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Abstract 

Natural fish scales demonstrate outstanding mechanical efficiency owing to their elaborate architectures and thereby may serve as ideal 
prototypes for the architectural design of man-made materials. Here bioinspired magnesium composites with fish-scale-like orthogonal plywood 
and double-Bouligand architectures were developed by pressureless infiltration of a magnesium melt into the woven contextures of continuous 
titanium fibers. The composites exhibit enhanced strength and work-hardening ability compared to those estimated from a simple mixture of 
their constituents at ambient to elevated temperatures. In particular, the double-Bouligand architecture can effectively deflect cracking paths, 
alleviate strain localization, and adaptively reorient titanium fibers within the magnesium matrix during the deformation of the composite, 
representing a successful implementation of the property-optimizing mechanisms in fish scales. The strength of the composites, specifically 
the effect of their bioinspired architectures, was interpreted based on the adaptation of classical laminate theory. This study may offer a 
feasible approach for developing new bioinspired metal-matrix composites with improved performance and provide theoretical guidance for 
their architectural designs. 
© 2021 Chongqing University. Publishing services provided by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. 
This is an open access article under the CC BY-NC-ND license ( http://creativecommons.org/licenses/by-nc-nd/4.0/ ) 
Peer review under responsibility of Chongqing University 
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. Introduction 

Due to their low density, magnesium and its alloys are 
istinguished by their high specific stiffness and strength, al- 
hough they concomitantly exhibit outstanding biocompatibil- 
ty, biodegradability and damping characteristics [ 1 –5] . Nev- 
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rtheless, their structural applications are limited by their low 

trength at ambient to elevated temperatures, especially when 

ompared to other widely used metallic structural materials 
uch as steels and aluminum alloys [ 6 –8] . A feasible strength- 
ning approach is to introduce reinforcement phases into the 
agnesium matrix to form magnesium composites [ 9 –14] . 
he spatial characteristics of these reinforcements, however, 
an play a key role in governing the mechanical properties 
f the resulting composites. In this regard, generally major 
fforts have been devoted to achieve a uniform distribution 

f reinforcements within the magnesium matrix [9 , 10 , 15 –17] . 
his tends to lead to a limited strengthening efficiency of rein- 
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orcements because of their poor continuity, coupled with the 
ack of preferred orientation or alignment in the composites. 
dditionally, it is difficult with such conventional protocols 

o avoid a reduction in ductility while increasing the strength 

9 , 15 , 18 –20] . In this context, it is important to explore new
rchitectural designs for improving the mechanical properties 
f magnesium alloys and their composites, especially from 

he perspective of seeking new strategies toward synergetic 
nhancement of both strength and ductility. 

The lessons from Nature have been increasingly utilized 

n exploiting new high-performance structural materials [ 21 –
3] . Despite being composed of simple constituents, natural 
iological materials are particularly successful in developing 

emarkable mechanical properties, which can be comparable, 
r even superior, to those of the synthetic counterparts due 
o their delicate and complex architectures [ 24 –27] . A good 

xample is the fish scale which provides effective protection 

o fish without restraining their flexibility for motion [ 28 –
2 ]. In addition to the scale’s hard outer layer which acts 
o resist penetration, the tougher base component underneath, 
hich consists principally of lamellae of mineralized collagen 

bers in non-collagenous matrix and comprises the major part 
f the scale, plays an important role in accommodating any 

xcessive deformation to maintain the protective functionality 

f the scale [28 , 32 –34] . 
Two representative types of architectures that have been 

dentified in fish scales are the orthogonal plywood and 

ouligand-type structures. The orthogonal plywood architec- 
ure consists of a mutually perpendicular alignment of colla- 
en fibers between adjacent lamellae. It exists in the scales of 
ifferent species of fish such as Morone saxatilis and Pagrus 
ajor [29 , 34] . The Bouligand-type architecture, conversely, 

xhibits a helicoidally twisting arrangement of collagen fibers 
hich are rotated by a fixed angle between lamellae. Such an 

rchitecture is found in the scales of Arapaima gigas and 

yprinus carpio fish, and is capable of allowing the reorien- 
ation of the fibers adaptively under external load, which is 
 particularly effective mechanism for toughening the scale 
28 , 31] . A unique variety of this Bouligand-type architecture 
as been identified in the scales of a “living fossil” coelacanth 

sh Latimeria chalumnae where the twisting units are com- 
osed of orthogonal bilayers comprising mutually perpendic- 
lar collagen fibers instead of unidirectional ones [31] . This 
tructure, which has been described as the double-Bouligand 

rchitecture, appears to be more effective in enhancing the 
racture toughness of materials than the more common sin- 
le Bouligand-type architecture [31 , 35] . The exceptional me- 
hanical efficiency of the double-Bouligand architecture can 

e explicitly verified by the fact that the coelacanth fish can 

urvive in shark-infested waters. 
Based on this inspiration from Nature, the hypothesis here 

s that the ingenious architectures of such fish scales may 

erve as ideal prototypes for designing new magnesium com- 
osites. Specifically, a strategy is proposed in this study for 
eveloping fish-scale-like magnesium composites which en- 
ompasses architectural design, selection of reinforcement 
hase, and employment of appropriate fabrication methods. 
2 
irst, the orthogonal plywood and double-Bouligand architec- 
ures of fish scales are replicated in magnesium composites 
y controlling the spatial arrangement of reinforcements. Sec- 
nd, titanium is selected as the reinforcement phase in view 

