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Abstract

A turtle carapace bio-inspired Ti matrix hybrid composite was successfully fabricated in this work. This composite
incorporates two parts: the Ti—Al intermetallic multilayered composite and continuous SiC fibers-reinforced Ti matrix
composite. In the Ti—Al intermetallic multilayered composite part, a series of Ti—Al intermetallics compounds, including
TizAl, TiAl, TiAl, and TiAl;, were formed between the Ti layers. In the continuous SiC fibers-reinforced Ti matrix
composite part, SiC fibers and Ti matrix were found to be bonded well through weak interface reaction. Flexural strength of
this material reached 1.21 £ 0.16 GPa, measured by three-point bending test. The deformation features suggest that the
hierarchical structure combining ductile Ti layers/matrix with brittle high-strength Ti—Al intermetallics layers/SiC fibers

can effectively enhance the mechanical properties of the bio-inspired hybrid composite.

Keywords Bio-inspired composite - Hierarchical structure - Cracks propagation - Flexural property

1 Introduction

Carapace plays an important role in the physical protection
and nutrition transmission for turtle [1]. With the protection
of carapace, turtles can bear high water pressure and pro-
tect themselves from traumas caused by falling, smashing
against rocks and predator assaults [2]. Over the past years,
many researchers have been focused on revealing the
relationship between the structure and the resulting per-
formance of turtle carapace [3-5].
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A typical model, taking the carapace of the red-eared
slider turtle as a sample, has been confirmed, and the
schematic demonstrating the carapace cross-sectional
structure is shown in Fig. 1. The basic architecture of the
carapace is a sandwich structure, which can be regarded as
hierarchical composite [6]. The epidermal layer is keratin
laminate, formed of many submicron layers, which is the
first barrier to external loads due to its high stiffness. The
underneath layer is formed of dorsal cortex, whose osteons
are randomly embedded in the disordered woven fiber
bundle matrix. The dorsal cortex can withstand sharp
impacts such as biting or clawing, and it is also beneficial
for preventing cracks propagation. The next layer of turtle
carapace is cancellous interior layer, which forms the
majority of the carapace structure. This layer is capable of
absorbing large amount of energy under external impacting
forces. The innermost layer is ventral cortex layer, con-
sisting of two distinct fiber sub-layers, which is conducive
to structural support. Due to its unique structure, turtle
carapace possesses good compression resistance [2, 4, 7],
high bending resistance [4, 8, 9] and excellent impact
resistance [10, 11].

The structure of turtle carapace can be regarded as a
biological armor. The excellent protection performance has
attracted an increasing attention, and many studies have
been conducted to fabricate materials with similar
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Fig. 1 Cross-sectional structure of turtle carapace

structures. For example, a multilayered structure of Ti—Al
intermetallics has been fabricated and studied extensively
[12, 13]. A series of Ti—Al intermetallic compounds,
including Ti;Al, TiAl, TiAl; and TiAl,, were incorporated
in this material. This special structure combining ductile Ti
layers with brittle Ti—Al intermetallic compound layers
possesses low density, high strength, and excellent creep
and corrosion resistance [14—16]. Cracks propagation can
be effectively suppressed by the layered structure [17].
Recently, manufacturing and application of fiber-rein-
forced materials have also become hot topic in biomimetic
materials [18-20]. Because of the strengthening effect of
the fibers, the toughness, elastic modulus and strength of
the composite material have been greatly improved [21].
Many types of fibers, such as carbon fibers [22, 23], carbon
nanotube fibers [24] and SiC fibers [25, 26], have been
widely used to reinforce the biomimetic composite mate-
rials. Recent studies have reported the successful applica-
tion of continuous SiC fibers in Ti matrix, Al matrix and
ceramic matrix composites due to its low density, high
strength and high modulus [27-29].

