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The microscopic Bouligand-type architectures of fish scales demonstrate a notable efficiency in enhancing
the damage tolerance of materials; nevertheless, it is challenging to reproduce in metals. Here bioinspired
tungsten-copper composites with different Bouligand-type architectures mimicking fish scales were fab-
ricated by infiltrating a copper melt into woven contextures of tungsten fibers. These composites exhibit
a synergetic enhancement in both strength and ductility at room temperature along with an improved
resistance to high-temperature oxidization. The strengths were interpreted by adapting the classical lam-
inate theory to incorporate the characteristics of Bouligand-type architectures. In particular, under load
the tungsten fibers can reorient adaptively within the copper matrix by their straightening, stretching,
interfacial sliding with the matrix, and the cooperative kinking deformation of fiber grids, representing a
successful implementation of the optimizing mechanisms of the Bouligand-type architectures to enhance
strength and toughness. This study may serve to promote the development of new high-performance
tungsten-copper composites for applications, e.g., as electrical contacts or heat sinks, and offer a viable
approach for constructing bioinspired architectures in metallic materials.

© 2021 Published by Elsevier Ltd on behalf of Chinese Society for Metals.

1. Introduction

The architectures of natural biological materials have been per-
fected through the long-term evolution of organisms and are now
being increasingly regarded as blueprints to reproduce in man-
made materials for enhanced performance [1-3]. The twisted ply-
wood architecture, also known as Bouligand-type structure, is a
prime example existing in a wide variety of natural materials like
fish scales [4-8], arthropod cuticles [9-12], and vertebrate bones
[13-15]. It features a periodically helicoidal stacking arrangement
of stiff fibers or fiber bundles, comprising mineralized collagens for
fish scales and bones, and chitins for arthropod cuticles, embed-
ded within a less stiff matrix (typically of proteins). Such struc-
tures have been proven to be remarkably effective in enhancing
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the damage tolerance of materials, especially under impact loading
conditions; this is achieved by such processes as directing cracks
to twist along the structure, accelerating the nucleation of microc-
racks without coalescence, and inducing the filtering effect of shear
stress waves under impact [16-20]. In particular, the Bouligand-
type structure can adapt to external loads principally by reorient-
ing the fibers towards or away from the loading axis, respectively,
in the case of tensile and compressive loading states [5,6,8,21].
Recently we have revealed that such mechanisms function, not
merely as a passive response to allow for flexibility, but to ef-
fectively promote a simultaneous enhancement of the stiffness,
strength, mechanical stability, and fracture toughness of materials
[22,23].

The exceptional mechanical efficiency of the Bouligand-type
structure is well exemplified by its two unique forms found in
fish scales, as shown in Fig. 1(a-c). The first one features a micro-
scopically orthogonal plywood structure where adjacent layers of
fibers are rotated by 90° (Fig. 1(b)). Such a structure exists in the
scales of many species of fish such as Pagrus major [4], Morone sax-
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Fig. 1. Bouligand-type structures of bioinspired tungsten-copper composites mimicking fish scales. (a) The scales of Pagrus major and Latimeria chalumnae fish provide an
effective protective role against the predation by sharks. (b, c) Micrographs and schematic illustrations of the orthogonal plywood and double-Bouligand structures in the
scales of (b) Pagrus major and (c) Latimeria chalumnae fish. (d, e) 3-D microstructures of the tungsten-copper composites with bioinspired (c) orthogonal plywood and (d)
double-Bouligand structures by XRT imaging. The spatial distributions of tungsten fibers within the composites are generated by filtering out the signals from the copper
matrices. The micrographs of fish scales in (b) and (c) are adapted with permission from refs. [4,8].

atilis [24], Poecilia reticulate and Hemichromis bimaculatus [25]. The
second form can be termed the double-Bouligand structure as its
twisting unit comprises an orthogonal bilayer where the fibers are
perpendicular to each other, ie., it is these bilayers that are he-
licoidally stacked following the Bouligand-type fashion (Fig. 1(c)).
Such a structure has been observed in the scales of the African
lung fish (Protopterus annectens) [26] and recently in the scales
of the “living fossil” coelacanth fish (Latimeria chalumnae) [7,8]. It
is clear that both the orthogonal plywood (single Bouligand) and
double-Bouligand structures can lead to enhanced damage toler-
ance, thereby endowing the fish scales with effective protection.
This is particularly evident by the fact that the large Pagrus major
and Latimeria chalumnae fish can both grow to over 1 m in length,
yet can survive in the shark infested waters [4,8] (Fig. 1(a)).
Bouligand-type structures have been replicated as a natu-
ral prototype in a range of man-made materials, including the
polymer-matrix composites reinforced with carbon, glass or ce-
ramic fibers, as well as the 3-D printed scaffolds of polymers,
ceramics and even cement [20,27-33]. However, the constituents
of these materials are generally brittle in nature which differs
markedly from those in certain biological materials. As such, bioin-
spired Bouligand-type synthetic structures generally display lim-
ited to zero plasticity such that the involved fibers can hardly re-
orient in response to external loads. This makes it difficult to fully
implement the adaptive structural reorientation mechanisms that
enhance the properties of many of the natural structures [6,22].
Even if only an imitation of these structures is considered, it still
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remains unclear how to choose and design the detailed config-
urations of orthogonal plywood and double-Bouligand structures
to achieve the intended properties. Additionally, compared to the
more common single-Bouligand structure, it has been shown that
the double-Bouligand structure exhibits further improvements in
toughening efficiency [18,34]. However, it is more challenging to
replicate in man-made materials due to its higher level of struc-
tural complexity. Indeed, so far such structures have only been
realized in 3-D printed polymeric model materials for verifying
computational simulations [34]. Here we propose a bioinspired
design protocol for implementing the underlying mechanisms for
property optimization of Bouligand-type structures that mimic fish
scales based on a ductile tungsten-copper composite system. The
structure-property relationships are also elucidated for guiding the
structural designs.

