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Abstract Zirconia ceramics are widely used as femoral

heads, but case studies show that delayed failure can occur

in vivo due to crack propagation. The addition of carbon

nanotubes (CNT) is aimed to avoid the slow crack propa-

gation and to enhance the toughness of the ceramic mate-

rial used for prostheses. However, to really enhance the

mechanical properties of the material it is necessary to

achieve a uniform distribution of the CNT in the zirconia

matrix. Colloidal processing has demonstrated to be suit-

able for obtaining ceramic-based composites with homo-

geneous distribution of the phases and high green density.

This work compares the colloidal behavior of the

as-received multi wall carbon nanotubes (ar-MWCNT) and

the partially coated MWCNT (pc-MWCNT) when

immersed in a nanozirconia matrix. With pc-MWCNT an

improvement in the dispersion is proved. Moreover, the

sintered samples that contain pc-MWCNT show higher

density, lower grain size, improved toughness and

enhanced hardness under the same sintering cycle when

compared to the samples with ar-MWCNT.

1 Introduction

The yttria stabilized zirconia (YTZP) is a very attractive

material for orthopaedic applications thanks to its excellent

biocompatibility, high fracture toughness, high strength and

low wear rates [1]. But case studies show that delayed failure

can occur in vivo due to crack propagation [2, 3]. In order to

improve the lifetime and the reliability of the prostheses

carbon nanotubes (CNT) are added [4]. An increase in

toughness is aimed with the incorporation of the CNT.

Besides, a nanostructured YTZP matrix will be used.

Nanocrystalline materials are expected to show improved

mechanical properties [5] and the nanometric features in the

surface of the prostheses seem to reduce the risk of rejection

and to enhance the proliferation of osteoblasts (bone-form-

ing cells) [6].

CNT have been of great interest since they were first

described by Iijima in 1991 [7]. They appear to be promising

reinforcing agents for ceramic matrix composites due to their

high aspect ratios and their unique mechanical properties.

Many authors report the manufacture of CNT-ceramic

nanocomposites with enhanced hardness and toughness

[8–14], while others do not achieve any real improvement

[15, 16]. This is thought to be due to the existence of CNT

agglomerates and clusters, which act as flaws in the matrix,

and to the absence of a strong interfacial bonding between the

CNT and the ceramic particles. These main drawbacks can

be addressed by using zirconia coated multiwall carbon

nanotubes (pc-MWCNT) and by handling the interparticle

potentials through colloidal processing.

Although it is a widely used technique in the ceramic

field, dry compaction of nanopowders is often difficult.

Strong tendency to agglomerate, poor dispersion of second

phases and small flowability have to be overcome.

In addition, the colloidal processing approach allows the
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preparation of CNT-ceramic concentrated suspensions for

producing nanocomposites with a high dispersion level of

the CNT into the ceramic matrix. However, the nature and

strength of the interparticle forces and also the quantity,

shape and size of the CNT to be dispersed determine the

rheological properties of the suspensions.

In a previous work the development of YTZP with and

without as received multiwall carbon nanotubes (ar-

MWCNT) was studied by a colloidal process based on the

heterocoagulation mechanism [17]. In this process, a strong

electrostatic interaction between the two phases is pro-

moted. A polyelectrolyte of opposite charge is adsorbed on

each phase, so the difference in their isoelectric points is

increased. This way, strong electrostatic forces appear and,

as a result, the nanopowders attach to the CNT surfaces

[18, 19]. The slip casting of these suspensions and the later

sintering of the green bodies gave homogeneous YTZP and

YTZP/ar-MWCNT samples [17]. A small enhancement on

the Vickers’ toughness was observed, which suggested the

good behavior of CNT as strengthening agents for zirconia

based materials. Anyhow, the need of functionalized CNT

with a bonding between the CNT and the zirconia was

highlighted.