In this study, we designed a new tortoise carapace bio-
inspired hybrid composite by combining the Ti/Ti—Al
intermetallic multilayered composite with continuous SiC
fibers-reinforced Ti matrix composite. For this hybrid
composite, the function of Ti—Al intermetallic multilayer
composite is similar to that of the keratin laminate of tor-
toise carapace, while the SiC fibers-reinforced Ti matrix
composite acts in a similar way as the dorsal cortex layer of
tortoise carapace. Flexural test was performed to evaluate
the mechanical properties of this material. Microstructure
and fracture surfaces of the samples were examined by
scanning electron microscopy (SEM). In addition, defor-
mation and cracks propagation were also analyzed and
discussed in this study.
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2 Materials and Methods
2.1 Materials Preparation

Figure 2a shows the stacking sequence of the hybrid
composite. The foil-fiber—foil method was adopted to
fabricate the bio-inspired hybrid composite. Pure titanium
foils (100 um thick) and pure aluminum foils (20 um
thick) were cleaned carefully and then cut into square strips
with a dimension of 36 x 36 mm? for further use. SiC
fibers were used as the reinforcing component. This fiber
comprises of a tungsten core (16 um in diameter) and a
surrounding cylindrical SiC crystal layer (38 pum thick). In
addition, carbon-coated layer of 2 um thickness is depos-
ited on the surface of SiC crystal layer by the method of
chemical vapor deposition (CVD). For the finally fabri-
cated bio-inspired hybrid composite, the Ti—Al inter-
metallic multilayered composite part has the same
thickness as the continuous SiC fibers-reinforced Ti matrix
composite part.

The bio-inspired hybrid composite specimen was pre-
pared by the method of vacuum hot-pressing sintering. The
preparation process, as shown in Fig. 2b, contains several
steps. First, the specimen was heated to 625 °C under a
pressure of 5 MPa in vacuum to minimize the space
between the adjacent foils and then was kept at this tem-
perature for 2 h to initiate the interdiffusion reaction
between the Ti and Al foils. Second, the temperature was
set at 650 °C for 3 h to promote the interdiffusion reaction,
and then, the pressure was removed. Finally, the temper-
ature was further increased to 900 °C and kept for 1 h. Ten
minutes later after the temperature was stable, the pressure
was increased to 30 MPa.

2.2 Materials Characterization

The specimen of the bio-inspired hybrid composite is ini-
tially ground with SiC papers and then polished by dia-
mond  suspensions (0.5 um particle size). The
microstructure and fractured surfaces of the samples were
examined by scanning electron microscopy (SEM, Quanta
200FEG, FEI Co., USA) equipped with energy-dispersive
X-ray spectrometry (EDXS) system. Phases of the material
were characterized by the X-ray diffraction (XRD) tech-
nique using a CuK,, radiation (X’PERT PRO MPD, PAN-
alytical BV, Netherlands).

2.3 Three-Point Bending Test
The specimen of the bio-inspired hybrid composite was

machined to the dimension of 35 x 4 x 3 mm’
(length x width x thickness). Three-point bending test
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Fig. 2 Schematic of a the components stacking sequence, b the processing route to fabricate the hybrid composite by hot-pressing sintering

was carried out on a mechanical testing machine (Instron
5569, Instron Co., USA) with a maximum load of 50 kN. In
the three-point bending test, the supporting span was
30 mm and the loading rate was set at 0.5 mm/min. The
flexural strength o0, was calculated by the equation:
Omax = 3Fmax X LI(2 x b x h x h), where F,, is the
maximum load value, L the supporting span, and b and
h the width and thickness of the tested specimen, respec-
tively. To eliminate error, the test was repeated for five
times. In one of the series bending tests, load was removed
when the load got o decreased after maximum load, and the
lateral fracture surface was examined by SEM. The load
was directly applied on the top surface of continuous SiC
fibers-reinforced Ti matrix composite part.

3 Results and Discussion
3.1 Microstructure Characteristics

Two parts are successfully incorporated in this hybrid
composite material, as shown in Fig. 3a—d. The top part is
the Ti—Al intermetallic multilayered composite (Fig. 3b),
and the bottom part is the continuous SiC fibers-reinforced
Ti matrix composite (Fig. 3c, d). It was reported that voids
can be easily formed between the Ti—Al layers during the
fabrication process [30]; however, these Ti—Al layers are
well bonded without any gaps (Fig. 3b) in this work. In the
other part, SiC fibers were also well bonded with the Ti
matrix (Fig. 3c, d). No obvious defect, such as crack, gap
and impurity, was detected. In our study, the interface
binding ratio [31] was measured to be 99%, indicating an
excellent quality.

