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Based on traditional titanium-based composites and the design concept of biomimetic laminated structures, the continuous SiC
ceramic fiber, ductile metal Ti foil, and intermetallic Ti2AlNb foil were selected as structural components, which were alternately
stacked in the sequence of Ti2AlNb-Ti-SiCf-Ti-Ti2AlNb to prepare the continuous SiC ceramic fiber-reinforced titanium-based
laminated composite. -e methods adopted were vacuum hot-pressing and ceramic fiber braiding. In the prepared state, the
composite’s structural components were metallurgically bonded ideally, and the continuous SiC ceramic fiber was equidistantly
distributed in the ductile metal Ti matrix. -is composite’s phase is mainly composed of α-Ti, β-Ti, SiC, TiC, O, and B2 phases. In
addition, along the ceramic SiC fiber lengthwise, the tensile test was performed on this composite at room temperature and a high
temperature of 600°C, with the ultimate tensile strength being 948.76MPa and 526.62MPa, respectively, and, in this process, the
fiber was debonded and pulled out. Meanwhile, the composite’s bending strength was measured to be 1506.21MPa in a three-
point bending test, and, under this bending load, the mode of crack propagation and failure mechanism were analyzed.

1. Introduction

-e continuous SiC ceramic fiber-reinforced titanium-based
composite has a great potential to be used as the structural
material in the aerospace industry because it has excellent
mechanical properties, such as high specific strength and
stiffness, as well as good fatigue resistance [1–4]. Generally,
the matrix alloy of traditional SiCf/Ti composites refers to
disordered titanium alloys, such as TC4 and TC17. In recent
years, scientific researchers have been developing titanium-
based composites based on ordered Ti-Al intermetallic
compounds, such as TiAl, Ti2AlNb, and Ti3Al. Compared
with typical disordered titanium alloys, these Ti-Al

intermetallic alloys have better high-temperature perfor-
mance and higher environmental stability [5–9].

However, certain inherent defects exist in these Ti-Al
intermetallic compounds, including low room-temperature
plasticity, low ductility, poor fracture resistance, and poor
damage tolerance. In view of this, the damage tolerance and
mechanical properties of titanium-based composites need to
be further improved to meet the requirements of structural
design. Being inspired by natural creatures in design, re-
searchers have found that the internal hierarchical structure
of shells endows them with excellent fracture resistance,
toughness, and damage tolerance [4, 10–12]. -e nacre and
special protein layer of shells are alternately laminated to
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form a ductile-brittle combination. As a result, when shells
are subjected to an external load, the crack propagation will
be deflected due to the stepped hierarchical structure, and
the crack path will be extended to form an effective
toughening mechanism [13–17].

-erefore, the design concept of this ductile-brittle
laminated structure can provide inspiration for advanced
structural materials that are produced to meet certain per-
formance requirements. Using the hot charge rolling tech-
nology, Sun et al. [18] prepared the metal-intermetallic
laminated composite alternately stacked with high-temper-
ature titanium alloys and Ti-43Al-9V. -is composite is of
good mechanical properties, especially in fracture toughness.
-e ductile-brittle laminated structure will contribute to the
crack deflection and tip passivation under the load, which
greatly improves the toughness of this composite. Lyu et al.
[19] selected Ti and Al foils as rawmaterials to prepare the Ti/
TiAl intermetallic laminated plate by vacuum hot pressing.
-is plate’s microstructure shows that the ductile metal Ti and
brittle intermetallic compound TiAl are alternately laminated,
and the plate’s fracture toughness is evidently better than that
of the single TiAl.

Based on the analysis above, the traditional continuous
SiC ceramic fiber-reinforced titanium-based composite was
selected as the design prototype in this paper to integrate
with the concept of biomimetic laminated structures in
shells. In other words, with the continuous SiC ceramic fiber
as reinforcement, the disordered ductile titanium alloy (TA2
foil) and ordered brittle Ti-Al intermetallic compound
(Ti2AlNb foil) were alternately stacked in the sequence of
Ti2AlNb-TA2-SiC ceramic fiber-TA2-Ti2AlNb to form a
composite with the hybrid matrix. In the meantime, the
continuous SiC ceramic fiber-reinforced titanium-based
laminated composite was prepared by vacuum hot-pressing
and ceramic fiber braiding. By laminating this hybrid matrix,
the composite was designed to combine the high strength
and stiffness of the intermetallic compound Ti2AlNb, the
high toughness and ductility of the ductile metal Ti, and the
high strength of the SiC ceramic fiber, which provided a
reference for the structural design of new composites.