2. Experimental section
2.1. Composite fabrication

Commercially available tungsten meshes (Shengshida Materials
Co., China) were employed as the twisting units for constructing
the bioinspired Bouligand-type structures. These meshes comprise
mutually perpendicular pairs of tungsten fibers which are inter-
woven together following an orthogonal configuration, as shown
in Fig. S1 in the Supplementary Materials. The diameter and in-
terspacing of the fibers were 50 um and 120-140 pm, respec-
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tively. The meshes were ultrasonically washed with 10% hydroflu-
oric acid (aqueous solution) to remove possible surface oxides,
cleaned with ethanol, and then cut into pieces with 75 mm in
diameter using scissors. These pieces were stacked layer-by-layer
in differing modes to build the orthogonal plywood and double-
Bouligand structures. Specifically, the orientations of the fibers
were identical among layers for the orthogonal plywood structure,
but were helically rotated by 7.5° between adjacent layers in an an-
ticlockwise fashion for the double-Bouligand structure. It has been
shown that a small twisting angle, generally less than 10°, is favor-
able for enhancing the damage tolerance of Bouligand-type struc-
ture [28,31,32]; nevertheless, it may lead to an unreasonably large
thickness for each cycle of the helix. Here the twisting angle was
determined as 7.5° such that two complete helical cycles could be
generated in a lab-sized sample with a thickness of ~2.5 mm, i.e., a
total of 24 layers of tungsten meshes were contained. The stacked
layers were then fixed using tungsten wires at their periphery and
densified by pressing along the vertical direction at 50 MPa for
30 min.

Bioinspired composites were fabricated by pressureless infiltra-
tion of a copper melt into the stacks. This was accomplished by
overlaying copper blocks on top of the stacks, heating them in
flowing argon gas to 1350 °C - some 270 °C higher than the melt-
ing point of copper (1083 °C) - and holding for 2 h followed by
furnace cooling. For comparison, tungsten-copper composites were
also prepared by sintering the compacts of mixed powders of tung-
sten (with a median diameter of 1 wm) and copper (with a median
diameter of 50 xm) at 900 °C for 2 h under a pressure of 20 MPa
in flowing argon gas. These composites had similar compositions
of constituents to the bioinspired ones (with a tungsten content of
26.8 vol.%), but exhibited a random structure featuring a uniform
distribution of tungsten particles within the copper matrix.

2.2. Microstructural characterization

Scanning electron microscopy (SEM) imaging was performed
using a LEO Supra-35 field-emission microscope (LEO, Germany)
operating at an accelerating voltage of 20 kV. The through-
thickness cross-sections of the infiltrated composites were ground
and polished to a surface finish of ~0.5 um before observation.
Oxidized samples, ie., after thermogravimetric analysis or high-
temperature tensile tests, were sputter-coated with a film of gold
to reduce the charging effect. The 3-D structures of the composites
were characterized by X-ray tomography (XRT) imaging using an
Xradia Versa XRM-500 3-D X-ray microscope (Xradia, USA) oper-
ating at an accelerating voltage of 80 kV. A total of 1600 slices of
2-D projections were acquired for each sample and reconstructed
to 3-D volume renderings based on the Fourier back-projection al-
gorithm. The spatial resolution of the 3-D images was ~2.7 um
per pixel. Image processing and analysis were conducted using the
Avizo Fire 7.1 software (Visualization Sciences Group, France).

2.3. Mechanical testing

The Brinell hardness was measured on horizontal and vertical
sections of the bioinspired composites, respectively parallel and
perpendicular to the stacked layers of tungsten meshes, as illus-
trated in Fig. S2. Specifically, the vertical sections for the orthog-
onal plywood structure were parallel to the long axes of one set
of the interwoven fibers. Measurements were performed using an
XHB-3000 hardness tester (Everone Instrument, China) by pressing
a tungsten carbide ball of 2.5 mm in diameter into samples pol-
ished to a surface finish of ~0.5 um with a load of 19 kg and a
dwell time of 30 s, in accordance with the ISO 6506-1 Standard
[35]. The indentation typically had a diameter of 1-1.5 mm which
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far exceeded the interspacing of fibers so as to embody the full
effects of the microstructure.

