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ABSTRACT

Based on the structure feature of a tree, a cylindrical Ti
2
AlC/graphite layered composite has been fabricated through heat

treating a graphite column and six close-matched thin wall Ti
2
AlC cylinders bonded with the Ti

2
AlC powders at 1300oC and low

oxygen partial pressure. SEM examination reveals that the bond interlayers between cylinders or that between cylinder and col-

umn are not fully dense without any crack formation. During the compressive test, the strain of the Ti
2
AlC/graphite layered com-

posite is about twice higher than that of the monolithic Ti
2
AlC ceramic, and the compressive strength of the layered composite is

348 MPa. The layered composite show the noncatastrophic fracture behaviors due to the debonding and shelling off of the layers,

which are different from the monolithic Ti
2
AlC ceramic. The mechanism of the improved deformation capacity and non-

catastrophic failure modes are attributed to the presence of the central soft graphite column and cracks deflection by the bond

interlayers. 
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1. Introduction

he major limitation for the application of ceramics as

structural materials is their brittleness. Materials in

nature solve this problem by having simple components but

complicated structures. Through the elaborate assembling

of the simple components, natural materials have excellent

mechanical properties. Thus, biomimetic materials have

been recently attractive in the area of improving the tough-

ness of ceramics. In the early 1990s, based on nacre’s struc-

ture, Clegg et al.1) proposed a simple way to make tough

ceramics. They introduced weak interfacial layers of graph-

ite between SiC layers. It was shown that the graphite lay-

ers could deflect cracks preventing catastrophic failure

whilst raising the fracture toughness and work of fracture

substantially. Since then, a number of studies have been

conducted in several systems including Si
3
N

4
/BN,2,3) Al

2
O

3
/

LaPO
4
,4) Si

3
N

4
/Ti

3
SiC

2
,5) Al

2
O

3
/Ti

3
SiC

2
,6) and Ti-Al-C/Al

2
O

3
.7)

These laminated ceramics have been reported to exhibit

increased apparent fracture toughness and fracture energy

as well as noncatastrophic fracture behavior.

The nanolaminated ternary ceramics M
n+1

AX
n
, where M is

an early transitional metal, A is an A-group element, and X

is carbon and/or nitrogen, have attracted extensive atten-

tion due to their combination of the excellent properties of

both metals and ceramics.8) Among these layered ternary

compounds, Ti
2
AlC has promoted comprehensive research

activity because of their extraordinary mechanical, physical

and chemical properties. Other than the merits of high bulk

modulus, good damage-tolerance and machinability com-

monly shared by the ternary carbides of the same family,

Ti
2
AlC has low density, excellent thermal-shock and oxida-

tion resistance.9-20) Such unique properties make it a promis-

ing candidate for high-temperature structural applications

and oxidation-resistant coatings on alloys.14) Unlike the brit-

tle ceramics fracturing into powders under compression,

Ti
2
AlC ceramic fractured into two parts along the shear

plane at compressive test. However, the fracture mode of

Ti
2
AlC under compression is sudden and unforeseen, also

showing the catastrophic fracture behavior. Biomimetic

materials may be the possible way to improve the toughness

of the monolithic Ti
2
AlC ceramic under compression. In

nature, tree is found to have extraordinary mechanical

property with high deformation capacity and excellent flexi-

bility under compression, as shown in Fig. 1. Tree is a com-

plex fiber-reinforced composite composed of long, unidirectional

aligned, tubular polymer cells in a polymer matrix.21) The

fibrous components are responsible for the high deformation

T



370 Journal of the Korean Ceramic Society - Aijun Li, Lin Chen, and Yanchun Zhou Vol. 49, No. 4

capacity and noncatastrophic failure behavior of tree, how-

ever, the structure also contribute to the high deformation

capacity. Thus, the structure of a peach tree sample familiar

in the north China was studied using optical camera and

nano-indentation method, as shown in Fig. 2. It can be seen

from Fig. 2(a) that the peach tree sample is a typical cylin-

drical layered material with annual growth rings. From the

nano-indentation data in Fig. 2(b), it is found that the cen-

ter of peach tree sample is very soft, and then the hard lay-

ers and soft layers alternatively grow along the radius

direction. In this special soft-hard-soft structure, it is sup-

posed that the hard layers act as the supporting framework,

while the very soft center and soft layers deflect cracks to

increase deformation capacity and prevent catastrophic fail-

ure. Thus, we can mimic this special structure to fabricate a

cylindrical layered composite to improve the toughness of

the monolithic Ti
2
AlC ceramic. 