2. Experimental Procedures

2.1. Design and Preparation of the Composite. -e contin-
uous SiC ceramic fiber used for this experiment was com-
posed of the β-SiC with a hexagonal close-packed structure
in the diameter of 0.1mm, and the fiber was sprayed with
2 μm C coating material. -e pure industrial titanium foil
was used in the ductile metal matrix layer, with the label of
TA2, the purity of 99.80%, and the thickness of 0.1mm. -e
Ti2AlNb foil was used in the intermetallic layer, with a
thickness of 0.1mm and the nominal composition of
Ti-22Al-25Nb (at %).

Figure 1 is the schematic diagram for the hot-pressing
preparation of the continuous SiC ceramic fiber-reinforced
titanium-based laminated composite. In this experiment, the
metal Ti foil and intermetallic Ti2AlNb foil were cut into
rectangles in the size of 40mm× 60mm by foil scissors.
Meanwhile, these foils were polished on upper and lower

surfaces with abrasive paper of different particle sizes to
remove the oxidation film and other impurities. -en, the
foils were washed by a high-power ultrasonic wave in the
acetone solution for 20min to mechanically remove the
impurities attached to the upper and lower surfaces due to
polishing so that these foils were clean enough for the ex-
periment. After that, they were dried in vacuum conditions.
In order to enable the ceramic SiC fiber uniformly and
equidistantly arranged in the TA2 matrix of the hybrid
laminated composite, the continuous ceramic SiC fiber was
braided and distributed uniformly in a programmable fiber
winding machine. In this process, the axial distance between
monofilaments was 200 μm, and the braiding width of the
SiC ceramic fiber cloth was 40mm. -en, the powdered
polymethyl methacrylate (PMMA) was dissolved in the
acetone solution and stirred with a glass rod to make it
evenly mixed. After that, the uniformly mixed peptizing
agent was sprayed onto the surface of the SiC ceramic fiber
cloth through compressed air and the cloth was kept for 20
minutes. Afterward, the agent sprayed evaporates, and the
surface of the SiC ceramic fiber cloth is further consolidated.

Next, the prepared Ti foil, Ti2AlNb foil, and SiC ceramic
fiber cloth were alternately laminated with the structural
components sequence of Ti2AlNb foil-Ti foil-SiC ceramic
fiber cloth-Ti foil-Ti2AlNb foil, as shown in Figure 1. Among
them, the fiber cloth was placed in the middle and covered
with themetal Ti foil on the upper and lower surfaces and the
intermetallic Ti2AlNb foil in the outermost layer, which
formed a “sandwich” structure that was laminated repeat-
edly to prefabricate the composite. After this step, the
stainless-steel fiber with a diameter of 100 μm was used to
bind and fix this prefabricated composite, which was later
put into the vacuum hot-pressing sintering furnace, with the
vacuum degree being 10−3 Pa and the accuracy of temper-
ature control being ±5°C. -e hot-pressing curve is pre-
sented in Figure 2.

In the process of hot-pressing sintering, the laminated
composite went through three stages of hot working: Q1, in
which the peptizing agent was removed from the SiC ce-
ramic fiber cloth; Q2, in which the composite’s structural
components were metallurgically bonded by hot pressing;
and Q3, in which the composite was cooled along with the
furnace.

In Q1, the temperature in the hot-pressing furnace in-
creased to 400°C at the rate of 3°C/min and kept for 2 h.With
this temperature variation, the PMMA peptizing agent
sprayed onto the fiber cloth started to volatilize gradually,
which destroyed the external adhesion between monofila-
ments. Meanwhile, an external unidirectional vertical me-
chanical load of 5MPa between the upper and the lower
pressure heads of the furnace was applied onto the pre-
fabricated composite to fix the SiC ceramic fiber’s geometric
position. In Q2, the temperature in the furnace rose to a
value preset for the hot working of this composite at the rate
of 10°C/min. -en, the unidirectional vertical load between
the upper and the lower pressure heads was increased to a
preset pressure state through the hydraulic pump so that the
composite’s structural components were metallurgically
bonded in a state of solid phase under high temperatures and
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pressures. In Q3, the composite was cooled along with the
furnace to room temperature, bearing no external unidi-
rectional vertical mechanical load.