In the present work, the colloidal processing of the

pc-MWCNT is studied. The pc-MWCNT were obtained by

the hydrothermal synthesis of zirconia nanoparticles in the

presence of ar-MWCNT [20, 21], so a chemical bonding

between ar-MWCNT and nanozirconia particles occurs

[22, 23]. The colloidal behavior of both pc-MWCNT and

ar-MWCNT in an aqueous medium are studied. The rhe-

ological properties of concentrated suspensions of YTZP,

YTZP/ar-MWCNT and YTZP/pc-MWCNT are compared

with special focus on the effect of pc-MWCNT on the

forming performance and on the final properties of the

material.

2 Experimental procedure

As ceramic material, a commercial 3 mol% yttria tetrago-

nal zirconia polycrystalline nanopowder (YTZP) was used

(Inframat Advanced Materials, USA), with a primary par-

ticle size of 30–60 nm and a specific surface area of

41.7 m2/g. Ar-MWCNT (Sunnano, China) synthesized by

CVD (Chemical Vapor Deposition) with an average

diameter between 10 and 30 nm and length of up to 10 lm

were used. They have a purity over 80%, with a low metal

content (0.85% Fe, 0.82% Ni and 1.07% Al).

Pc-MWCNT were obtained by coating them with

nanosized zirconia under hydrothermal conditions as

described elsewhere [20–22]. Atomic Force Microscopy

(AFM) imaging of the ar-MWCNT and pc-MWCNT were

performed in a Digital Instruments Multimode AFM

(Veeco, Santa Barbara, CA) with a Nanoscope III con-

troller using tapping mode. The zeta potential values of ar-

MWCNT, pc-MWCNT and YTZP were measured by laser

Doppler velocimetry using a Zetasizer NanoZS (Malvern,

UK) apparatus. Results were taken with caution only for

comparison purposes. For the measurements, suspensions

were prepared to a concentration of 0.001 wt% using

10-2 M KCl solutions as electrolyte, with and without

deflocculants.

Diluted suspensions were prepared by adding either the

ar-MWCNT or the pc-MWCNT to deionized water

containing poly(ethylenimine), PEI, (Aldrich Chemical

Company, USA). PEI provides a positive charge to the

ar-MWCNT and the pc-MWCNT at the working pH (pH

8.0 ± 0.1). The suspensions were sonicated for two min-

utes [17]. In the case of the ar-MWCNT a concentration of

20 wt% PEI relative to ar-MWCNT was added according

to previous studies [17]. In the case of pc-MWCNT, the

addition of PEI was previously optimized through zeta

potential measurements (0, 1.0, 2.0 and 4.0 wt% of PEI,

which corresponds to 0, 10, 20 and 40 wt% relative to the

ar-MWCNT).

After dispersing the ar-MWCNT or the pc-MWCNT, an

ammonium salt of polyelectrolyte (PAA, Duramax D3005,

Rohm & Haas, USA) was added to a concentration of

2 wt% on a dry mass basis prior to the incorporation of

YTZP up to a solids loading of 65 wt%. The new sus-

pension was ultrasonicated for eight minutes. Ar-MWCNT

or pc-MWCNT were added to achieve a final concentration

of 0.3 wt% (1 vol.%) relative to YTZP powder. The rhe-

ological behavior of the fresh and 24 h aged suspensions

was studied using a rheometer (Model RS50, Thermo

Haake, Karlsruhe, Germany) with a double-cone and plate

system (60 mm in diameter, 28 cone angle), provided with

a solvent trap to reduce evaporation. A three-stage mea-

suring program was used, with a linear increase of shear

rate from 0 to 1000 s-1 in 300 s, a plateau at 1000 s-1 for

120 s and a further decrease to zero shear rate in 300 s.

Slip-cast samples with 9 mm in diameter and 10 mm in

thickness were obtained and left to dry for 24 h at room

conditions. The green densities of the obtained green

bodies (YTZP/ar-MWCNT and YTZP/pc-MWCNT) were

measured with the Archimedes’ method in mercury. The

theoretical density (TD) of zirconia was considered as

6.10 g cm-3 (ASTM 83-113). Green fracture surfaces were

observed by field emission scanning electron microscopy,

FEG-SEM (LEO 1530VP, LEO Elektronenmikroskopie

GmbH, Oberkochen, Germany).