Room temperature tensile tests were conducted using an In-
stron 5982 testing machine (Instron Co., USA) at a strain rate of
10-3 s~1 with the strain monitored using an Instron 2620-601 ex-
tensometer (Instron Co., USA). The samples had a gage dimension
of 13.5 mm x 6 mm x 2.5 mm with their length directions con-
forming well to the basal planes of the stacked tungsten meshes
for the bioinspired composites, as illustrated in Fig. S2. These sam-
ples were directly gripped onto the testing machine. Specifically,
the tensile axis was parallel to the orientation of one set of fibers
for the orthogonal plywood structure. The surfaces of samples
were ground using sand paper up to 3000 grit before testing. The
mechanical properties at elevated temperatures were evaluated by
uniaxial tensile tests at 800 °C in air using an MTS E45.105 testing
machine (MTS, USA) at the same strain rate of 10-3 s~!. To avoid
the occurrence of noticeable deformation in the samples caused by
the griping force due to the creep of the copper matrix, the sam-
ples for high-temperature tensile tests were clamped between two
fixtures made of a superalloy. The gage dimension of the samples
was restricted by these fixtures to be ~18 mm x 4 mm x 2.5 mm.
The loading configurations were consistent with those used for
room temperature tests. A total of 24 layers of tungsten meshes
were involved in all of the tensile samples through the thickness
direction for the double-Bouligand structure to ensure the pres-
ence of two complete cycles of helices. At least three measure-
ments were conducted for each set of samples.

2.4. Electrical conductivity measurement

The electrical conductivity of the composites was measured us-
ing a WD-Z eddy current conductivity meter (Hengxing, China). In
view of the anisotropic nature of the bioinspired composites, the
measurement was performed on both their horizontal and verti-
cal sections where the induced eddy currents were parallel to and
penetrated, respectively, the stacked layers of the tungsten meshes.
The samples had a width and thickness of over 20 mm which far
exceeded the diameter of the coil (10 mm). The surfaces of sam-
ples were ground and polished to a mirror finish before testing.

2.5. Thermogravimetric analysis

The high-temperature oxidation behavior of the composites was
characterized by thermogravimetric analysis (TGA) using a Net-
zsch STA449F3 thermal analyzer (Netzsch, Germany). The measure-
ments were performed at a heating rate of 5 °C/min up to 800 °C
in flowing air with a flow rate of 50 mL/min, in accordance with
the standards GB/T 13303-91 [36]. The samples were ground and
polished to an identical dimension of 13 mm x 74 mm x 1.8 mm
with a surface finish of ~0.5 um and ultrasonically cleaned with
acetone before testing. The morphology of the oxidized samples
was characterized by SEM.

2.6. Post-fracture characterization

The fractured tensile samples were also examined by SEM
imaging. The 3-D configurations of the tungsten meshes within
the composites were characterized by X-ray computed tomography
(CT) using a YXLON CT Modular (YXLON International, Germany)
operating at an accelerating voltage of 210 kV with a current of
0.1 mA. The 3-D volume renderings were reconstructed from a to-
tal of 2700 slices of 2-D projections around the samples, i.e., with
the projections taken at an interval of 8 min. The spatial resolution
for the 3-D images was ~11 um per pixel. This was lower than that
for microstructural characterization by XRT imaging, but was high
enough for discerning the orientations of tungsten fibers within
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the composites. The CT images were processed and analyzed us-
ing the VGStudio Max software (Volume Graphics, Germany). To
quantify the reorientation behavior, the fiber orientations in the
two helices across the thickness direction of the samples were de-
termined at their gage sections with a uniform elongation (necking
was hardly discernable for the composites). At least 10 fibers with
the same initial orientations were examined for each data point.

3. Results
3.1. Bouligand-type architectures

Fig. 1 shows the 3-D microstructures of infiltrated tungsten-
copper composites and their comparisons with the scales of Pagrus
major and Latimeria chalumnae fish. It is seen that the naturally oc-
curring Bouligand-type structures of fish scales can be effectively
replicated in the composites based on the employment of different
stacking modes of tungsten meshes. This is essentially represented
by a layered arrangement of reinforcing tungsten fibers within a
ductile copper matrix and the presence of specific orientation re-
lationships between adjacent layers in line with the orthogonal
plywood and double-Bouligand configurations (Fig. 1(d, e)). Such
characteristics can be clearly illuminated by the serial slices of the
3-D views of the composites along their thickness direction, as
shown in Movies S1 and S2. No obvious defects, e.g., voids or in-
terfacial separation, were detected in the composites, indicating a
full fill of the stacked meshes by a pressureless infiltration tech-
nique. The volume fractions of tungsten fibers were determined
by X-ray tomography (XRT) to be ~26.8% and ~23.7%, respectively,
for the composites with orthogonal plywood and double-Bouligand
structures.

A key feature distinguishing the bioinspired composites from
fish scales is that the orthogonal fibers are interwoven together
within each layer unit in the composites, rather than being di-
vided into individual sublayers containing unidirectional fibers as
in fish scales [4-8]. This is presumed to favor improved intra-layer
strength by preventing separation between the fibers. Such a de-
sign is reminiscent of the existence of inter-bundle fibers in the
coelacanth fish scales which are arranged perpendicular to the lay-
ered structure and play a similar role by binding the fibers to-
gether [7,8,37].