f its low density, good biocompatibility, and the absence of 
eactions or large solubility with the magnesium melt [ 36 –39] . 
hird, the composites are fabricated by infiltrating the mag- 
esium melt into contextures of continuous titanium fibers 
hich utilizes the large difference between the melting points 
f titanium and magnesium along with the good wettability 

etween them ( Fig. 1 ). This study offers “proof of concept”
n terms of the fabrication and microstructures of bioinspired 

agnesium composites as well as their mechanical proper- 
ies at ambient to elevated temperatures under quasi-static and 

ynamic loading conditions. It shows how the salient mech- 
nisms which induce the unique properties of fish scales can 

e implemented in a metal system and how the strength of 
esulting composites can be optimized by tailoring their archi- 
ectural characteristics. This study may aid in the design of 
ew bioinspired magnesium composites and other materials 
imicking fish scales toward enhanced performance. 

. Experimental section 

.1. Architectural construction 

Commercially available titanium meshes (Anheng Co., 
hina) were chosen as the structural units for construct- 

ng bioinspired fish-scale-like architectures. These meshes are 
omposed of continuous fibers of pure titanium which are 
erpendicularly interwoven together, as shown in Fig. 1 . The 
iameter and interspacing of these fibers are ∼70 μm and 

100 μm, respectively. The titanium meshes were cut into 

ircular pieces with a diameter of 75 mm using scissors, and 

hen ultrasonically cleaned successively with 1 wt.% oxalic 
cid in ethanol for 5 min and with pure ethanol to remove 
ossible surface contaminants. These pieces were stacked 

ayer-by-layer following different configurations for construct- 
ng the bioinspired orthogonal plywood and double-Bouligand 

rchitectures. Specifically, the alignments of titanium meshes 
ere all consistent between layers for the orthogonal ply- 
ood architecture. For the double-Bouligand architecture, the 
eshes were twisted in right-handed fashion with a pitch an- 

le of 7.5 ° between adjacent layers from bottom to up. It has 
een revealed that a small twisting angle, generally less than 

0 °, is preferred for enhanced damage tolerance in Bouligand- 
ype structures [ 40 –42] ; however, it may lead to increased 

hickness for each cycle of the helix and thereby to obvious 
eterogeneities. Here the twisting angle was determined as 
.5 ° such that two complete cycles of helices can be gener- 
ted in a lab-sized sample with a thickness of ∼2.5 mm, i.e. , 
 total of 24 layers of titanium meshes are contained. The 
tacked pieces were then fixed at their periphery using stain- 
ess steel wires and densified by pressing along the thickness 
irection at 35 MPa for 2 h. 
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Fig. 1. Fabrication procedure of the bioinspired fish-scale-like magnesium composites strengthened with contextures of continuous titanium fibers. 
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.2. Composite fabrication 

Bioinspired magnesium composites were fabricated 

hrough pressureless infiltration of a magnesium melt into the 
ontextures of stacked titanium meshes. The contextures were 
laced in high-purity graphite crucibles smeared with boron 

itride paste. Blocks of pure magnesium were mechanically 

urnished to remove surface oxides and placed on top of 
he contextures. They were heated in flowing argon gas to 

50 °C, i.e. , some 200 °C higher than the melting point of 
agnesium, held for 10 min, and then cooled in the furnace. 
ure magnesium, solidified following the same procedure, 
nd commercially available coarse-grained pure titanium 

ere used as comparison materials. 

.3. Microstructural characterization 

Scanning electron microscopy (SEM) imaging was per- 
ormed using a LEO Supra-35 filed-emission scanning elec- 
ron microscope (LEO, Germany) operating at an accelerating 

oltage of 20 kV. For microstructural observation, the infil- 
rated composites were sectioned across their thickness profile 
ith the cutting direction parallel to one set of the orthogonal 
bers at the top and bottom layers of the titanium meshes. 
he samples were then ground and polished to a surface fin- 

sh of ∼0.5 μm prior to examination. X-ray energy dispersive 
pectroscopy (EDS) measurements were conducted using an 

xford Model 7426 spectrometer (Oxford Instruments, UK) 
quipped with a microscope. The Archimedes’ method was 
sed to determine the densities of the composites, ρ, accord- 
ng to ρ = 

m 1 ρ0 

m 1 −m 2 
, where m 1 and m 2 denote the weights of 

amples in air and in distilled water, respectively, and ρ0 is 
he density of distilled water [43] . 
3 
.4. X-ray tomography 

X-ray tomography (XRT) imaging was performed using an 

radia Versa XRM-500 three-dimensional (3-D) X-ray micro- 
cope (Xradia, USA) operating at an accelerating voltage of 
0 kV. A total of 1600 two-dimensional (2-D) projections 
ere acquired for each sample by rotating it by 360 ° around 

he normal axis of the X-ray source and detector. 3-D volume 
enderings were reconstructed by inversing these projections 
ased on the Fourier back-projection algorithm. The spatial 
esolution of the 3-D images was ∼5 μm per pixel. Image 
rocessing and analysis were conducted using the Avizo Fire 
.1 software (Visualization Sciences Group, France). XRT 

maging was also employed to quantify the changes in fiber 
rientations in the fractured samples from the tensile tests. 
he measurement was performed on the gauge sections with 

 uniform deformation, i.e. , between the fracture profile and 

he transition arc of the tensile specimen, which had a length 

f ∼10 mm. At least 10 fibers were examined for a fixed 

nitial orientation with the data presented in form of mean ±
tandard deviation. 