Dynamic sintering tests of YTZP/ar-MWCNT and YTZP/

pc-MWCNT specimens were performed in Argon atmo-

sphere up to 1500�C with a heating rate of 5�C/min using a

differential dilatometer (Setaram, Setsys TMA-18, Caluire,

France). The specimens were sintered at 1350�C/1 h in Ar,
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with a heating and a cooling rate of 250�C/h. The final

densities were measured using the Archimedes’ method in

water. The sintered fracture surfaces were observed and the

grain size was evaluated from scanning electron microscopy

images (SEM JEOL JSM-5910-LV).

Hardness and fracture toughness of the samples were

measured using Vickers’ indentation tests. Three indenta-

tions were performed in each sample and three samples of

each composition were tested. The indentation tests were

performed applying a 5 kg load according to the UNE-EN

ISO 6507-1:2006 standard. The indentation fracture

toughness has become a very controversial method, espe-

cially in CNT-ceramic composites [24–26]. Nevertheless it

is still a very common method used for zirconia ceramics

and zirconia matrix composites [15, 16, 27]. Although it

might not give the real toughness intensity factor it is very

useful for comparing the toughness values of the materials

[26, 28]. Moreover, it is a very effective method for

obtaining the fracture threshold (KI0) below which no crack

propagation occurs. The KI0 value will give the safety

range of use of the material in many applications, such as

joint prostheses [29, 30]. So, the fracture threshold (KI0)

was calculated by measuring the crack length some days

after the indentation, once the crack had reached the

Griffith equilibrium [31]. For determining the fracture

toughness the following expression by Anstis was used

[32]:

KI0 ¼ v � P � c�3=2
0 ð1Þ

v ¼ C � E

H

� �1=2

ð2Þ

P is the applied force in Newtons and c0 is the crack

length. v is a constraint factor defined by Anstis et al. [32],

where C is a geometric constant that values 0.016, H is the

Vickers hardness in GPa and E is the Young’s modulus in

GPa. The Young’s modulus was assumed to be E = 220

GPa for all the samples, irrespective of their composition.

3 Results and discussion

Figure 1 shows AFM images of both ar-MWCNT and

pc-MWCNT. The zirconia coating, which is well adhered

to the pc-MWCNT [21] surface, maintains the size

(*50 nm) of the commercial zirconia powder so that no

agglomeration occurs during the coating process.

Table 1 shows the zeta potential values of the

pc-MWCNT suspensions obtained by the addition of

different amounts of PEI, from 0 to 4 wt% (relative to

pc-MWCNT). Suspensions with 1 or 2 wt% PEI show the

highest absolute zeta potential values, which are positive,

meaning those particles have a positive surface charge

under those conditions. The surface behavior was studied

as a function of pH and deflocculant content for aqueous

suspensions of YTZP, ar-MWCNT and pc-MWCNT.

Figure 2 shows the evolution of zeta potential with pH for

the three materials without deflocculants. It can be seen

that the isoelectric point (IEP) of the YTZP occurs at pH

*6, in good agreement with other values reported in the

literature for nanosized YTZP powders [33]. The

ar-MWCNT show an apparent IEP of *7.5. However, for

the pc-MWCNT the surface becomes similar to that of

YTZP, therefore the IEP of pc-MWCNT is rather the

same to that of YTZP. This suggests that stable suspen-

sions could be prepared at either acidic or basic pH range

Fig. 1 AFM images of the (a) ar-MWCNT and (b) pc-MWCNT
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(B4 or C8). To ensure a good adhesion between YTZP

and ar-MWNCT or pc-MWNCT, a strong electrostatic

interaction is necessary. For this purpose, the YTZP were

dispersed with 2 wt% PAA, an anionic polyelectrolyte.