2.2. Microstructural Characterization of the Composite.
After the vacuum hot-pressing sintering, the prepared
composite sample was cut perpendicularly along the axial
direction of the SiC ceramic fiber by wire electrical discharge
machining. -en, the cut sample was inlaid, ground, and
polished. -e scanning electron microscope (SEM) and its
ancillary energy dispersive spectrometer (EDS) were used to
analyze this sample’s microstructure and element compo-
sition and distribution. Meanwhile, the composite’s phase
was identified with an X-ray diffractometer (XRD). In this
process, the scanned area was 10°∼100°; the step width was
0.02°; the scanning speed was 10°/min; the Cu target was Kα;
and the interbank flow was 20mA.

2.3. Test on Mechanical Properties of the Composite. -e
laminated composite’s tensile mechanical properties were
tested at room and high temperatures along the axial

direction of the SiC ceramic fiber to further evaluate these
properties. In this tensile test, the composite sample was cut
into the geometric size of 30mm× 5mm× 3mm, as shown
in Figure 3(a). -e test was performed on an electronic
universal testing machine with a mechanical-hydraulic servo
system, with the tensile strain rate set at 0.5mm/min. To test
the tensile mechanical properties at high temperatures, the
resistance furnace attached to this electronic universal
testing machine was heated to the test temperature of 600°C
to mount the sample. After this temperature became con-
stant, the sample was kept in the furnace for 5min and then
stretched to be broken completely.

-e three-point bending test was carried out to obtain
the composite’s bending strength, with the loading process
shown in Figure 3(b). In this test, the sample’s geometric size
was 35mm× 2mm× 2mm; the span between supporting
points was 20mm; and the constant displacement loading
rate was 0.5mm/min. -e composite’s bending strength was
calculated with the following equation:

σf �
3FmaxL

2BW
2 , (1)

where σf denotes the composite’s bending strength, Fmax
denotes the sample’s maximum load in the test, L denotes
the span between supporting points, and B and W represent
the sample’s thickness and width, respectively.

3. Results and Discussion

3.1. Phase and Microstructure Analysis of the Composite.
Figure 4 shows the XRD spectrum of the continuous SiC
ceramic fiber-reinforced titanium-based laminated com-
posite. It can be seen that this composite’s phase is mainly
composed of α-Ti, β-Ti, SiC, TiC, O phase, and B2 phase in
the prepared state.

Figure 5 presents the composite’s microstructure in the
prepared state. As shown in Figure 5(a), it is a laminated
structure alternately stacked with SiCf/Ti and Ti2AlNb layers.
-ereinto, the flat region marked by the red dotted line is the
macroscopic linear morphology of the interface between the
two layers, which shows that the metal Ti foil and the

1200

1000

800

600

Te
m

pe
ra

tu
re

 (°
C)

400

200

0
0 2

Time (h)
4 6 8 10

Q2

40 MPa

80

70

60

50

40

30

20

10

0

5 MPa

Q1

400°C/2 (h)

920°C/0.5 (h)
Q3

10
°C

 (m
in

)

3°C
 (m

in) Pr
es

su
re

 (M
pa

)

Temperature
Pressure

Figure 2: Hot-pressing curves of the composite.
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Figure 1: Schematic diagram for the hot-pressing fabrication of the composite.
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intermetallic Ti2AlNb foil are metallurgically bonded well. In
the SiCf/Ti layer, the SiC ceramic fiber is uniformly distrib-
uted in the “centerline” of the ductile metal Ti matrix. -is
indicates that, in the process of hot working, the SiC ceramic
fiber cloth located in the middle of the composite’s structural
components has no geometric displacements in the direction
of pressure under the external unidirectional vertical load.
Instead, there is always a horizontal linkage between the
monofilaments of this cloth during the hot forming process,
which does not result in the irregular curve distribution of
them in the ductile metal Ti layer. Besides, the distances l1, l2,
and l3 between them are measured to be 203 μm, 206 μm, and
201 μm, respectively, by geometric parametermeasurement in
the SiCf/Ti layer, with an average value of 203.3 μm, which is
approximate to 200 μm, a value preset for the axial distance
between mechanically twined monofilaments of the SiC ce-
ramic fiber cloth. -is indicates that, during the hot working
of the composite, the monofilaments of this cloth are directly
“inlaid” into the ductile metal Ti matrix, without significant
horizontal displacements under the external unidirectional
vertical load. -us, the SiC ceramic fiber can be distributed
equidistantly and periodically in a certain direction in the
composite’s structural components.