3.2. Enhanced mechanical properties

Fig. 2(a) shows representative room-temperature tensile stress-
strain curves of the bioinspired composites and the overall appear-
ance of the fractured samples. The results for the hot pressed sin-
tered (PS) materials, which possess similar compositions but ex-
hibit a uniform structure, are also presented for comparison. The
sintered composites displayed a brittle fracture behavior at a low
fracture stress of 91 + 3 MPa without exhibiting any detectable
plasticity. Such poor mechanical properties are presumed to result
from the presence of defects in the composites, e.g., in form of
voids, impurities, and weak bonding between powders due to their
surface oxide films, which is difficult to avoid with powder metal-
lurgy processing [38]. In comparison, the bioinspired composites
demonstrated a marked synergistic enhancement in both strength
and ductility. Specifically, the ultimate tensile strengths were im-
proved by a factor of ~3.5 and ~4.1, respectively, for the orthogo-
nal plywood (OP) and double-Bouligand (DB) structures, as com-
pared to the sintered materials. In particular, the composites with
double-Bouligand structure can be continuously work hardened,
leading to stable plastic deformation up to a strain of 20 + 3%.

The mechanical properties of the tungsten-copper composites
were further evaluated at 800 °C in air in view of their poten-
tial high-temperature applications, e.g., as electrical contacts sub-
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ject to arc erosion or as heat sinks in nuclear devices, where the
instant temperatures can even approach 3000 °C [39-41]. A rep-
resentatively high temperature of 800 °C was examined here for
the bioinspired tungsten-copper composites; this temperature has
also been commonly considered in the literature for materials of
the same system [38,42-44]. As shown in Fig. 2(b), the sintered
composites were consistently brittle at this temperature and ex-
hibited ~35% lower strength than at room temperature. However,
distinctly different mechanical properties were obtained for the
bioinspired composites which depended on their specific config-
urations. Apparent yielding occurred at a low stress of ~10 MPa
for the orthogonal plywood structure. This was followed by a clear
work-hardening stage until fracture at 58 + 4 MPa, that generated
a total ductility up to a strain of 27 4+ 3%. In contrast, the com-
posites with a double-Bouligand structure displayed limited plas-
ticity, with a fracture strain of 4.8 + 1%, but a higher strength of
100 + 7 MPa which was ~1.7 times than that of the uniform and
orthogonal plywood structures.

3.3. High-temperature oxidation behavior

The overall appearance of tensile fractured samples, shown
in the inset in Fig. 2(b), suggests large differences in the high-
temperature oxidation behavior between the bioinspired and sin-
tered composites. It is noted here that the oxidation mainly occurs
at the surface of the samples during the tensile tests at 800 °C, and
specifically is limited to the outermost 1 or 2 layers of the tung-
sten meshes for the bioinspired composites. As such, the mechan-
ical properties of the composites are still dominated by the unoxi-
dized bulk and are closely associated with their structure. Fig. 2(c)
presents the mass increase per unit surface area with temperature
caused by oxidation, as measured by thermogravimetric analysis
(TGA). It is seen that the onset temperatures for the sharp increase
in mass, as indicated by the intersection points of tangent lines
denoted by the arrows, were increased by ~50 °C for the bioin-
spired composites. This, combined with a lowered mass increase
up to ~700 °C, clearly indicates an enhanced oxidation resistance.
Such an attribute is deemed to result from the decrease in the vol-
ume density of interfaces between tungsten and copper which are
generally preferential sites for oxidation [45]. A preliminary esti-
mation, by respectively considering the morphologies of the tung-
sten phase as ideally cylindrical fibers and spherical powders for
the bioinspired and sintered composites, gives an approximately
one third decrease in the volume density of interfaces endowed
by the bioinspired structures. As shown in the inset, the oxides
were highly porous at the microscale and easily broken for the sin-
tered samples (also shown in Fig. S3), whereas the surface layer re-
mained intact as bonded by the less-oxidized tungsten meshes in
the bioinspired composites. The slight mass decrease at the tem-
perature range of 100-300 °C for the sintered samples, as indicated
by the dashed arrow, may be caused by the formation of gaseous
oxides from impurities, such as carbon.