.5. Quasi-static tensile tests 

Uniaxial tensile tests were conducted at both room temper- 
ture and 200 °C at a strain rate of 10 

−3 s −1 using an Instron
982 testing system (Instron Co., USA). The samples had a 
auge dimension of 13.5 mm × 6 mm × 2.6 mm and were 
round and polished to a surface finish of ∼0.5 μm before 
esting. Over 20 layers of titanium meshes were contained 

n all these samples throughout their thickness direction. This 
nsured the involvement of nearly two complete cycles of he- 
ices for the double-Bouligand architecture. Specifically, the 
oading direction conformed well to the alignment of one set 
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Fig. 2. Microstructure of magnesium composite with bioinspired fish-scale-like orthogonal plywood architecture. (a) Representative morphology and schematic 
illustration of the orthogonal plywood architecture in the scale of Morone saxatilis fish [29] . (b) Through-thickness SEM micrograph and (c, d) XRT volume 
renderings of the magnesium composite with bioinspired orthogonal plywood architecture. (d) shows the spatial arrangement of titanium fibers in the composite 
by filtering out the signal from magnesium matrix. The micrograph of fish scale in (a) is adapted with permission from Ref. [29] . 
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f titanium fibers for the orthogonal plywood architecture. At 
east three measurements were conducted for each set of sam- 
les with the results presented in form of mean ± standard 

eviation. 

.6. Digital image correlation measurements 

The strain distribution on the through-thickness lateral sur- 
aces of samples during room temperature tensile tests was 
onitored using the digital image correlation (DIC) method. 
he DIC imaging was performed using an AVE 2 video ex- 

ensometer (Instron Co., USA) equipped with an Instron 8862 

esting machine (Instron Co., USA). Before measurement, 
he surfaces of samples were covered with black paint and 

hen sprayed with contrasting white speckle patterns as strain 

arkers. 

.7. Split Hopkinson pressure bar tests 

Split Hopkinson pressure bar (SHPB) tests were performed 

t room temperature on cylindrical samples with a diameter 
f ∼7 mm and a thickness of ∼3 mm. In the SHPB tests, 
 striker bar was launched at a specific velocity against an 

ncident bar which was attached successively to the sample, 
 transmitted bar and an absorbing bar. All the bars had an 

dentical diameter of 15.5 mm and were made of steel char- 
cterized by a density of 7.8 g/cm 

3 with an elastic modulus 
f 210 GPa. The impact load was along the thickness direc- 
ion of samples which was perpendicular to the stacked tita- 
ium meshes. Before testing, the end surfaces of samples and 

ncident bar were lubricated with silicone to reduce friction. 
he impact velocity of the striker bar was determined using a 

aser velocimeter (Jinggong Instrument Co., China). The small 
4 
eformations of the incident and transmitted bars were cap- 
ured by strain gauges attached to them; the measured strains 
ere converted to electrical signals using a LK2107B high 

ynamic strain indicator (Longke Co., China). Stress-strain 

elationships were obtained from these signals by adopting a 
wo-wave method [44 , 45] . 

. Results 

.1. Fish-scale-like architectures 

Fig. 1 shows a schematic illustration of the fabrication pro- 
edure for the bioinspired fish-scale-like magnesium compos- 
tes and the overall appearance of the final products. The mi- 
rostructures of composites and their comparisons with rep- 
esentative natural prototypes of fish scales are presented in 

igs. 2 and 3 . It is seen that the woven contextures of titanium 

bers can be completely filled with magnesium through the 
ressureless infiltration technique. The spatial arrangements of 
itanium fibers within the composites can be clearly revealed 

y the through-thickness SEM micrographs and 3-D XRT vol- 
me renderings. The composites exhibit distinctly different 
ber arrangements in line with the orthogonal plywood and 

ouble-Bouligand configurations, i.e. , the mutually perpendic- 
lar fibers demonstrate constant orientations for the former 
ut are helicoidally twisted for the latter. Such characteristics 
re largely reminiscent of those of corresponding fish scales, 
.g. , for Morone saxatilis and Latimeria chalumnae specifies 
espectively [29 , 31] . This indicates an effective implementa- 
ion of bioinspired designs in the composites by regulating 

he stacking modes of titanium meshes. These architectures 
n the bioinspired composites are also similar to many other 
iological materials, such as the conch shell and the shell of 
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Fig. 3. Microstructure of magnesium composite with bioinspired fish-scale-like double-Bouligand architecture. (a) Morphology and schematic illustration of 
the double-Bouligand architecture in the scale of Latimeria chalumnae fish [31] . The white and yellow lines indicate the mineralized collagen fibers in twisting 
units which are mutually perpendicular. (b) SEM micrograph and (c, d) XRT volume renderings of the magnesium composite with bioinspired double-Bouligand 
architecture. (d) shows the spatial arrangement of titanium fibers in the composite. The micrograph of fish scale in (a) is adapted with permission from Ref. 
[31] . (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.). 
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ectinidae [ 46 –49] , in terms of the layered arrangement of 
heir structural units and the variations in their orientation. 