Figure 5(b) enlarges the microstructure of each com-
ponent in SiCf/Ti and Ti2AlNb layers of this laminated
composite. It can be clearly observed that the ductile metal Ti
matrix is fully filled in the spacing between SiC ceramic
fibers to “wrap” them completely. In addition, the matrix
and the fiber are combined smoothly, showing a natural
transition at their interface with no “auriform” holes.
Meanwhile, the ductile metal Ti and intermetallic compound
Ti2AlNb are metallurgically bonded in a state of solid phase
due to the interdiffusion of chemical elements. -ere are no
holes or unclosed geometric defects at their interface,
showing a good metallurgical bonding state.

Figure 5(c) is an interface diagram for themicrostructure
of SiCf/Ti at high magnification. It can be seen that, in the
prepared state, there is a C coating in the thickness of about
1 μm between the SiC ceramic fiber and the ductile metal Ti,
and the reaction layer at their interface is about 0.8 μm thick.
In the meantime, the EDS line scanning is carried out in the
path from “a” to “b” to analyze the SiCf/Ti interface, with the
results shown in Figure 5(d). According to this figure, the Si
content gradually reduces while the Ti content gradually
increases in the direction from SiC ceramic fiber to ductile
metal Ti matrix. At the same time, the C content first in-
creases and then decreases, showing a parabolic distribution;
and it reaches the peak in the area near the point of in-
tersection between Si and Ti distribution curves, showing the
highest value. During the hot working of the composite, the
C coating covering the SiC ceramic fiber contacts the ductile
metal Ti matrix. -us, the Ti and C atoms react with each
other to generate TiC, a brittle interfacial product [20, 21].

Figure 5(e) is an interface diagram for themicrostructure
of Ti/Ti2AlNb at high magnification. It can be observed that
there are two transition regions with different morphological
structures at the interface between the ductile metal Ti layer
and the intermetallic Ti2AlNb layer, as shown by Regions 2
and 3 in Figure 5(e). In Region 2 on the side of the ductile
metal Ti layer, the microstructures of α+ β biphase in the
shape of needles or slats of different sizes are interlaced
irregularly and distributed geometrically. In Region 3 on the
side of the intermetallic Ti2AlNb layer, the microstructures
of O phase in the shape of long or short slats are inlaid in the
B2 phase of the Ti2AlNb matrix. Meanwhile, the EDS line
scanning is carried out in the path from “c” to “d” to analyze
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the Ti/Ti2AlNb interface, with the results shown in
Figure 5(f). It can be seen that in the direction from ductile
metal Ti matrix to intermetallic compound Ti2AlNb (i.e.,
from Region 1 to Region 4), the Ti content shows a stepped
decreasing trend but is maintained at a certain value at last.
-is is because during the hot working of the composite, the
Ti element gradually spreads from Region 1, where it shows a
higher content, to Region 4, where it shows a lower content
and finally ends. In this process, its microstructures are
formed and distributed discretely in an inhomogeneous
manner in interfacial transition Regions 2 and 3.

However, Al and Nb elements are distributed in a reverse
trend of Ti. In the direction of this research state, the
contents of Al and Nb increase gradually from zero to a
uniform and stable value. -e specific analysis shows that

there are no Al and Nb elements in the ductile metal Ti
matrix (i.e., Region 1). Besides, during the hot working of the
composite, these two elements, which are α and β stable
elements of Ti, respectively, gradually spread from Region 4
to Region 1. -erefore, the microstructures of α+ β biphase
are formed in Region 2 on the side of the ductile metal Ti
layer; and the microstructures of rich B2 phase with
“abundant Nb and insufficient Al” are formed in Region 3 on
the side of the intermetallic Ti2AlNb layer [22–25].