3.4. Hardness and electrical conductivity

The hardness and electrical conductivity of the bioinspired
composites measured on different sections (detailed configurations
are illustrated in Fig. S2) are presented in Fig. 2(d, e). Differing
from the isotropic nature of the uniform structure, these properties
are largely anisotropic in the bioinspired composites; neverthe-
less, their dependence on orientation is associated with the spe-
cific detailed configurations. Higher hardness and electrical con-
ductivity were generated simultaneously on the vertical section for
the composite with the double-Bouligand structure. In compari-
son, it was the horizontal section that was relatively harder but
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Fig. 2. Mechanical and functional properties of bioinspired tungsten-copper composites. (a, b) Representative tensile stress-strain curves for the bioinspired tungsten-copper
composites with orthogonal plywood (OP) and double-Bouligand (DB) structures at (a) room temperature and (b) 800 °C as compared to the pressure sintered composites
(PS) with a uniform structure. The overall appearances of the fractured samples are shown in the insets. (c) The mass increase per unit surface area of the composites with
increasing temperature measured by TGA. Representative morphologies of the surface oxides for the sintered and bioinspired composites are shown in the insets. (d, e)
Comparison of the (d) hardness and (e) electrical conductivity of the bioinspired composites measured on horizontal (H) and vertical sections (V) with those of the sintered
samples. Asterisks indicate statistically significant differences at a 5% level of significance according to the Student’s t-test.

exhibited lowered conductivity for the orthogonal plywood struc-
ture. The in-plane hardness, i.e., on the vertical section, can be un-
derstood based on adapting classical laminate theory to incorpo-
rate the bioinspired Bouligand-type structures [46], as discussed
below. The high electrical conductivity for the vertical section in
both composites results principally from the easy penetration of
current through the tungsten meshes across the wide interspacing
between fibers, as shown in Fig. S1. By contrast, the dense com-
paction of these layers leads to narrow conduits for electrical con-
duction and thereby lower conductivities for the horizontal section.
This is more evident for the double-Bouligand structure wherein
the conduction paths exhibit increased complexity due to the heli-
coidal twisting between layers.

3.5. Laminate theory modeling

Establishing the relationships between structure and mechan-
ical properties in bioinspired composites could provide theoreti-
cal basis for guiding their structural design to achieve intended
properties. To this end, classical laminate theory [46] was adapted
here for the bioinspired structures by treating individual lamina
as structural unit and incorporating the orientation relationships
between adjacent laminae. By this means, the effects of differ-
ent bioinspired Bouligand-type structures with the orthogonal ply-
wood and double-Bouligand configurations were incorporated to
interpret room temperature mechanical properties. The orthogo-
nal plywood structure can be seen as a special case of the double-
Bouligand structure with the twisting angle between adjacent bi-
layers equal to 0° or 90°. Our analysis considered a thin laminate
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comprising perfectly bonded laminae such that the inter-laminar
shear deformation can be ignored [46,47]. This assumption is in
line with the experimental results where no obvious slippage be-
tween tungsten meshes could be detected. The laminate consists
of a total of 24 laminae through its thickness direction; each lam-
ina represents a composite layer containing a bilayer of orthogo-
nal fibers with an identical thickness t,. These laminae, numbered
in sequence from the bottom to the top, are twisted in an anti-
clockwise manner with a pitch angle ¢, forming a balanced an-
tisymmetric conformation, i.e., the upper and lower laminae are
at an equal z-distance from the mid-plane and exhibit opposite
rotations. These structural characteristics are fully consistent with
those in the experiments.

Fig. 3(a) illustrates the local coordinate system (1,2) for indi-
vidual lamina and the global coordinate system (x,y) for the en-
tire laminate, both of which are right-handed. The principal axes
1 and 2 for each lamina were defined to be parallel and perpen-
dicular, respectively, to one fixed set of interwoven fibers. Indeed,
these axes are essentially equivalent within the individual lamina
for the orthogonal bilayer. The coordinate of the laminate coincides
with that of the mid-plane which can be determined using the bi-
sectors of the principal axes of the 12th and 13th laminae. In this
scenario, the structural orientation and position of the k™ lamina
can be described as follows:

O = (k—12.5)¢.

Zy = (k - 12)t0,
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Fig. 3. Interpretation of the mechanical properties for the bioinspired Bouligand-type structures. (a) Schematic illustrations of the laminate composite model and coordinate
system for the theoretical analysis, and the definition of the two different reorientation modes (I and II) of tungsten fibers in the composite. (b) Theoretical results on the
variations in the yield and ultimate tensile strengths of the entire laminate as a function of the twisting angle between adjacent laminae for the bioinspired double-Bouligand
structure (the twisting angle equals 0° for the orthogonal plywood structure). Experimental data are presented for comparison. (c-e) SEM micrographs of a fractured sample
for the composite with the double-Bouligand structure after tensile testing at room temperature. (d) and (e) show the magnified views for the fracture surface and lateral

profile, respectively, of the sample as indicated by the arrow and dashed box in (c).

where 6, and z; are, respectively, the rotation angle and z-distance
of the lamina with respect to the mid-plane.

Considering the loading configuration (Lq,L,) where L; conforms
to the 1 axial direction of the fibers in the 1st lamina, the principal
forces 6 and moments m of the laminate, both normalized by the
area, or equivalently thickness, of the model with its length and
width set as unity, can be correlated to the in-plane strains &9 and
curvatures k following the relationship [46,47]:

o)1 3]l

Vectors are used here for all the parameters to encompass the
different components in the x, y and xy directions. A, B and D are
the stiffness matrices for the stress-states of extension, extension-
bending coupling and bending, which are given by:

(2)

A= Z[Qku—zk ol
4r11t Z[Qk(zk -z1%)],
1 2n 3 3
D= Wﬂ);[Qk(zk —Zk_1 )], (3)

where n is half the number of laminae in the laminate which
equals 12. Q, is the stiffness matrix for the k™ lamina obtained
by transforming the lamina stiffness matrix from its local coordi-
nate (1,2) to the principal axes of laminate (x,y) using the rotation
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angle 0. Specifically, Eqs. (2) and (3) provide a fundamental basis
for correlating the structural characteristics to mechanical proper-
ties in bioinspired composites with Bouligand-type structures.