The volume fractions of titanium phase were measured by 

RT to be ∼33.0% and ∼35.7%, respectively for the orthog- 
nal plywood and double-Bouligand architectures. Accord- 
ngly, their densities can be calculated following the rule-of- 

ixtures as ∼2.65 g/cm 

3 and ∼2.73 g/cm 

3 . These conform 

ell to the experimentally measured values of 2.67 g/cm 

3 and 

.71 g/cm 

3 , implying the absence of large voids in the com- 
osites and therefore the complete filling of the contextures 
y magnesium. 

Despite the above similarities, a feature that makes the 
ioinspired composites distinctive from natural fish scales is 
hat the reinforcing fibers are interwoven together within each 

amina in the composites, instead of being comprised of two 

eparate sublayers of unidirectional fibers as in fish scales 
29 , 31 –33] . It is expected that such a characteristic may pro-
ote an enhanced fracture resistance in the composites by 

indering the separation between fibers. Indeed, this is also 

eminiscent of the fact that in fish scales the sublayers of 
nidirectional fibers are bonded together by inter-layer fibrils 
31 , 50] . 

Fig. 4 a and b show the magnified SEM images of the 
nterfacial region between titanium and magnesium phases 
long with the distributions of elements across interface in 

he composites. It is seen that a small volume fraction of 
icrometer-sized titanium precipitations formed in the mag- 

esium matrix. The magnesium content displays a gradual 
radient in a range of over 10 μm across the phase inter- 
ace, indicating that magnesium denudes the matrix across 
he interface by diffusing into the titanium phase. Neverthe- 
5 
ess, the depletion of titanium content was principally limited 

ithin the interior of titanium phase in the vicinity behind 

he interface. Such characteristics originate essentially from 

he following two aspects: (i) atomic diffusion in magnesium 

elt is much faster than that in solid-state titanium during 

he melt infiltration process, which leads to the dissolution 

f titanium atoms into the magnesium melt, but only from 

he surface layer of titanium phase; (ii) the solid solubility of 
itanium in magnesium is minimal and obviously decreases 
ith decreasing temperature [51] . As such, the dissolved tita- 
ium atoms were precipitated from magnesium matrix during 

he cooling process. These mechanisms are schematically de- 
icted in Fig. 4 c. 

.2. Quasi-static tensile properties 

Fig. 5 a and b show the engineering tensile stress-strain 

urves of the bioinspired fish-scale-like magnesium compos- 
tes tested at room temperature and 200 °C. The results for 
ndividual constituents of pure magnesium and titanium are 
lso presented for comparison (the data for pure titanium are 
hown in Fig. S1 in Supplementary Materials). The compos- 
tes can be continuously work hardened at both temperatures 
fter yielding, leading to uniform deformation without ob- 
ious necking until fracture, as indicated by the true stress- 
train curves and work-hardening rate shown in Fig. 5 c and d. 
he ultimate tensile strengths of the composites are markedly 

igher than those predicted from components according to the 
ule-of-mixtures, as indicated by the dashed curves ( Fig. 5 a 
nd b). Specifically, the double-Bouligand architecture tends 
o exhibit further increases in strength and ductility, as com- 
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Fig. 4. Microstructural and chemical characteristics of the interfacial region between titanium and magnesium phases. (a) SEM micrograph showing the 
presence of titanium (Ti) precipitation in the magnesium (Mg) matrix, as indicated by the white arrows. (b) Magnified SEM micrograph and corresponding 
EDS line-scan results of the distribution of the titanium and magnesium elements across the interface between titanium and magnesium phases. (c) Schematic 
illustrations of the atomic diffusion of elements and titanium phase precipitation during the melt infiltration and cooling processes. 

Fig. 5. Quasi-static tensile properties of the bioinspired fish-scale-like magnesium composites. (a, b) Engineering tensile stress-strain curves of the magnesium 

composites with bioinspired orthogonal plywood and double-Bouligand architectures at (a) room temperature and (b) 200 °C. Results for pure magnesium and 
approximations according to the rule-of-mixtures are also shown for comparison. (c, d) Variations in the true tensile stress (dark color) and work-hardening 
rate (light color) with the true tensile strain at (c) room temperature and (d) 200 °C for the magnesium composites as compared to pure magnesium. 