The aim of this work is to fabricate a cylindrical layered

composite with Ti
2
AlC ceramic as the matrix-layer to

improve the deformation capacity and prevent catastrophic

failure of the monolithic Ti
2
AlC ceramic. Graphite was cho-

sen as the soft central column. Porous Ti
2
AlC layers were

chosen as the soft layers. In addition, microstructure and

compressive property of the cylindrical Ti
2
AlC/graphite lay-

ered composite were investigated, and compared with that

of the monolithic Ti
2
AlC ceramic and pure graphite mate-

rial.

2. Experimental Procedures

Bulk Ti
2
AlC used in this work was synthesized by an in

situ hot pressing/solid-liquid reaction method using Ti, Al

and graphite powders as starting materials. Details on the

synthesis and characteristics of Ti
2
AlC were described else-

where.12) The measured density of bulk Ti
2
AlC determined

by the Archimedes’ immersion method is 4.01 g/cm3, which

is 98% of the theoretical value. Graphite column of 12 mm

in height with the radius of 2 mm was cut from commercial

high-strength graphite. The sketch map and flow chart for

fabrication of the cylindrical Ti
2
AlC/graphite layered com-

posite are shown in Fig. 3. First, six Ti
2
AlC cylinders of 0.5

mm thickness and 12 mm in height with outer radius from

5.0 mm to 2.5 mm were cut from the as-synthesized bulk

Ti
2
AlC ceramic by an electrical-discharge method.  The

details of the material and dimension of every component

are shown in Table 1. Then, the outer and inner surfaces of

the six cylinders were ground using SiC paper to remove the

surface damage caused by electrical-discharge machining.

After that, the six cylinders were degreased ultrasonically

in ethanol, cleaned by distilled water and dried. Ti
2
AlC/

graphite layered composite with the dimensions of Φ5 × 12

mm3 for the compressive test was fabricated by subse-

quently invaginating the one graphite column and six

Ti
2
AlC cylinders together. The cylinders and graphite col-

umn were bonded by filling Ti
2
AlC powders. The Ti

2
AlC

powders were dispersed in ethanol and filled into the gaps

between Ti
2
AlC cylinders and that between Ti

2
AlC cylinder

Fig. 1. (a) Load–displacement curve of the peach tree sam-
ple recorded during compressive test and (b) frac-
tured morphology of the tree sample after com-
pressive test, showing high deformation capacity and
excellent flexibility.

Fig. 2. (a) Cross-section image and (b) nano-indentation fig-
ure from center to the outside of the peach tree
sample, showing its unique structure. (Each num-
ber denotes a different layer. Number 1 denotes the
very soft central layer. Numbers 3, 5, 7, and 9 denote
the alternately existing hard layers. Numbers 4, 6,
and 8 denote the alternately existing soft layers.)
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and graphite column until the gaps were filled completely.

Finally, the samples were put into a furnace and heated to

1300oC for 120 min with a heating rate of 15oC/min under a

flowing argon atmosphere. After heating, the samples were

furnace cooled down to room temperature. 

Microstructural characterization was performed on the

bond interlayer of Ti
2
AlC/graphite layered composite by a

scanning electron microscope (SEM, LEO, Oberkochem,

Germany) equipped with energy-dispersive X-ray spectros-

copy (EDS). Compressive test of the Ti
2
AlC/graphite layered

composite was performed in a thermo-mechanical testing

machine (Gleeble 3500, Dynamic System Inc., Los Angeles,

CA) using a displacement speed of 0.05 mm/min, and com-

pared with the monolithic Ti
2
AlC ceramic and commercial

high-strength graphite. The compressive stress versus

strain curves were recorded using a computerized data-

acquisition system. Fractured morphology of the layered

composite was characterized and compared with the mono-

lithic ceramic after compressive test. Cracks deflection in

the layered composite after compressive test was also com-

pared with the zigzag-like crack path produced in the peach

tree sample.

3. Results and Discussion

Fig. 4(a) shows the macrostructural difference between

Ti
2
AlC/graphite layered composite and monolithic Ti

2
AlC

ceramic. The layered composite has uniform structure, and

Fig. 3. (a) Schematic structure of layered composities and
(b) flow chart for fabrication of the Ti

2
AlC/graphite

layered composite.

Fig. 4. (a) Optical image showing the macrostructural differ-
ence between the Ti

2
AlC/graphite layered composite

and monolithic Ti
2
AlC ceramic, and (b) magnified

image of the cross section of the layered composite.

