foam (%) 22 ± 3 20 ± 3 21 ± 3
Stress of foam (kPa) [54] 20.9 ± 1.2 33.0 ± 2.2 115.1 ± 6.7
Permeability (�10�10 m2) 29.8 ± 0.8 29.8 ± 0.5 29.0 ± 0.6
foam stiffness and hence applied stress. Given that the unb-
onded samples are the most compliant weaves, the bonded
and stiffer weaves are also unlikely to show a dependence
on the foam type or applied stress. In all subsequent mea-
surements, the middle foam (PORON 4701-30 Very Soft)
was used.

Fig. 7a displays plots of pressure gradients vs. fluid
velocity for the unbonded standard and optimized weaves,
for all three directions. Linear trends are clearly visible, as
expected given the low Reynolds numbers. The slopes yield
the ratio of viscosity to permeability (l K�1), from which
permeabilities were calculated using Darcy’s law (Eq. (1)).
The resulting values are plotted in Fig. 8 for all three direc-
tions. Note that in the standard unbonded structure, per-
meability is relatively isotropic as it varies little with
direction. This is attributed to the fact that the respective
channel sizes in all three directions are relatively similar.
However, for the optimized unbonded structure in which
specific wires were removed, permeability increases over
600% in the X and Y directions and 200% in the Z direc-
tion. Thus, the permeability of the optimized weaves is
anisotropic as designed. However, the similarity of the X
and Y permeabilities was unexpected as wires were
removed in a pattern to increase permeability in the X
direction specifically. We attribute the unexpected change
in Y to the fact that the unintended spacing in the wires
due to manufacturing was larger for the Y wires than the
X wires, as will be shown in the optical imaging results.

Fig. 7b displays pressure gradients measured for fluid
flow in the X direction for standard and optimized samples,
whose wires were bonded using different methods. All data
sets show linear behavior, as in Fig. 7a, and the slopes and
Eq. (1) were used to calculate permeabilities that are plot-
ted in Fig. 8. Data for Y and Z directions are included in
Fig. 8 as well; several trends appear. First, adding solder,
braze or aluminum to the weaves to enable bonding
between the wires reduces permeability and the largest drop
is seen for soldering. The general reduction is attributed to
the material volume increase due to the addition of solder,
braze or aluminum, thus reducing the size of the channels.
The bigger drop for soldered samples is due to the fact that
a larger volume of solder was used compared to braze or



Fig. 7. (a) Permeability testing of unbonded standard and optimized Cu samples in all three directions. (b) Permeability testing of unbonded Cu,
bonded Cu and Ni–20Cr, and standard (std) and optimized (opt) samples in the X direction.

Fig. 8. Permeabilities for standard and optimized structures calculated
from experimental data. Both unbonded and bonded samples are
included, as well as measurements in all three directions.
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aluminum. As a percentage of the weave’s total volume, we
estimate that the solder, braze and aluminum volumes con-
stitute 21%, 15% and 12%, respectively, for the standard
structure and 19%, 17% and 14%, respectively, for the opti-
mized structure. In a second trend, permeability drops
more in the optimized weaves than in the standard weaves
following bonding. This difference may be attributed to the
fact that although the relative volumes of the bonding
materials are similar between the two structures, the distri-
bution of bonding material is less uniform in the optimized
structure than the standard structure given the larger distri-
bution of pore sizes in the optimized weave. The third and
final trend concerns the decrease in permeability for the X
and Y directions following bonding, which is different for
the standard and optimized weaves. Note that in Fig. 8,
permeability drops a similar amount in the X and Y direc-
tions for the standard weaves, but decreases a much larger
percentage in the Y direction than the X direction for the
optimized weaves, after bonding. This can be understood
by considering the pore sizes and wire patterns in the two
directions. In standard samples the pattern of wires is iden-
tical in the X and Y directions, while in the optimized sam-
ples the X direction is designed to have large, winding flow
channels, resulting in the Y direction having several smaller
flow channels. This leads to solder, braze or aluminum
reducing channel sizes more evenly throughout X and Y
directions in the standard weaves but more dramatically
in the smaller Y channels in the optimized weaves.