Multi-sub-layers structure with a zigzag shape was
found in the Ti-Al intermetallic multilayered part
(Fig. 3b), suggesting the formation of different phases. The
XRD result (Fig. 4a) reveals that a series of Ti—Al

intermetallic compounds were formed in this bio-inspired
hybrid composite. The composition distributions of Ti and
Al show that the Ti contents decrease from the outer layer
to the inner layer, while the Al contents show an opposite
trend (Fig. 4b). Quantified results of these layers by EDS
analysis are listed in Table 1. Combining the results of
XRD and EDS, the phases were identified as Ti, TizAl,
TiAl, TiAl, and TiAl;, respectively, from the outer layer
(Ti) to the inner layer (Ti—Al intermetallics).

Previous studies [32, 33] have pointed out that the
reaction of Ti and Al begin at 600 °C; therefore, it is likely
that TiAl; phase nucleates first at the interface when the Ti
and Al plates are heated to high temperature, e.g., 625 °C
in this work [34, 35]. Then, the nucleated TiAl; particles
gradually grow and connect into a continuous thin layer
between the Ti and Al layers. The nucleation dynamics of
TiAl; formation greatly depends on the solute concentra-
tion gradient at certain temperatures, which drives the
elements (mainly Al) to diffuse between the different lay-
ers [36]. In our experiments, the diffusion-controlled
reaction was most likely dominated during the first two
holding temperature (625 and 650 °C) stages. When the
plates were heated to a temperature higher than the melting
point of Al (660 °C), the Al layers were completely melted,
contacting directly with the Ti foils. A prior study [36] has
revealed that the self-propagating combustion reaction can
take place when the melt Al contacts with Ti, forming
TiAl; phase. In our experiments, the temperature range was
between 600 and 900 °C; therefore, the two reaction
modes, the diffusion-controlled reaction and the self-
propagating combustion reaction, may coexist. Note that
these two reaction modes result in only one type of primary
phase, i.e., TiAl;.

The atomic ratio of Ti/Al is about 4.7 in the pristine foils
stacking. Therefore, the Al layer was completely consumed
through the reaction with Ti, and the initial Ti/Al interfaces
were replaced by Ti/TiAl; layers. However, studies have
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Fig. 3 Microstructure of the bio-inspired hybrid composite: a cross section; b local magnified regions showing the Ti—Al intermetallic
multilayered part; SiC fibers-reinforced Ti matrix part in the ¢ cross and d longitudinal sections

shown that the Ti/TiAl; interface is unstable at high tem-
perature [35], and the Al atoms in the TiAls layer tend to
diffuse into the Ti layer due to the solute concentration
gradient. Meanwhile, Ti atoms in the Ti layer also tend to
diffuse into the TiAl; layer. Consequently, TiAl and Ti;Al
phase would form at the interface [37, 38], which further
leads to the formation of TiAl, phase at the interface, as the
formation of TiAl, usually takes the TiAl as the interme-
diate phase [33]. It is noted that the formation of TizAl,
TiAl and TiAl, may occur almost simultaneously through
the following reaction: TiAl; + Ti — Tis.
Al + TiAl + TiAl, [39]. Immediately after the nucleation
of different Ti—Al intermetallics phases, these Ti—Al phases
start to grow due to the diffusion-controlled kinetics and
finally form irregular interface as a result of restricting
competition growth mechanism [40]. It is pointed out that
the interfaces between different phases tend to stabilize
through a smaller concentration gradient along the inter-
face, minimizing the surface free energy. Thus, the final
interface sequence is Ti/TizAl/TiAl/TiAl,/TiAl; [39]. It
should be mentioned that the thickness of each kind of Ti—
Al intermetallic compound layer varied from one to
another. This is mainly because the diffusion coefficient of
Ti and Al elements are diverse in different reaction layers,

@ Springer

resulting in various reaction rates between these phases
[41].