The Young’s modulus and strength of the entire laminate can
then be obtained from those of the individual lamina for different
bioinspired Bouligand-type structures. Specifically, the fiber orien-
tations in the orthogonal bilayers are all consistent for the orthog-
onal plywood structure. As such, the mechanical properties of the
individual lamina along their principal axes can be determined us-
ing those of the orthogonal plywood composite which were mea-
sured experimentally. In addition, considering the dependences of
strengths on the orientations for the orthogonal bilayers, the yield-
ing of the entire laminate can be seen to be the result of the failure
of the first lamina, i.e., the lamina with the lowest strength. In this
scenario, the conservative first-ply failure criterion [46,48], i.e., us-
ing the critical stress at which the first lamina fails, was used to
assess the yield strength of the composites. Similarly, the ultimate
tensile strength was evaluated using the critical stress at which all
the laminae fail, i.e., corresponding to the failure of the final lamina
[46]. Full details of this derivation are described in the Supplemen-
tary Materials.

Fig. 3(b) presents the variations of the yield and ultimate tensile
strengths of the laminate as a function of the twisting angle for
the bioinspired Bouligand-type structures. The theoretical results
on the Young’s modulus and their comparison with experimental
data are presented in Fig. S4. Here only the angles that are exactly
divisible by 90° were considered to ensure the presence of full cy-
cles of helices. It is seen that the strength and Young’s modulus
of the current orthogonal plywood and double-Bouligand compos-
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ites, i.e., with twisting angles equaling 0° and 7.5° respectively, can
be well described by the theoretical analysis. A key mechanical at-
tribute of the double-Bouligand structure, as compared to the or-
thogonal plywood one, is that it can lead to lower yield strength
but simultaneously higher ultimate tensile strength. This is differ-
ent from the general scenario in metallic materials where these
two properties often display similar varying trends [49].

3.6. Fracture characteristics

The marked enhancement in the room temperature ductility for
the double-Bouligand structure is strongly associated with the co-
ordinated deformation and the delocalization of damage between
layers with different fiber orientations. As shown in Fig. 3(c), the
global fracture profile presents a twisted curved shape involv-
ing two helices, which is in line with the structure. At the mi-
croscale, the fracture surface features a rough staircase-like mor-
phology with each stair corresponding to a layer of tungsten
meshes (Fig. 3(d)). This suggests that the local damage processes,
such as fiber fracture and pull-out from the matrix, are not con-
centrated into the same plane, but instead exhibit a wide dis-
tribution among different layers. The magnified view of one en-
tire helix, shown in Fig. 3(e), demonstrates notable differences in
the deformation behavior of tungsten fibers with differing orien-
tations. Specifically, the fibers parallel to the tensile direction be-
came straightened and stretched until fracture, whereas axial split-
ting was more evident in the nearly perpendicular fibers, as indi-
cated by the solid arrows. Interfacial slippage between the fibers
and matrix occurred for the fibers with an oblique alignment with
respect to the loading axis. Nevertheless, the direction and extent
of the slip deformation differ depending largely on the fiber orien-
tations, as exemplified by the dashed arrows. Such mixed modes
of deformation and damage are considered to favor a stable tensile
ductility by impeding gross fracture caused by the dominance of
any of these factors.

In contrast, the mechanical behavior of the composite with
the orthogonal plywood structure is governed by the successive
straightening, stretching and fracture of the axial fibers and their
pull-out from the matrix, as shown in Fig. S5. The fibers perpen-
dicular to the loading direction are easy to separate from each
other and as such contribute slightly to the strength and work-
hardening ability. Therefore, the enhanced strengthening efficiency
of the double-Bouligand structure is closely associated with the
participation of fibers with different orientations in the deforma-
tion. Such an effect is more prominent at elevated temperatures
where the fracture of the composite necessitates the breakage of
almost all these fibers (Fig. S6). The extensive plasticity involved
with the orthogonal plywood structure at 800 °C is believed to re-
sult from the continuous pull-out of fractured fibers from the cop-
per matrix which displays creep behavior at a low stress level (Fig.
S5).