3.2. Test on Tensile Properties of the Composite. -e tensile
stress-strain curve of the continuous SiC ceramic fiber-
reinforced titanium-based laminated composite is presented
in Figure 6, which shows that this composite’s stress
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increased with the strain at room (25°C) and high (600°C)
temperatures in different magnitudes. -at is, the latter
increased more significantly than the former. -is is because
the composite matrix was relatively softened at high tem-
peratures, which reduced its elasticity modulus. -e com-
posite’s stress continued to increase with the strain at room
temperature. When the latter increased to the value of 0.053,
the former reached its peak, 948.76MPa. -en, with the
continuous increase of the strain, the composite rapidly
developed from the stage of elastic deformation to the stage
of plastic deformation. Meanwhile, the brittle fiber fracture
and matrix cracking occurred inside the composite, which
changed its bearing structure and reduced its bearing ca-
pacity. -ere was a catastrophic failure in the composite
when its strain increased to 0.056.

In addition, when the composite’s strain increased to
0.063 at high temperatures, its stress reached its peak,
526.62MPa, which reduced by 44.4% compared with the
value at room temperature. At this point, the composite
entered the stage of plastic deformation. -en, as the strain
increased continuously, the composite’s bearing capacity
gradually decreased and finally reduced to zero when the
plastic strain became 0.068. According to the above analysis,
the composite’s elasticity modulus and tensile strength at
room temperature were higher than those at high temper-
atures, while its plastic ductility was lower than that at high
temperatures.

Figure 7 presents the composite’s tensile fracture, and the
fracture’s morphological structures at room and high tem-
peratures are shown in Figures 7(a) and 7(d), respectively. It
can be seen that, under both conditions, the composite showed
“stepped” fracture characteristics, and, at the same time, the
SiC ceramic fiber was pulled out. -is indicated that the SiC
ceramic fiber, as the reinforcement, was combined with the
metal Ti matrix in a proper strength. In the loading process, the
composite transferred the external load from the matrix to the
fiber through the fiber/matrix interface to make the fiber bear
the load.-en, when the load that kept increasing exceeded the

longitudinal shear force at this interface, the SiC ceramic fiber
was “pulled out and displaced” from the ductilemetal Timatrix
in the direction of this load. -en, with the further increase of
this external load, the fiber was broken longitudinally.-us, the
ductile metal Ti layer lost its bearing capacity [26–28].

When the composite was stretched at room temperature,
the SiC ceramic fiber was obviously debonded from the
metal Ti matrix, as shown in Figure 7(b). Meanwhile, some
interfacial reaction products were attached to the residual C
coating on the fiber. At this point, the fiber showed a typical
brittle fracture, and the ductile metal Ti layer showed a
typical ductile fracture, with obvious dimples and tear
ridges. It can be seen from Figure 7(c) that there were a large
number of lamellar structures with “river patterns” in the
intermetallic Ti2AlNb layer, showing obvious brittle fracture
characteristics. According to Figure 7(e), when the com-
posite was subjected to an external load at the high-tem-
perature tensile state, the SiC ceramic fiber was broken and
pulled out in an axial direction along the fiber body, with the
pull-out distance longer than that in the loaded state at room
temperature. -is is because the ductile metal Ti matrix was
softened significantly at 600°C and interlayer interface
separation occurred, which further weakened the interface
bonding between the reinforcement fiber and the Ti matrix
of the ductile layer.-us, the SiC ceramic fiber entered a free
state and could not bear any external load, which reduced
the composite’s mechanical bearing capacity. Meanwhile,
when the composite was loaded at high temperature, a large
number of dimples and tear ridges were formed in the Ti
matrix of the ductile layer. As shown in Figure 7(f ), due to
the softening effect on the matrix at high temperature, the
deformation of the composite’s Ti2AlNb layer under the
external tensile load gradually changed from a single brittle
type at room temperature to a ductile-brittle type, accom-
panied by a small number of dimples and tear ridges. Be-
sides, the shape and size of the lamellar structures with “river
patterns” were reduced, which improved the composite’s
plastic deformation capacity.

