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ABSTRACT

In Part III, the paper will show that an alumina-carbon nanotube-niobium nanocomposite produced fracture toughness values

that are several times higher than that of pure nanocrystalline alumina. It was possible to take advantage of both fiber-toughen-

ing and ductile-metal toughening in this investigation.
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1. Carbon Nanotube Ceramics

he most common toughening mechanism that is asso-

ciated with the incorporation of fibers into a ceramic

matrix is fiber bridging. This toughening mechanism

involves the bridging of the crack wake by the second phase

fibers, as shown in Fig. 1.

This remarkable toughening stands out as one of the few

ceramic composites where the promise of significant tough-

ening through the addition of carbon nanotubes into nanoc-

rystalline matrix have been realized. 

Structural investigation of the nanocomposites has shown

that carbon nanotubes are fairly homogenously distributed

along grain boundaries developing an intertwining network

microstructure in Fig. 2(a) and are entangled with alumina

grains. A higher magnification TEM micrograph (Fig. 2(b))

shows that carbon nanotube bundles often encapsulated

alumina nano-scale grains with good bonding. 

This microstructure simultaneously provides stiffness,

toughness, and strength to the ceramic. A strong toughen-

ing effect in these nanocomposites may likely be related to a

number of factors. First, it is due to extraordinary mechani-

cal properties and the more perfect structure of SWCN.

MWCN are similar to SWCN, but contain more defects,

which limit their properties. Furthermore, there are differ-

ences in the ability to transfer load from the matrix to the

nanotubes between SWCNT and MWCN. Second, the crack

deflection along the continuous interface between carbon

nanotubes and nanocrystalline matrix grains might signifi-

cantly contribute to the toughening effect as shown

schematically in Fig. 1d and experimentally, in Fig. 3(a). 

Such toughening mechanisms as fiber bridging shown

T

Fig. 1. Schematic of the fiber toughening mechanism in a
ceramic matrix composite: (a) fiber rupture followed
by pull-out, (b) de-bonding and fiber pull-out, (c) fiber
bridging in the crack wake, and (d) crack deflection
along fiber-matrix boundary.

Fig. 2. (a) Bright field TEM image and (b) high resolution
TEM image of the 5.7 vol% SWCNT/Al

2
O

3
 composite.

The arrows indicate the SWCNT.
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schematically in Fig. 1(c) and fiber pull-outs in Fig. 1(a and

b) were also experimentally observed in alumina/SWCN

nanocomposites in Fig. 3(b) and 3(c), respectively. Third, it

is related to fast sintering technique that allows lower sin-

tering temperatures and shorter durations. Therefore, the

high quality ropes of single-wall carbon nanotubes can be

retained in the sintered compacts. 

Raman spectroscopy of the sintered Al
2
O

3
/SWCN compos-

ites have shown that both composite and raw SWCN spec-

tra have a sharp peak at ~1595 cm
−1

and a shoulder in the

1550~1575 cm
−1

 region, as shown in Fig. 4. No graphite

peak in Al
2
O

3
/SWCN composite spectra was revealed.

This is also consistent with the results by Flahaut et al.1)

where the increase in the quality and quantity of SWCN

may result in an easier transfer of the stress and, thus, can

account for the increase in the toughness in the in-situ

SWCN/Fe/Al
2
O

3
 nanocomposites. In order to be effective as

reinforcing elements, high quality carbon nanotubes, with-

out damage during consolidation, must be effectively

bonded to the matrix so that they can actually carry the

loads. The dependence of toughness on density directly sup-

ports this statement.

The addition of a ductile phase to examine the effect of

ductile phase toughening in a nanocomposite has been

investigated through the addition of niobium to an alumina

matrix. Nb was added through high-energy ball milling

(HEBM) with the nano-Al
2
O

3
 powder and sintered by SPS

at only 1100oC for 3 min.2) The product was a nano-nano

type composite combined with nano-nano layer type. The

10 vol% Nb nanocomposite has a fracture toughness value

of 7 MPam1/2 without a decrease in hardness.3) This is twice

as tough as a pressureless sintered composite of the same

composition reported in work by Garcia et al.4) This increase

in toughness may be attributed to the novel microstructure

in the nanocomposite where the Nb phase with shiny spots

in Fig. 5(a) distributed as particles of ~20 nm along with a

continuous 3~4 nm layer at boundaries between Al
2
O

3

grains, as shown in Fig. 5.

This microstructure should lead to toughening by increas-

ing ductility at the crack tip instead of the traditional liga-

ment bridging in the crack wake which is typical of micron-

scaled metallic-phase toughened ceramics. An addition of

Nb to the alumina/SWCN system resulted in an exceptional

value of the fracture toughness of 13.5 MPam1/2 (Fig. 7, solid

circle), demonstrating a synergism between fiber toughen-

ing and ductile metal toughening.

HRTEM micrographs of 10 vol%SWCNT/alumina nano-

composite demonstrate that the interface between SWCNT

and matrix is clean (Fig. 6(a) and that the boundaries

between two alumina grains is also clean (Fig. 6(b)).

There is very significant improvement in toughness over

pure alumina in the 10 vol%SWCN/alumina composite. The

Fig. 3. (a) Indentation-induced intergranular crack deflec-
tion, (b) SWCNT crack-bridging, and (c) SWCNT pull-
out in the 5.7 vol% SWCNT/Al

2
O

3
 nanocomposite.

Fig. 4. Raman spectroscopy.

Fig. 5. Dark field and HRTEM images of alumina-10 vol% Nb
composite.
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5 vol%SWCN/5 vol%Nb/Alumina composite is even more

tough as compared to pure alumina by Zhan et al,5) as

shown in Fig. 7.

It is well known that pure alumina is an insulator with

extremely low electrical conductivity (10−10~10−12 S/m). It

was found that the electrical conductivity increases with

carbon nanotube content. The significant increase in electri-

cal conductivity may be related to the use of high quality

ropes of SWCN that were distributed along grain bound-

aries to develop an intertwining network of electrically con-

ducting pathways. The combined effects of the mixing of the

SWCN and ceramic powders while dispersed in solution and

the low temperature and time required for consolidation by

SPS lead to the preservation of the intertwining network

structure. This network structure allows for percolation of

the nanotubes at low volume fractions and thus increases

the electrical conductivity significantly when compared to

similar carbon-alumina composites.

The 15 vol% SWCN/alumina composite has a conductivity

that is 13 orders of magnitude higher than that of pure alu-

mina by Zhan et al.,6) as shown in Fig. 8.

2. Concluding Remarks

Single wall carbon nanotube (SWCN) reinforced alumina

based nanocomposites consolidated by SPS process yielded

very significant increase in fracture toughness that has not

been attained before. Incorporating a nanocrystalline layer

of niobium between the alumina grains in such alumina/

SWCN nanocomposites yielded a fracture toughness value

almost equal to that for some metallic materials.

The network structure increases the electrical con-

ductivity significantly when compared to similar carbon-

alumina composites. The 15 vol% SWCN/alumina composite

has a conductivity that is 13 orders of magnitude higher

than that of pure alumina. 

Fig. 6. HRTEM micrographs of 10 vol%SWCNT/alumina nano-
composite (a) Interface between SWCNT and matrix
and (b) clean grain boundary.

Fig. 7. Toughness over pure alumina in the 10 vol%SWCN/
alumina composite and the 5 vol%SWCN/5 vol%Nb/
alumina composite.

Fig. 8. The 15 vol% SWCN/alumina composite has 13 orders
of magnitude higher than that of pure alumina.
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