Having tested permeabilities in all three directions for
multiple samples, we now compare the measured values
with FE simulations of permeability using the unit cell-
based homogenization approach and the X-ray tomogra-
phy-informed approach. All FE simulations use eight-node,
trilinear brick elements with stabilization as described in
Ref. [55], implemented in our in-house Johns Hopkins Uni-
versity FEM and Topology Optimization package. Details
of numerical homogenization approach can be found in
Ref. [40], while the tomography-informed approach is a
standard single-scale FE analysis.

To perform the optimization and initial simulations, we
assumed the woven structures were ideal, without flaws, as
shown in Table 2. The resulting computed permeabilities in
all three directions for both standard and optimized unb-
onded weaves are listed in Table 2. Note that with ideal,
tight packing of the wires, the simulated permeabilities
are much lower than the values measured for the unbonded
Cu weaves. To explain this difference we first visually exam-
ined the weaves for gross flaws such as missing, extra or
twisted wires, but found these were uncommon with only
a few discrete defects. We then assessed the excess spacings,
which are inherently introduced in the weaving process, by
measuring the average spacing between X, Y and Z wires
using optical microscopy (Table 3). The average excess
spacing varied from 10.0 to 60.6 lm for the standard
weaves and from 9.8 to 67.7 lm for the optimized weaves.
Note also that the average spacing of the Y wires (Y–Y and
Y–Z) is larger than of the X wires (X–X and X–Z), explain-
ing the aforementioned larger than expected increase in the
Y direction permeability.

As the mesh size in the 3-D FE models is 16.8 lm,
selected to balance computational expense and accurate
meshing of wire cross-sections, spaces were introduced into
the model in increments of the mesh size. Table 3 displays
the assumed wire spacing, along with the average measured
values. Numerical homogenization was then repeated using
these larger, more realistic wire spacings, and the computed



Table 2. Finite-element simulations of permeability based on measured average excess wire spacings. All samples are unbonded Cu weaves.

Coordinates Standard weave Optimized weave

Assuming ideal
wire spacings

Assuming
increments

in wire spacings

Measured
values

Assuming ideal
wire spacings

Assuming
increments in
wire spacings

Measured
values

Increments input (lm) Zero Refer to Table 3 Refer to Table 3 Zero Refer to Table 3 Refer to Table 3
Material fraction (%) 54.37 40.50 42.99 ± 7.37 40.28 30.07 31.52 ± 5.23
Permeability X (�10�10 m2) 0.77 3.68 4.08 ± 0.25 13.55 28.66 29.4 ± 0.9
Permeability Y (�10�10 m2) 0.79 3.88 4.23 ± 0.20 9.54 20.40 28.7 ± 1.0
Permeability Z (�10�10 m2) 0.66 3.32 4.05 ± 0.14 2.03 8.74 12.2 ± 0.4

Table 3. Measured average excess wire spacings and discretized increment for both standard and optimized structures in all three directions. The
ideal weave has zero excess wire spacing. All samples are unbonded Cu weaves [41].

Standard weave Optimized weave

Wires Average measured
excess wire spacing (lm)

Spacing increment
input for model (lm)

Wires Average measured
excess wire spacing (lm)

Spacing increment
input for model (lm)

Spacing in X
direction

Y–Y 21.0 ± 33.7 16.8 Y–Y 16.4 ± 26.4 16.8
Y–Z 60.6 ± 41.2 67.2 Y–Z 67.7 ± 14.1 67.2

Spacing in Y
direction

X–X 10.0 ± 9.1 16.8 X–X 20.7 ± 20.0 16.8
X–Z 15.9 ± 16.6 16.8 X–Z 9.8 ± 8.9 16.8

Spacing in Z
direction

Y–Z loop 39.6 ± 52.7 33.6 Y–Z loop 35.0 ± 46.0 33.6
X–Y 39.7 ± 40.0 33.6 X–Y 41.9 ± 36.2 33.6