3.7. Adaptive structural reorientation

The 3-D X-ray CT images of the room temperature fractured
samples, shown in Fig. 4(a), reveal an obvious shape change and
extension of the grids of tungsten meshes in the composite with
the double-Bouligand structure. The deviation of the inclination
angle between interwoven fibers from 90° clearly indicates a
change in their orientations during the deformation process, which
is reminiscent of the adaptive structural reorientation behavior of
fish scales [5,6,22,23]. The differing geometries of the grids along
the thickness direction of composite imply that the extent of such
reorientation is closely associated with the initial orientations of
the fibers. The reorientation angles, i.e., the changes in the incli-
nation of the fibers with respect to the loading axis, are defined
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as positive when the fibers are rotated towards the tensile loading
direction, which is most common in natural materials [5,6,22,23].
There are two distinctly different modes for the structural reori-
entation. As illustrated in Fig. 3(a), the rotation of fibers is princi-
pally in a clockwise fashion when the initial inclination angles of
their 1 axes are positive with respect to the loading axis L1 ac-
cording to the right-hand rule (mode I). On the contrary, the ma-
jority of fibers with initially negative orientations are rotated in an
anti-clockwise fashion (mode II). The difference between the two
modes lies essentially in the relationship between the principal ro-
tation directions for reorientation of the tungsten fibers and their
original twisting directions for arrangement in the composites. The
principal reorientation directions are consistent with the original
twisting directions for mode I; conversely, the two directions are
opposite for mode II.

Fig. 4(b) presents the variations in the reorientation angles of
tungsten fibers as a function of their initial orientations (with all
parameters depicted using their absolute values). It is seen that
the mode I reorientation is continuously enhanced with increas-
ing inclination of the fibers with respect to the external load, and
then decreases to a minimum when the fibers are nearly perpen-
dicular to the loading axis. A peak value of up to more than 15°
can be generated for the reorientation angle at an initial orienta-
tion of around 45° where the fiber alignment conforms exactly to
the plane with the maximum shear stress. This is consistent with
the varying trend observed in the coelacanth fish scales where
oblique fibers tend to exhibit obvious reorientation [5,6]. Neverthe-
less, the reorientation angles in the current composites are larger
than those for the mineralized collagen fibers in fish scales which
rarely exceed 10°. In contrast, the mode II reorientation of the
tungsten fibers is much less evident over the entire range of initial
orientations. The different reorientation behavior between mode I
and II is deemed to result from the marked difference in their re-
sistance to fiber rotation. Specifically, the “back” rotation of fibers
towards the tensile direction, against their twisting arrangement
for mode II, confronts a higher level of constraint from adjacent
tungsten meshes; it is therefore inhibited and may even display
negative reorientation angles.

The adaptive reorientation of tungsten fibers within the copper
matrix originates from a series of mechanisms at the microscale.
As shown in Fig. 4(c), the straightening of the originally curved
fibers and their stretching deformation could promote the rotation
of their long axes towards the tensile direction. Another impor-
tant factor is the interfacial sliding between the fibers and matrix
(Fig. 4(d)). This is particularly noticeable in view of the pull-out
movement of fractured fibers from the matrix, as manifested by
the resultant deep pits on the fracture surface. Additionally, the in-
terwoven fibers display a cooperative kinking behavior evidenced
by the tiny steps on the surface of samples, as indicated by the
dashed curves in Fig. 4(e). Macroscopic reorientation can be pro-
duced because of the accumulation of the micro-buckling defor-
mation of fibers at these steps. It is noted that the good plastic
deformability of the copper matrix plays a key role in avoiding the
premature fracture of these composites, thereby allowing for the
stable reorientation of fibers.

4. Discussion

With respect to the manufacture of these materials, there
are invariably considerable difficulties in constructing bioinspired
structures with metallic materials due to their stringent processing
conditions, e.g., the need for high temperatures and large-scale de-
formation. This is especially the case for the Bouligand-type struc-
tures which to date have rarely been replicated in a synthetic
metallic material. The current protocol of infiltrating contextures of
woven fibers with a melt, however, does offer a viable approach
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Fig. 4. Adaptive structural reorientation behavior of the bioinspired tungsten-copper composites. (a) X-ray CT images of a fractured sample after tensile testing at room
temperature showing a clear shape change and extension of the grids of tungsten meshes in the composite with the bioinspired double-Bouligand structure. (b) Variations
in the reorientation angle of the tungsten fibers following the different modes (I and II) as a function of their initial orientations with respect to the loading axis. The
numbers 1 and 2 denote the two different cycles of helices in the composites. (c-e) Schematic illustrations and the corresponding experimental verification based on SEM

characterization concerning the micro-mechanisms for adaptive structural reorientation.

for addressing this challenge. In particular, the structural charac-
teristics of the resultant bioinspired composites can be intention-
ally designed and are easily adjustable by controlling the weaving
method of the fibers. Indeed, woven meshes with different con-
figurations are commercially available for a wide variety of metals
and alloys. There are two basic requirements for the application of
the melt infiltration technique: (1) the melting points of the rein-
forcing contextures must be markedly higher than those of the ma-
trices, and (2) no severe chemical reactions or solubility must oc-
cur at the melting temperatures of the matrices. These can be ful-
filled in a range of metallic systems, especially those involving re-
fractory reinforcements, e.g., tungsten-copper and niobium-copper
[38,42-44,50], or matrices with low melting points, e.g., titanium-
magnesium and Nitinol-magnesium [51,52].