6 
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Fig. 6. Representative damage morphologies of the bioinspired magnesium composites after tensile testing. Fracture surfaces of the composites with the (a) 
orthogonal plywood and (b) double-Bouligand architectures. (c) Through-thickness SEM micrograph showing periodically helicoidal patterns, as indicated 
by the dashed curves, on the fracture profile of the composites with double-Bouligand architecture. Magnified SEM images showing the (d) rupture and (e) 
separation of titanium fibers which are parallel and perpendicular to the tensile axis, respectively, and the (f) interfacial slip of obliquely aligned fibers within 
the magnesium matrix. The slip traces are indicated by the white arrows in (f). The loading directions in (d) and (f) are indicated by the yellow dashed lines. 
(For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) 
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ared to the orthogonal plywood architecture, at both room 

emperature and 200 °C, implying a higher mechanical effi- 
iency. In contrast to the behavior at room temperature, a no- 
able improvement in tensile ductility, although accompanied 

y an obvious decrease in strength, was observed at 200 °C 

or both architectures. This is caused by the easy slippage be- 
ween titanium fibers within the magnesium matrix because of 
he latter’s creep behavior (as will be shown below in Fig. 6 ) 
52] . 

It should be noted here that the current bioinspired com- 
osites are inferior to many other magnesium composites 
nd alloys in terms of their absolute mechanical properties 
13 , 20 , 53] . This is because of the use of simple pure el-
ments as constituents, i.e. , pure magnesium and titanium, 
nd the fact that coarse grains are formed in them during 

he slow solidification and cooling processes; this was de- 
iberately done to help discern the effects of the bioinspired 

rchitectures by excluding other confusing factors. However, 
he chemical and microstructural characteristics of the com- 
onents used to make these magnesium composites can be 
eadily tuned to achieve enhanced properties in the materials. 

As shown in Fig. 6 , the tensile fracture surfaces of the 
ioinspired composites demonstrate a large tortuosity depend- 
ng on the orientations of titanium fibers. Specifically, the 
omposite with the double-Bouligand architecture displays 
eriodically helicoidal patterns on fracture profiles, conform- 
ng exactly to the arrangement of titanium fibers ( Fig. 6 c). 
t both temperatures, the fibers that are parallel to the ten- 

ile axis are ruptured ( Fig. 6 d), although they are separated 

rom each other in the case of perpendicular configuration 
p

7 
 Fig. 6 e). The obliquely aligned fibers tend to be tilted within 

he magnesium matrix through interfacial slippage, as clearly 

anifested by the slip traces indicated by the white arrows 
 Fig. 6 f), thereby deviating from their original orientations. 
uch a trend becomes much more evident at elevated tem- 
erature owing to the creep behavior of the magnesium. The 
sh-scale-like architectures have been replicated in a vari- 
ty of non-metallic materials where the reinforcing fibers are 
rittle [40 , 41 , 54] . In contrast, the titanium fibers in the cur-
ent composites are deformable under the applied tensile load, 
hich qualitatively resembles the case found in fish scales 

nd also in the conch shell [29 –31 , 33 , 34 , 55] . DIC images of
he through-thickness surfaces of the tensile samples, shown 

n Fig. 7 , reveal a good conformity of local strain distribu- 
ions with fiber arrangements in the composites. Specifically, 
elatively high strains are concentrated at nearly flat sections 
or the orthogonal plywood architecture, but demonstrate a 
roader distribution in helical-shaped areas for the double- 
ouligand architecture, suggesting a more effective role of 

he latter structure in mitigating strain localization. The DIC 

esults for the entire deformation processes of the compos- 
tes with the two architectures are shown in Supplementary 

ovies S1 and S2. 

.3. Dynamic mechanical properties 

Fig. 8 a shows representative high strain-rate stress-strain 

urves of the bioinspired composites as compared to pure 
agnesium under SHPB impact loading at a comparable im- 

act velocity of ∼11 m/s. The variations in the peak stress 
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Fig. 7. Successive DIC images of through-thickness surfaces showing the 
local strain distributions in the magnesium composites with bioinspired (a) 
orthogonal plywood and (b) double-Bouligand architectures after loading to 
incremental strains during tensile tests at room temperature. 
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Fig. 8. Dynamic mechanical properties of the bioinspired fish-scale-like mag- 
nesium composites. (a) Representative stress-strain curves of the magnesium 

composites with bioinspired orthogonal plywood and double-Bouligand ar- 
chitectures as compared to pure magnesium under SHPB impact loading at 
a comparable impact velocity of ∼11 m/s. (b) Variations in peak stress with 
impact velocity for the composites and constituent materials. 
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ith impact velocity are presented in Fig. 8 b. The stress- 
train curves of the composites are characterized by a rela- 
ively stable stress plateau with the peak stresses markedly 

xceeding the quasi-static strengths and those of pure mag- 
esium. The peak stresses of the composites remain nearly 

onstant at around 600 MPa in the experimental ranges of 
mpact velocity from ∼8 m/s to ∼20 m/s. By contrast, pure 

agnesium displays a clear rising trend of peak stress with 

ncreasing impact velocity. Additionally, the composites with 

he bioinspired orthogonal plywood and double-Bouligand ar- 
hitectures exhibit comparable peak stresses at different im- 
act velocities, implying a minimal dependence of dynamic 
echanical properties on the fiber alignments. 
The overall appearance and representative fracture mor- 

hologies of the bioinspired composites after SHPB tests are 
hown in Fig. 9 . The composites exhibit increasingly larger 
eformation as the impact velocity increases ( Fig. 9 a). The 
ailure of the composites with either architecture is domi- 
ated by a mode of shear fracture along primary shear bands 
s indicated by the white arrows. The shear bands can easily 

enetrate the fibers regardless of their stacking configurations. 
his further implies a limited effect of architectures on the 

mpact behavior of the composites. Rupture of the titanium 

bers is evident as can be seen from the impact surfaces 
f samples ( Fig. 9 b), especially at the intersections between 

utually perpendicular fibers where stress concentrations are 
enerated. Additionally, distinct from the apparent melting on 

he fracture profiles for pure magnesium (Fig. S2), local melt- 
ng only occurred near the impact faces in the composites 
 Fig. 9 c), conforming well to their improved impact resis- 
ance. 
8 
.4. Adaptive structural reorientation characteristics 