L. Zhao et al. / Acta Materialia 81 (2014) 326–336 333
permeabilities fall within 29% of the measured values in all
cases, as shown in Table 2. Further still, simulation results
estimate that the permeability in the X direction is three
times greater than the Z direction for the optimized weave,
the same ratio measured in the experiments. Refinement of
the mesh could lead to an even closer match of simulated
and measured values. However, the use of average wire
spacings will not capture local variations in wire spacing
that could impact flow and hence permeability. Thus, we
turned to X-ray tomography for a more accurate assess-
ment of wire positions.
Fig. 9. (a) X-ray tomographic images of one-third of a Ni–20Cr sample after
to simulate permeability in all three directions. Simulations in Z used the full s
the specimen in (d). A manufacturing flaw of two pairs of fill wires being pl
X-ray tomography was performed on an optimized Ni–
20Cr specimen after aluminization. The specimen was cut
from a larger sample (16 � 16 � 3.3 mm) on which perme-
ability had been characterized and it measures only
16 � 5.4 � 3.3 mm as shown in Fig. 9a. This 3-D image
contains 21 million finite elements (voxels) and was used
to predict fluid flow in the actual structure. However, to
avoid any edge effects due to cutting, we ignore the outer-
most unit cells along the X and Y edges. The reduced data
set was then used in the FE model to simulate fluid flow
and thereby predict permeability in all three directions as
vapor-phase processing. (b–d) The image data is used in the FE model
pecimen as well as smaller sections identified by the rectangles on top of
aced one layer too high is identified with two arrows in (b).



Fig. 10. Normalized permeability (K/Dh
2) plotted vs. material volume

fraction (Vf) for 3-D woven structures, stochastic metallic foams and
other periodic cellular media.
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shown in Fig. 9b–d. The simulated fluid velocity differs
throughout the specimen, suggesting local variations in
wire spacings. One particular variation in wire spacing is
noted in Fig. 9b. Two arrows point to a manufacturing flaw
in which the periodic variation of Ni–20Cr wires is inter-
rupted. Throughout most of the specimen, the pairs of Y
wires alternate their Z positions, creating a staggered pat-
tern. However, in the middle of the specimen two pairs of
Y wires break this pattern and are coplanar with their
neighbors. Although only one such defect was observed
in the NiCr sample, this manufacturing flaw reduces the
local fluid flow as seen most distinctly in Fig. 9b. Such local
predictions speak to the strength of X-ray tomographic
data when predicting permeability.

The permeabilities predicted using the FEM and the X-
ray tomography data, and those measured experimentally,
are summarized in Table 4. The predictions in the X and
Y directions match the experimental values well, with only
a 9% difference in X and a 17% difference in Y. However,
the predictions and measurements differ by 69% in the Z
direction. The larger difference in the Z direction could be
due to the fact that while the X-ray instrument scanned
the full specimen in Fig. 9a, Z permeability was measured
only in the middle section of the test sample as shown sche-
matically in Fig. 3c and d. Thus, unlike the permeability
measurements in X and Y directions, the Z measurement
was not performed across the full volume of the scanned
specimen, which spans the length of the test sample. To
assess this possible cause of discrepancy, we estimated per-
meability in the Z direction using small volumes
(3.5 � 2.6 � 3.3 mm) within the scanned data that are
spread across the length of the specimen and are shown
schematically in Fig. 9d using blue rectangles. Using these
small volumes we found that estimated permeability varied
from 11.9 � 10�10 to 17.8 � 10�10 m2, a range that includes
the average prediction based on the full scanned volume
and almost includes the lower measured value of
9.8 � 10�10 m2. This suggests that differences between pre-
dicted and measured values can arise when the scanned vol-
ume differs from the tested volume and more work is
needed to identify a representative volume element using
the scanned data.