3.3. Test on Bending Properties of the Composite. Figure 8
depicts the load-displacement curves of the continuous SiC
ceramic fiber-reinforced Ti/Ti2AlNb laminated composite
and the Ti/Ti2AlNb laminated composite without SiC ce-
ramic fiber as the reinforcement in the three-point bending
test. For the former, as the pressure head was displaced
increasingly, the load borne by the composite increased
linearly. At this point, the composite’s bending modulus was
68.11GPa. When the external load reached 393.44N, the
composite’s bearing capacity relatively reduced. However, as
the pressure head continued to move down, this capacity
showed a rising trend again. -is is because the composite
lost part of its bearing capacity when some SiC ceramic fibers
were broken under the external load of 393.44N. Moreover,
when the pressure head had a displacement of 2.03mm, this
capacity reached its maximum value, 401.65N, and the
bending strength was 1506.21MPa. -en, the bearing ca-
pacity gradually weakened and finally reduced to zero when
the pressure head was displaced by 4.45mm.
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In contrast, as the external load increased, the
Ti/Ti2AlNb laminated composite without SiC ceramic fiber
as the reinforcement entered the stage of elastic deformation,
showing a bending modulus of 58.76GPa, which was much
lower than that of the continuous SiC ceramic fiber-

reinforced Ti/Ti2AlNb laminated composite. -en, when the
pressure head was displaced by 1.78mm, the composite
entered the stage of plastic deformation. At this point, as the
pressure head was displaced increasingly, the external load
borne by the composite increased slowly. When the pressure
head had a displacement of 2.83mm, the composite’s
bearing capacity reached its peak, 338.61N, and the bending
strength was 1269.82MPa.-en, this capacity plummeted to
the extent of total failure as the pressure head was displaced
continuously.

Figure 9 presents the composite’s three-point bending
fracture. According to Figure 9(a), the fracture morphology
showed a “stepped” distribution. -e intermetallic Ti2AlNb
layer and SiC ceramic fiber-reinforced ductile metal Ti layer
presented different fracture modes, which may be caused by
the heterostructure characteristics of the composite’s
components. It was further found that the ductile metal Ti
was laminated on both sides of some SiC ceramic fibers,
which indicated that these fibers were sensitive to the ex-
ternal bending load when the composite was subjected to
this load. In addition, as the SiC ceramic fiber was bent, the
loading force was transferred to the metal Ti matrix to
separate the Ti adjacent to some fibers.

As shown in Figures 9(b) and 9(c), the SiC ceramic fiber
and metal Ti matrix were debonded, and the most interfacial
reaction products caused by metallurgical bonding were left
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on the matrix and the outer side of the residual C coating on
the fiber. Besides, the SiC ceramic fiber showed typical brittle
fracture characteristics; and the ductile metal Ti matrix
showed typical ductile fracture characteristics, with a large
number of tear ridges and dimples. Figure 9(d) presents the
fracture morphology in the intermetallic Ti2AlNb layer. It
can be seen that there were a lot of lamellar structures with
“river patterns” on the fracture of this layer, showing a
typical brittle fracture.

Figure 10 shows the growth of in-situ three-point
bending cracks of the hybrid laminated composite.
Figures 10(a)–10(h) describe the process of crack generation,
crack growth, and final failure of the composite during the
three-point bending process. As shown in Figure 10(a), the
load head is located at the lower part. During the test, the
upper and lower parts of the specimen of composite bear
tensile stress and compressive stress loads, respectively.With
a gradual increase of external load, the brittle fracture of the
SiC ceramic fiber on the upper part of the composite occurs
in the fiber direction first, as shown in Figure 10(b). In
Figure 10(c), as the external load continues to increase,
cracks are gradually generated and extend downward at the
Ti2AlNb layer on the upper part of the composite. In
Figure 10(d), the crack on the upper part of the composite
passes through the Ti2AlNb layer and the ductile Ti layer.
-e crack tip meets the SiC ceramic fiber, which hinders the
crack growth and deflects the crack. At the same time, the
Ti2AlNb layer in the middle of the composite is subjected to
tensile stress load and cracks. When the external load is
further increased, the crack on the top of the composite
deflects and passes through the SiC fiber and then merges
with the cracks in the Ti2AlNb layer at the lower part of the

composite (as shown in Figures 10(e) and 10(f)). At this
moment, new microcracks gradually develop in the SiC fiber
layer and Ti2AlNb layer at the lower part of the composite. In
Figures 10(g) and 10(h), the upper and lower cracks in the
specimen of the composite intersect each other. -erefore,
failure of composite occurs when it loses its bearing capacity.