Fig. 10 a shows the 3-D arrangements of titanium fibers in 

he composites with the double-Bouligand architecture after 
ensile tests at room and elevated temperatures, as revealed by 

RT. The orientations of fibers in each lamina with different 
lignments can be clearly illuminated by serially dissecting 

he 3-D images along their basal planes, with representative 
-D slices shown in Fig. 10 b. Here the initial orientations 
f these fibers were determined from the undeformed grip 

ections using the same methods. It can be seen that the grids 
f titanium meshes are clearly distorted from their original 
quare shape ( Figs. 10 b and S3), indicating the changes in 

ber orientations during the deformation process. A general 
rend is that most of the fibers tend to rotate towards the 
ensile direction, leading to a decrease of their inclination 

ngle with respect to the loading axis. This closely resembles 
he adaptive structural reorientation behavior of fish scales 
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Fig. 9. Representative damage morphologies of the bioinspired magnesium composites after impact loading. (a) Overall appearance of the composites after 
SHPB tests loaded at different impact velocities. The dominant shear bands are indicated by the white arrows. SEM micrographs of the (b) impact surface 
and (c) fracture profile of the composites showing the rupture of titanium fibers and local melting of magnesium matrix, as indicated by the red and yellow 

arrows respectively. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) 

Fig. 10. Adaptive structural reorientation behavior of titanium fibers in the bioinspired magnesium composites with the double-Bouligand architecture. (a) XRT 

volume renderings of fractured samples showing the spatial arrangement of the titanium fibers in the composites after tensile tests at room temperature and 
200 °C. (b) 2-D slices of an XRT image showing the alignment of titanium fibers with different initial orientations in the composites after tensile testing at 
200 °C. The initial and final orientations for a set of fibers (marked as yellow) with respect to the loading direction are indicated in the figure. (c) Schematic 
illustrations of the two modes for the initial orientations of the titanium fibers and their corresponding reorientations. (For interpretation of the references to 
color in this figure legend, the reader is referred to the web version of this article.) 
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here the majority of the fibers rotate towards the loading 

irection to carry more load [30 , 31 , 56 , 57] . 
Here the reorientation angles of fibers, i.e. , the differences 

etween their final and initial orientations, are defined to be 
ositive in the above fashion and negative when the fibers are 
eviated away from the loading axis, as illustrated in Fig. 10 c. 
9 
he varying shape changes of grids, shown in Figs. 10 b and 

3, suggest that the reorientation of fibers is dependent on 

heir initial orientations. Specifically, the reorientation direc- 
ion may be contrary to, or consistent with, the twisting di- 
ection between fiber meshes according to the right-hand rule 
 Fig. 10 c). To facilitate the discussion, the initial orientations 
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Fig. 11. Variations in the reorientation angles of titanium fibers as a function 
of their initial orientations in the bioinspired magnesium composites with the 
double-Bouligand architecture after tensile tests at (a) room temperature and 
(b) 200 °C. A and B indicate the two twisting helices of fibers involved in the 
composite. I and II represent the two modes of the initial fiber orientations. 
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f fibers that are positive and negative with respect to the 
oading axis (following the right-hand rule) are referred to as 
ode I and mode II, respectively ( Fig. 10 c). 
The detailed variations in reorientation angles of fibers as 

 function of their initial orientations are presented in Fig. 11 . 
ere the initial orientation angles with respect to the loading 

xis, which are positive and negative respectively for mode 
 and II initial orientations ( Fig. 10 c), are represented using 

heir absolute values on the x axis. It is seen that the reorien- 
ation of titanium fibers becomes considerably more evident 
t 200 °C as compared to room temperature because of the 
asy creep deformation of magnesium matrix. At both temper- 
tures, the reorientation angles display an initially increasing 

rend and then decrease with the increase of initial orienta- 
ions. The most significant reorientation is generated when the 
bers are initially aligned at around 45 ° with respect to the 

oading axis, conforming well to the plane with the maximum 

esolved shear stress. This is consistent with observations in 

sh scales where reorientation was found to be more evident 
or obliquely aligned fibers [30 , 31] . In addition, with regard 
10 
o fibers within the same twisting helix (indicated by A or B 

n Fig. 11 ), the mode II initial orientation tends to display a 
arger resistance than mode I, as manifested by its smaller re- 
rientation angles. In particular, the reorientation angles may 

ven become negative for the mode II initial orientation, es- 
ecially when the initial orientations of fibers approach 0 ° or 
0 ° This means that the fibers which are nearly parallel or 
erpendicular to the loading axis may rotate away from the 
ensile direction. A similar phenomenon has been detected in 

sh scales and has been attributed to the local compressive 
tresses at such configurations [30 , 31] . 