We end the discussion by comparing the permeability of
our weaves to those of other porous structures. Pore size
can vary from 75 lm for metal foams [1] to 326 lm for truss
structures [56] to 1213 lm for wire screens [57]. In addition,
pore fraction or material density can vary significantly [12].
Thus, when extracting measured permeabilities from the lit-
erature for comparison, we normalized measured perme-
abilities by the square of the characteristic pore size to
achieve a dimensionless term for all structures, as was done
in Ref. [1]. For our 3-D woven structures, the characteristic
pore size is assumed to be the hydraulic diameter, Dh. Using
unbonded Cu samples and assuming the wire spacings
referred to in Table 3, the hydraulic diameters for standard
Table 4. Summary of experimental and simulated permeabilities for an
optimized and aluminized Ni–20Cr sample.

Experiment X-ray tomography
informed simulation

Permeability X (�10�10 m2) 25.6 ± 0.2 27.9
Permeability Y (�10�10 m2) 17.1 ± 1.8 14.2
Permeability Z (�10�10 m2) 9.8 ± 1.2 16.6
and optimized structures were 297 and 470 lm, respec-
tively, as mentioned earlier in calculating the Reynolds
numbers. The resulting relationships between normalized
permeabilities (K/Dh

2) and material volume fraction (Vf)
are plotted in Fig. 10 for the standard and optimized 3-D
woven structures (X-direction permeability shown), sto-
chastic metallic foams [1,2,58–60] and other periodic cellu-
lar media [7,16,56,61] including square, diamond and truss
structures.

For metallic foams with stochastic structures material
density is normally kept low to maintain an open pore
structure. In contrast, 3-D woven structures that are more
than 40% dense still maintain an interconnected pore net-
work due to their periodic structure. As shown in Fig. 10
they offer more than a 10-fold increase in normalized per-
meability compared to foams with a similar volume frac-
tion. Other periodic cellular materials, such as square,
diamond and truss structures, [7,16,56,61], have similar
normalized permeabilities, but their material densities tend
to be much lower. The comparisons in Fig. 10 support the
concept that periodic cellular materials such as 3-D weaves
offer an advantage over stochastic cellular materials such as
foams [1–5] in that their structures can be optimized to
yield superior permeability in prescribed directions and at
a given density. Further still, a combination of properties
such as permeability and stiffness can be optimized
[31,32]. The opportunity for such optimization will prove
useful as cellular materials gain more attention in applica-
tions such as poroelastic actuators [26] or implant scaffolds
[27–29].
4. Conclusions

Permeability was measured for 3-D orthogonal topol-
ogy-optimized Cu and Ni–20Cr woven parts under laminar
flow using PEG. The permeability of standard weaves was
found to be relatively isotropic with similar values mea-
sured in the X, Y and Z directions. However, when selected
wires were strategically removed from the standard weave
to optimize permeability in the X direction, substantial
increases in permeability were obtained and the permeabil-
ity became near orthotropic. Permeability increased by
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600% in the X and Y directions and 200% in the Z direc-
tion. As expected, bonding the loose Cu wires using solder
or braze, and loose Ni–20Cr wires using aluminum vapor,
led to a decrease in permeability due to the addition of
bonding material. However, permeabilities, particularly in
the optimized X-direction, were still substantially larger
than the standard weave architecture.

Permeability of the 3-D weaves was then predicted using
FE models that included as-fabricated wire spacings. Aver-
age wire spacings were obtained from optical images, and
exact wire locations were extracted from X-ray tomogra-
phy. Regardless of the methods used to characterize wire
spacings or locations, the resulting FEM predictions match
the observed trends in permeability with direction (X, Y or
Z) and design (standard vs. optimized). In addition, the
absolute values of the predictions match the measured per-
meabilities quite well, particularly in the X and Y direc-
tions. The optical analysis provides a rapid method for
assessing wire positions for predicting permeability, while
the X-ray tomography data provides the additional benefit
of identifying restrictions in flow that are created by local
variations in wire spacing or location.

The orthogonal 3-D woven structures studied here exhi-
bit an order of magnitude higher normalized permeability
compared to stochastic porous structures with a similar
material density. Compared to other periodic porous struc-
tures, the weaves showed similar normalized permeability
but at substantially higher densities. In addition, the metal-
lic weaves demonstrate a new means for fabricating struc-
tural and functional materials while leveraging topology
optimization to guide the design of those materials to
achieve improved sets of properties.
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