Furthermore, it can be seen from Figure 10(h) that when
the SiC ceramic fiber reinforced Ti/Ti2AlNb hybrid laminated
composite is subjected to bending load, the crack does not
spread along a straight line but spreads into the specimen in a
dendritic manner, and finally the tip of crack extends from the
upper part of the specimen to the lower part of the specimen
along the “broken line,” because the SiC ceramic fiber bridges
the cracks that bypass it and spread forward.

Figure 11 illustrates the composite’s failure mechanism
under the three-point bending load. As the pressure head
moved down, the composite entered the initial stage of
three-point bending loading. At this point, the composite’s
structural components on its lower part were subjected to
the tensile stress, while those on the upper part were sub-
jected to the compressive stress, as shown in Figure 11(a). In
Figure 11(b), as the pressure head moved down, the com-
posite bore a larger external load, which increased the tensile
stress on the lower part. -en, when this stress was higher
than the SiC ceramic fiber’s tensile strength, the fiber was
broken internally.

As the pressure head kept moving down, this tensile
stress continued to increase, resulting in microcracks on the
composite’s lower surface, as shown in Figure 11(c). In the
meantime, the microcracks on the outer side of the com-
posite, as the initial source of crack trajectory, propagated
inwards, which occurred along with the absorption of load

Fig 9b
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Figure 9: -ree-point bending fracture of the composite: (a) macrofracture; (b) fracture of one laminated component; (c) fracture in the
SiCf/Ti interface, and (d) fracture in the Ti2AlNb layer.
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energy. In addition, in this process, there was a crack-
bridging phenomenon caused by heterostructure charac-
teristics of the composite’s components [29–31], as shown in
Figures 11(d) and 11(e). As the pressure head was displaced

continuously, these cracks expanded from the lower part
towards the upper part, forming a path of winding propa-
gation. -us, the composite lost its bearing capacity com-
pletely, as shown in Figure 11(f).
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Figure 10: Scanning electron microscopy (SEM) micrographs of in-situ three-point bending test of the composite. (a) Initial state of
loading; (b) initial brittle cracking of fiber; (c–g) generation and spreading of cracks in the composite; (h) failure state of the composite.
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4. Conclusions

(1) -e continuous SiC ceramic fiber, ductile metal Ti
foil, and intermetallic Ti2AlNb foil were selected as
raw materials to prepare the continuous SiC ceramic
fiber-reinforced titanium-based laminated composite
by vacuum hot pressing and fiber braiding technol-
ogies. -is composite’s structural components were
metallurgically bonded well. Among them, the SiC
ceramic fiber was equidistantly distributed in the
ductile metal Ti matrix. In the prepared state, the
composite’s phase wasmainly composed of α-Ti, β-Ti,
SiC, TiC, O phase, and B2 phase.

(2) -e composite’s ultimate tensile strengths perpen-
dicularly along the SiC ceramic fiber were
948.76MPa and 526.62MPa at room temperature
and 600°C, respectively; and the corresponding
tensile elongations were 0.056 and 0.068, respec-
tively. Meanwhile, its tensile fracture showed a
“stepped” distribution. When this composite was
subjected to a load, the SiC ceramic fiber would be
debonded from the ductile metal Ti matrix, and some
fibers would be “pulled out.” Besides, the interme-
tallic Ti2AlNb layer showed obvious brittle fracture
characteristics.

(3) -e three-point bending test was carried out on the
continuous SiC ceramic fiber-reinforced Ti/Ti2AlNb
laminated composite and the Ti/Ti2AlNb laminated
composite without SiC ceramic fiber as the

reinforcement. -ereinto, their bending strengths
were 1506.21MPa and 1269.82MPa, respectively;
and their bending moduli were 68.11GPa and
58.76GPa, respectively. It can be seen that after the
SiC ceramic fiber was added, the composite’s
bending strength and modulus were improved sig-
nificantly. Meanwhile, the composite’s mode of crack
propagation and failure mechanism were analyzed
under the three-point bending load.
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