In the continuous SiC fibers-reinforced Ti matrix com-
posite part, the interface reaction is much weaker than the
previous reports [25, 42]. Detailed examination shows that
a quite thinner reaction layer is formed in Fig. 4c as
compared with that in Refs. [25, 42]. The elements distri-
bution crossing the SiC fiber and Ti matrix interface was
analyzed, and the result is shown in Fig. 4d. A thin Si- and
C-enriched layer (about 1 pm thick) is formed on the Ti
matrix side. However, no Ti—C and Ti-Si compounds, as
mentioned in previous reports [26, 43], are detected by
XRD, probably due to their very low contents. The coating
carbon layer on the SiC fibers is proved to reduce the
degree of reaction [44]. Moreover, modified parameters,
including lower reaction temperature, shorter reaction time
and lower pressure than previous work, were adopted in
this work [25, 42, 45], which are beneficial to weaken the
interface reaction [26] and lead to less brittle compounds
[44].

3.2 Flexural Property

Figure 5 plots the typical stress—strain curve of the three-
point bending test. The stress increases elastically at the
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Table 1 EDS points analysis

corresponding to Fig. 4b Spot A (%) Spot B (%) Spot C (%) Spot D (%) Spot E (%)
Al 1.66 25.19 46.73 67.05 74.43
Ti 98.34 74.81 53.27 32.95 25.57
Phase Ti TizAl TiAl TiAl, TiAl;
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Fig. 5 Typical stress—strain curve of the bio-inspired hybrid com-
posite in the three-point bending test

beginning upon loading and then further increases at a
reduced rate to the maximum stress. Accordingly, the
flexural strength of the bio-inspired hybrid composite was
measured to be 1.21 4+ 0.16 GPa at the strain of ~ 2.5%.
It is interesting to note that the step-like responses occurred
after the maximum stress upon further loading. After a
certain strain, e.g., 3.7%, the specimen was fractured
completely.

The measured flexural strength in this work is much
higher than previous results with similar structure [25],
increased by ~ 33%, from ~ 0.9 to ~ 1.2 GPa. This is
supposed to be resulted from the optimized parameters
used in this study for the hot-pressing sintering processing,
i.e., the lower temperature and shorter time, which decrease
the content of the brittle compounds at the interface, as
compared to previous studies [25], enhancing the interfa-
cial debonding strength between SiC fibers and Ti matrix.

@ Springer
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The delayed loading is also conducive to ensure the tem-
perature of the internal specimen uniform when load
applied, which guarantees Ti foils having good deforma-
tion ability to fill the gaps between the SiC fibers. Under
this circumstance, the damage to SiC fibers under press
load, where cracks could initiate [46], is likely to be
reduced. The integrity of SiC fibers can be maintained in
general, and the enhancement effect of SiC fibers [46] in
this hybrid composite is fully achieved. Moreover, the
flexural strength in this work is close to that of the con-
tinuous SiC fibers-reinforced Ti matrix composite
(1224 + 30 MPa) fabricated by similar process, which
contributed to the much higher strength of the SiC fibers-
reinforced Ti matrix composite than that of the Ti inter-
metallic multilayered composite [25]. In addition, the
flexural strength is also higher than that of the other similar
bio-inspired materials (803 = 50 MPa) [42] that were
fabricated with a similar processing routine, but with dif-
ferent processing parameters.

The lateral surfaces in the intermediate process of
bending test after maximum load and the complete

fractured surfaces of the tested samples were examined in
SEM, and a few typical images are presented in Figs. 6 and
7. It is observed that the propagation route of the cracks
presents an “S” shape, along with complex twists and
turns, as shown in Fig. 6a, similar to the fracture mor-
phology of the native rib specimen [10]. This indicates that
a great amount of energy was absorbed by possible cracks
branching, blunting, deflection and bridging during the
deformation process [47]. Accordingly, the bending frac-
tured surface is not smooth, with jagged fluctuations
between the layers and in the lamellar structure (Fig. 7a).