. Discussion 

Classical laminate theory [58] is modified here for the 
ioinspired Bouligand-type architectures to interpret their 
oom-temperature tensile properties. The composite model, as 
llustrated in Fig. 12 a, consists of 24 layers of laminae with 

ach comprising a bilayer of orthogonal fibers. These lam- 
nae, numbered by k th ( k = 1, 2, …, 24), are sequentially 

tacked from the bottom up following an anticlockwise spiral 
ashion with a pitch angle ϕ. The upper and lower laminae 
t an equal Z-distance from the middle plane display anti- 
ymmetric configurations in the composite. These structural 
haracteristics are all in line with those in the experiments. 
he length and width of the model are set as unity. The local 
oordinate system for each individual lamina (1, 2) is con- 
istent with the axial directions of the orthogonal fibers. The 
lobal coordinate system of the entire laminate composite is 
escribed by (X , Y , Z). Here the principal axes X and Y are
efined using the bisectors of local principal axes of the 12 

th 

nd 13 

th laminae, i.e. , the middle plane of the system. Both 

ocal and global coordinate systems are right-handed. 
When applying a load along the loading axis L 1 , which 

onforms to the principal axis of the 1 

st lamina here, the 
rincipal forces σ and moments m of the laminate normalized 

y the area or equivalently thickness of the model can be 
escribed as: 

σ

m 

]
= 

[
A B 

B D 

][
ε 0 
κ

]
, (1) 

ith ε 0 and κ denoting the plane strains and curvatures 
59 , 60] . The parameters A , B and D are stiffness matrices
or the stress states of extension, extension-bending coupling 

nd bending, respectively. All these variables and parameters 
re in vector form. The plane stress of the k th lamina can be 
educed to be: 

mk = Q 1 , 2 T k T sR σth = P k σth , (2) 

ith P k = Q 1,2 T k TsR [58] . σ th is the critical stress along 

he L 1 direction, and T k and T are transformation matrices. 
 1,2 and s are the lamina stiffness matrix in coordinate (1, 
) and the laminate compliance matrix in loading coordinate 
L 1 , L 2 ), respectively. The parameter R is described by R = 

 1 i j ] 
T 

where i and j are the ratios of the stress along L 2 

irection and the shear stress in the (L 1 , L 2 ) coordinate with 



Y. Liu, Q. Yu, G. Tan et al. Journal of Magnesium and Alloys xxx (xxxx) xxx 

ARTICLE IN PRESS 

JID: JMAA [m5+; July 26, 2021;5:28 ] 

Fig. 12. Theoretical interpretation of the strengths for the magnesium composites with bioinspired orthogonal plywood and double-Bouligand architectures. (a) 
Schematic illustrations of the laminate composite model and coordinate system for the theoretical analysis. (b) Analytical results for the variation in yield and 
ultimate tensile (UTS) strengths of the laminate as a function of the shear strength of the lamina for the bioinspired orthogonal plywood and double-Bouligand 
architectures. The orthogonal plywood architecture can be seen as a unique double-Bouligand architecture with the twisting angle between the layers ϕ equal 
to 0 ° or 90 °. (c) Theoretical and experimental results of the strengths for the bioinspired magnesium composites with different twisting angles between layers. 
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espect to σ th . The detailed derivation processes are presented 

n the Supplementary Materials. 
The Tsai-Hill failure criterion has demonstrated a good ap- 

licability in laminate composites reinforced with stiff fibers, 
ncluding those with Bouligand-type architectures [ 60 –62] . 
ccording to this criterion, the strength of the laminate along 

he L 1 direction can be eventually described as: 

th = 

(
P 

2 
k1 − P k1 P k2 

X 

2 
+ 

P 

2 
k2 

Y 

2 
+ 

P 

2 
k12 

S 

2 

)− 1 
2 

, (3) 

here X and Y are the principal strengths along 1 and 2 

xes in individual lamina, and S is the shear strength [ 59 –
2] . The 1 and 2 axes are equivalent in each lamina compris- 
ng orthogonal fibers, giving X = Y . The principal strengths 
f individual lamina can be approximated using those mea- 
ured experimentally for the composite with the orthogonal 
lywood architecture. This is rationalized by the fact that the 
ber alignments are all consistent among laminae in the com- 
osite. Then, the yield strength of laminate can be obtained by 

ombining Eqs. (2) and (3) following the conservative first- 
ly failure criterion which assumes that the yielding of entire 
aminate is caused by the failure of the first lamina [63 , 64] .
imilarly, the ultimate tensile strength of laminate can be ap- 
roximated using the critical stress corresponding to the fail- 
re of the final lamina [65 , 66] . 