Table 1. Materials and Dimensions of the Seven Components of Ti
2
AlC/graphite Layered Composite

Materials Inner radius (mm) Outer radius (mm) Thickness (mm)

1 Graphite 0 2.0 --

2 Ti
2
AlC 2.0 2.5 0.5

3 Ti
2
AlC 2.5 3.0 0.5

4 Ti
2
AlC 3.0 3.5 0.5

5 Ti
2
AlC 3.5 4.0 0.5

6 Ti
2
AlC 4.0 4.5 0.5

7 Ti
2
AlC 4.5 5.0 0.5
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no cracks are found in the bond interlayers from the magni-

fied optical image as shown in Fig. 4(b). Typical cross-sec-

tion microstructure of the bond interlayer of layered

composite is presented in Fig. 5(a). As can be seen, on the

one hand, the bond interlayer itself is not as dense as the

Ti
2
AlC layers, and on the other hand, the bond interlayer is

adherent well to the both side Ti
2
AlC layers. In other words,

the bond interlayers are weak enough to deflect cracks due

to their soft nature, but strong enough to preserve the high

compressive strength due to the good adhesion between the

interlayers and Ti
2
AlC layers. Thus, the soft graphite center

and weak interlayers have been successfully introduced to

the monolithic Ti
2
AlC ceramic, which has similar macro-

structure to the peach tree sample. From the EDS spectrum

of bond interlayer shown in Fig. 5(b), it is found that Ti
2
AlC

powders were partially oxidized during the heat treatment

at 1300oC for 120 min, which has no influence on the soft

nature of these bond interlayers. 

Fig. 6(a) shows the compressive strain versus stress

curves of the Ti
2
AlC/graphite layered composite compared

with the monolithic Ti
2
AlC ceramic and high-strength

graphite. At the same compressive stress, the strain of the

layered composite is about twice of that for the monolithic

ceramic, which indicates that the layered composite has bet-

ter deformation capacity than the monolithic Ti
2
AlC

ceramic. Compressive strength of the layered composite is

348 MPa, which is 60% of the monolithic Ti
2
AlC ceramic.

Thus, the layered composite has much improved deforma-

tion capacity, and the high mechanical strength can also be

preserved. Comparing the curve between the Ti
2
AlC/graph-

ite layered composite and the high-strength graphite, the

compressive strength of the layered composite is much

higher than that for the high-strength graphite (57 MPa).

Thus, introducing of Ti
2
AlC hard layers can substantially

improve the mechanical property of the pure graphite mate-

rial. Fig. 6(b) shows the fractured macro-morphology of the

Ti
2
AlC/graphite layered composite compared with the

monolithic Ti
2
AlC ceramic after compressive test. The

monolithic ceramic fractured into two parts along the shear

plane, while the layered composite fractured in the manner

of layers debonding and the sample still keeps integrality,

indicating the noncatastrophic failure mode.

Fig. 7(a) shows the cracks deflection in the Ti
2
AlC/graph-

ite layered composite after compressive test. It can be seen

that the cracks are along the radius direction with the zigzag-

like propagation path similar to the crack propagation path

produced in the peach tree sample as shown in Fig. 7(b)-(d)

show the magnified images of the crack propagation path in

the layered composite and peach tree sample, respectively.

Fig. 5. (a) Typical cross-section microstructure of the bond
interlayer of the Ti

2
AlC/graphite layered composite,

and (b) EDS spectrum of the bond interlayer.

Fig. 6. (a) Compressive strain versus stress curves of the
Ti

2
AlC/graphite layered composite compared with

the Ti
2
AlC monolithic ceramic and commercial high-

strength graphite, and (b) fractured morphologies of
the layered composite compared with the mono-
lithic ceramic.
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It can be seen that the weak bond interlayers in the layered

composite can deflect cracks, which is similar to the cracks

deflection by the soft layers in the peach tree sample. Thus,

the Ti
2
AlC/graphite layered composite has similarity to the

nature tree sample not only in the macrostructure, but also

in the toughening mechanism.

4. Conclusions

Based on a biological analogue, a novel cylindrical Ti
2
AlC/

graphite layered composite with the improved deformation

capacity and the noncatastrophic failure mode have been

realized by introducing a soft graphite center and weak

cracks-deflection interlayers into the monolithic Ti
2
AlC

ceramic. During the compressive test, the strain of the lay-

ered composite is about twice of that for the monolithic

ceramic, and the high compressive strength of the layered

composite (348 MPa) can be preserved. Furthermore, the

layered composite fractures with the layers debonding and

shelling off, which is different from the monolithic ceramic. 
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