Discrete microcracks are visible in each Ti—Al intermetallics
layer, as indicated by arrows in Fig. 6b. It seems that most of
the cracks were either crossed completely through the Ti—Al
intermetallics layer or radiated from the interface of the inter-
metallics layer and Ti matrix layer and then, stopped inside the
Ti—Al intermetallics layer. These results probably suggest that
the nucleation of the microcracks mostly occurs at the interface
between the Ti—Al intermetallics layer and Ti layer and then
propagates along the Ti—Al intermetallics layer, consistent with
the results in previous reports [16, 47]. Cracks deflection and

Fig. 6 Morphology and the main cracks propagation of the bio-inspired hybrid composite: a overall SEM image; magnified SEM images of

b area I, ¢ area II, d area III in a, respectively
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Fig. 7 Fractured surfaces of the bio-inspired hybrid composite after three-point bending test: a SEM image showing the overall morphology of
the fractured surface; magnified images showing the fracture morphologies of b Ti—Al intermetallic multilayered composite, ¢ SiC fibers-

reinforced Ti matrix composite, respectively

branching characteristics are also visible at the interface of Ti
layer and Ti—Al intermetallics layer due to constraint effect
caused by the ductile nature of the Ti layer, as shown in Fig. 6c.
Upon increasing stress, plastic deformation started to take place
within the ductile Ti layer. It is pointed out here that severe
plastic deformation within the ductile Ti layer may also cause
the nucleation of microcracks, and the shear bands would be
formed at the Ti layers, leading to fracture [48]. When the
ductile Ti layer broke after yielding, cracks propagated quickly
into the neighboring Ti—Al intermetallics layer. Therefore, the
cracks are connected in different layers.

The crack propagations along the interfaces in this hier-
archical structure are likely to be responsible for decreasing
stress and lower platform segments formed in the stress—strain
curve after the stress reached the maximum value. However,
the dominant mechanism can only be revealed by in situ
observations, for example, in situ SEM observation [25, 42]
or synchrotron X-ray tomographic quantification [49], which
were not done in this study. The fractured surface of the
sample (Fig. 7b) confirms the main deformation and fracture
mechanism as stated above [50], that is, the fracture of Ti
layer by micropore aggregation mechanism [47], as indicated
by the presence of large dimples, and the cleavage fracture
mechanism [16] for the Ti—Al intermetallics layer, as indi-
cated by arrows in Fig. 7b.

The deformation process in the SiC fibers-reinforced
composite part can be elucidated as follows. Due to the

increasing stress during the loading process, cracks prop-
agated gradually to the SiC fibers-reinforced Ti matrix
composite part. Under the bending forces, SiC fibers were
debonded from the Ti matrix and fractured firstly due to
their brittle nature [25]. However, the cracks were stopped
at the interface of SiC fibers and Ti matrix, as shown in
Fig. 6d. Plastic deformation occurred in the Ti matrix
under applied force, as indicated by the presence of large
dimples [47] in Fig. 7c. The Ti matrix part was still able to
support the structure and to bear the loads, until the final
complete failure. Overall, benefited from the hierarchical
structure that combines the hard layer and ductile layer, the
bio-inspired hybrid composite can inhibit the cracks
expansion effectively and might be a potential protective
material for vehicle motors and aerospace structures.

4 Conclusions

Inspired by the structure of the turtle carapace, a bio-in-
spired hybrid composite, combining the Ti—Al intermetallic
multilayered composite and continuous SiC fibers-rein-
forced Ti matrix composite, was successfully fabricated.
The microstructure and flexural properties of this bio-in-
spired hybrid composite were investigated. The conclu-
sions could be drawn as follows:

@ Springer



952

B.-S. Han et al.

1. In the Ti—Al intermetallic multilayered composite part,
several sub-layers of Ti—Al intermetallics were
formed, including TizAl, TiAl, TiAl, and TiAl; phases.
In the continuous SiC fibers-reinforced Ti matrix part,
the SiC fibers and the Ti matrix were well bonded with
a thin reaction layer.

2. The three-point bending test shows that the flexural
strength of the bio-inspired hybrid composite is
1.21 £ 0.16 GPa. Cracks deflection, bridging and
blunting occurred at the interfaces between the brittle
Ti—Al intermetallics layers/SiC fibers and ductile Ti
components. The hierarchical structure combining the
ductile Ti with brittle reinforcements can effectively
enhance the deformation behavior by limiting cracks
extension while maintaining deformation capability.
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