With respect to the mechanical properties, the coordinated de-
formation of the tungsten fibers with different orientations and
their adaptive reorientation within the copper matrix endow the
composites with notable work-hardening ability, specifically for the
double-Bouligand structure at room temperature. The damage can
also be delocalized among the tungsten layers owing to their twist-
ing arrangement. As such, a high strength with large stable plastic
deformation can be generated. However, the above mechanisms are
absent for the orthogonal plywood structure where the easy sepa-
ration between the fibers that are perpendicular to the tensile di-
rection leads to lowered strengthening efficiency. At 800 °C, how-
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ever, the failure of the composites is principally governed by creep
deformation in the copper matrix. For the orthogonal plywood
structure, the strengthening effect of the fibers that are parallel to
the tensile direction can be dramatically reduced due to their easy
straightening and slippage within the copper matrix. This along
with the stretching of these fibers to breakage and their subse-
quent pull-out from the matrix leads to a large elongation. By con-
trast, for the double-Bouligand structure, almost all the fibers can
play a strengthening role and are inhibited from slippage and pull-
out within the matrix owing to their different orientations. This
endows the composite with markedly higher strength than the or-
thogonal plywood structure but at a compromise with the elon-
gation. Therefore, the double-Bouligand structure should be more
favorable for high-temperature applications where the strength or
creep resistance, instead of plasticity, is usually a major concern.
Additionally, at room temperature the copper matrix exhibits a
relatively high strength and thereby can help lower the stress in
the tungsten fibers. However, the applied stress is principally con-
centrated in the fibers at 800 °C due to the obvious weakening
of matrix. For the composite with the double-Bouligand structure,
this leads to the fracture of fibers at a limited elongation which is
markedly smaller than at room temperature.

The clarification of the structure-property relationships by
adapting the classical laminate theory may provide insights into
the mechanical role of Bouligand-type structures with different
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configurations. In particular, only half the number of laminae is re-
quired to construct a full cycle of helix for the double-Bouligand
structure, as compared to the more common single-Bouligand
structure considering an equal twisting angle. This makes it more
efficient for building materials with reduced thickness. Addition-
ally, the double-Bouligand structure endows the tungsten-copper
composite with a marked in-plane isotropy of mechanical prop-
erties along with improved oxidation resistance at high tempera-
tures. This is realized at only a slight compromise with a decrease
of strength by ~50 MPa than the unidirectional fiber-reinforced
composites [53,54]. It is believed that these properties can be fur-
ther optimized by regulating the structural characteristics. By such
means, the bioinspired Bouligand-type structures demonstrate a
good potential for generating enhanced performance in engineer-
ing materials.

A unique advantage distinguishing the Bouligand-type struc-
tures from other designs in biological materials is that they allow
for the adaptive structural reorientation of reinforcing fibers during
deformation [5,6]. We believe that such a mechanism paves the
way for a new approach for creating the simultaneous optimiza-
tion of a variety of nominally mutually exclusive properties, e.g.,
strength vs. toughness and stiffness vs. flexibility [22,23] by de-
feating the general “conflicts” between them. However, the bioin-
spired composites with Bouligand-type structures reported to date
rarely display similar reorientation behavior because of the brit-
tle nature of their constituents [20,27-32]. In the present study,
it is clear that the plasticity of the copper matrix and the interwo-
ven structure of tungsten fibers are vital for activating the multiple
micro-mechanisms (Fig. 4(c-e)), thereby bestowing a good adapt-
ability which is even more pronounced than in natural fish scales.
We emphasize that this represents more than a simple replication
of the naturally occurring structures but an implementation of the
key optimizing mechanisms behind them which is the essence of
bioinspired designs.

5. Conclusions

High-temperature bioinspired tungsten-copper composites with
Bouligand-type structures that mimic fish scales were fabricated
by pressureless infiltration of woven contextures of tungsten fibers
with a copper melt. These composites demonstrated a notable en-
hancement of mechanical properties and oxidation resistance up
to 800 °C as compared to the sintered ones with a uniform struc-
ture. Specifically, the strength and ductility were simultaneously
improved at room temperature, whereas at elevated temperatures
high strength and good ductility were obtained, respectively, for
the double-Bouligand and orthogonal plywood structures. The me-
chanical properties were interpreted by adapting classical laminate
theory to different configurations for the Bouligand-type struc-
tures. The double-Bouligand structure was found to be the most ef-
fective in achieving a high ultimate tensile strength with a concur-
rent large ductility by promoting coordinated deformation, delo-
calizing local damage, and inducing crack twisting between layers
with varying orientations. In particular, the tungsten fibers can re-
orient adaptively to a large extent within the copper matrix during
the deformation process of the composites, indicating a successful
implementation of the optimizing mechanisms of Bouligand-type
structures in enhancing strength and toughness. This was enabled
by the activation of a series of mechanisms at the microscale, in-
cluding the straightening and stretching of tungsten fibers, the in-
terfacial sliding between fibers and matrix, and the cooperative
kinking deformation of fiber grids. This study may offer guidance
for the bioinspired design of Bouligand-type structures and pro-
mote their applications in engineering materials for generating en-
hanced performance.
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