Fig. 12 b presents the theoretical results of the variation 

n yield strength, i.e. , the stress corresponding to a plastic 
train of 0.2%, and ultimate tensile strength for the bioin- 
pired double-Bouligand architecture as a function of the 
hear strength of the lamina. The orthogonal plywood archi- 
ecture can be seen as a unique double-Bouligand one where 
he twisting angle between layers, ϕ, equals 0 ° or 90 ° Here 
nly specific twisting angles that are exactly divisible by 90 °
re considered to ensure the presence of full cycles of he- 
ices in the laminate. It is evident that the orthogonal ply- 
ood architecture ( ϕ = 0 ° or 90 °) exhibits constant strengths 
ver the wide range of shear strengths of the lamina. In con- 
rast, the yield and ultimate tensile strengths of the double- 
11 
ouligand architecture ( ϕ � = 0 ° or 90 °) are largely dependent 
n the shear strength of the lamina, yet their varying trends 
re markedly different. Specifically, the yield strength initially 

ncreases and then remains constant with the increase of shear 
trength. The yield strength of the double-Bouligand architec- 
ure is invariably lower than that of the orthogonal plywood 

rchitecture. In comparison, the ultimate tensile strength of 
he double-Bouligand architecture initially remains constant 
nd is slightly lower than that of orthogonal plywood archi- 
ecture. It then displays a monotonic increasing trend as the 
hear strength of the lamina increases. 

As shown in Fig. 12 c, the strengths of the current com- 
osites can be well described based on the above analysis. 
he shear strength of lamina was fitted to be 145 MPa, i.e ., 
70% with respect to its ultimate tensile strength. This con- 

orms to the empirical relationships where the shear strength 

f metals generally accounts for 60 to 80% of their ulti- 
ate tensile strengths [67 , 68] . The theoretical model reveals 

hat the double-Bouligand architecture can effectively improve 
he ultimate tensile strength of the laminate composite while 
lightly decreasing its yield strength, thereby leading to an en- 
anced work-hardening capability. Such an effect is positively 

elated to the shear strength of the lamina. Specifically, the 
hear failure of the lamina necessitates the rupture of fibers 
n the current composites because of the interwoven nature of 
he mutually perpendicular titanium fibers. This plays an ef- 
ective role in improving the shear strength of the lamina. Ad- 
itionally, with respect to the double-Bouligand architecture, 
he strengths remain nearly constant at varying twisting an- 
les except for some decrease in the ultimate tensile strength 

t ϕ = 30 ° or 60 ° Nevertheless, a small twisting angle will 
efinitely promote better strain uniformity between adjacent 
aminae and is clearly favorable for enhanced fracture tough- 
ess through the deflection of cracks. 

It is anticipated that the magnesium composites reinforced 

y continuous titanium contextures may serve as a new 

ightweight metallic material system for structural applica- 
ions. In particular, their mechanical properties may be tai- 
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ored over a wide range by modulating the fish-scale-like ar- 
hitectures and controlling the content and chemical composi- 
ions of the constituents. In addition, these composites may be 
romising for biomedical applications. Specifically, both mag- 
esium and titanium exhibit a good biocompatibility and have 
een extensively explored for biomedical use, e.g. , as bone 
ubstitute implants [ 36 –38 , 69 , 70] . Nevertheless, they demon- 
trate completely different biodegradability with the magne- 
ium and titanium being fully degradable and non-degradable, 
espectively. Indeed, magnesium-titanium composites may of- 
er the possibility for exploiting new partially degradable 
iomedical materials. The gradual degradation of magnesium 

n composites may allow for the growth of new tissues into 

he titanium scaffolds or contextures, thereby achieving good 

issue-implant integration. During the entire process, the ti- 
anium scaffolds could provide enough robustness to accom- 
lish its mechanical function. Such concepts will be probed 

n future studies. 

. Conclusions 

New magnesium composites strengthened by contextures 
f continuous titanium fibers were fabricated by pressureless 
nfiltration of a magnesium melt into stacked titanium meshes. 
ioinspired fish-scale-like orthogonal plywood and double- 
ouligand architectures were constructed in the composites 
y controlling the fiber arrangements. These composites ex- 
ibit improved work-hardening ability and ultimate tensile 
trengths exceeding the rule-of-mixtures estimates from their 
onstituents at ambient to elevated temperatures. The double- 
ouligand architecture plays a more effective role than the 
rthogonal plywood one in mitigating strain localization and 

eflecting crack paths. In particular, the fibers in this archi- 
ecture can adaptively reorient during the deformation process 
f composites by differing degrees depending on their initial 
rientations. This resembles to a large extent the adaptive 
tructural reorientation behavior of fish scales, implying an 

mplementation of the property-optimizing mechanisms be- 
ind the architecture. Composites with orthogonal plywood 

nd double-Bouligand architectures demonstrate similar im- 
act behavior with their peak stresses nearly independent of 
mpact velocity. The strengths of the developed magnesium 

omposites were interpreted by adapting classical laminate 
heory in line with their architectures. The double-Bouligand 

rchitecture was revealed to promote an improved ultimate 
ensile strength with a slight decrease in yield strength, which 

s associated with the shear strength of the lamina, thereby 

eading to enhanced work-hardening capability as compared 

o the orthogonal plywood architecture. The current fish-scale- 
ike design concept and fabrication approach based on infiltra- 
ion of a metal melt into fiber contextures with higher melting 

oint may be extended to other material systems toward en- 
anced performance. The model and analysis could aid in 

uiding the architectural design and property optimization of 
hese composites. 
12 
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