On the other hand, the ar-MWCNT were dispersed with

20 wt% PEI and pc-MWCNT were dispersed with 1 or

2 wt% PEI, a cationic polyelectrolyte. This way, opposite

charges that favor the attraction are promoted. Figure 3

shows the variation of zeta potential with pH for sus-

pensions of YTZP dispersed with PAA and the

ar-MWCNT and pc-MWCNT dispersed with PEI. The

addition of PAA to the YTZP shifted down its IEP about

3 pH units (until pH \ 3), and in the case of both

ar-MWCNT and pc-MWCNT, the addition of PEI shifted

up about 3 units of pH (until pH [ 9). In the case of

pc-MWCNT suspensions the content of PEI was increased

from 1 to 2 wt%. The addition of 2 wt% promoted a

better stabilization to the pc-MWCNT at any pH value

compared to 1 wt%, which is also accompanied with

higher IEP values (*10.5 and *9.5 for 2 and 1 wt%

PEI, respectively), which means a larger range of pH

where the CNT are positively charged.

After the adsorption of the differently charged

polyelectrolytes on the YTZP and ar-MWCNT and

pc-MWCNT, it can be observed that the former became

negatively charged from pH [ 3 and the ar-MWCNT and

pc-MWCNT became positively charged up to pH *10.5.

Thus there are more than 7 units of pH for the heteroco-

agulation process, in which strong electrostatic interaction

occurs and more homogeneous coating is obtained. This

will be especially significant if pH is controlled between

pH 8 and pH 10, where the zeta potential changes from

-40 to ?40 mV.

Once the stability conditions were established, concen-

trated suspensions (65 wt% solids) of YTZP and mixtures

of YTZP with 1 vol.% of either ar-MWCNT or

pc-MWCNT were prepared. The flow curves of the as-

prepared suspensions are plotted in Fig. 4a. As observed,

the incorporation of a small amount of ar-MWCNT or

pc-MWNCT has a strong effect on viscosity and thixot-

ropy, although values maintain low enough to allow easy

handling during preparation and slip casting. However,

these suspensions have a significant ageing. Figure 4.b

shows the flow curves of the same suspensions plotted in

Fig. 4.a but measured after 24 h ageing. Suspensions were

maintained under rotation in closed flasks to prevent drying

and oxidation. The aged YTZP suspensions show a small

thixotropy, demonstrating that some structure has been

formed, which is usually observed with nanopowders. But,

on the other hand, the suspensions containing the

ar-MWCNT or pc-MWCNT have suffered a dramatic

increase of viscosity and, in particular, a very broad hys-

teresis cycle appears. This cycle is even larger when

ar-MWCNT are added, demonstrating that strong structure

is formed in spite of the small addition of ar-MWCNT.

Figure 5 shows the green fracture surfaces of the slip cast

YTZP/ar-MWCNT and YTZP/pc-MWCNT samples. In

both cases, the CNT are homogeneously distributed and no

bundles or agglomerates are observed. In addition, for the

YTZP/pc-MWCNT samples the pc-MWCNT are com-

pletely immersed in the ceramic matrix, and they can be

distinguished by the alignment of the YTZP particles

attached by heterocoagulation. Anyhow, for the ar-

MWCNT, this does not occur. The obtained green density is

the same for both materials, as it is presented in Table 2.

Figure 6 shows the results of the dynamic sintering study

performed for both samples in an Argon atmosphere.

Important differences are observed between them. The

YTZP/pc-MWCNT show a higher shrinkage, and the max-

imum shrinkage (i.e. densification rate) occurs at a slightly

lower temperature. This is in good agreement with their

Table 1 Zeta potential values of pc-MWCNT with different PEI

amounts

PEI (wt%) Zeta potential (mV) pH ± 0.1

0 9 ± 5 6.0

1 25 ± 6 8.2

2 31 ± 4 8.3

4 15 ± 5 8.8

Fig. 2 Zeta potential curves as a function of pH of YTZP,

ar-MWCNT and pc-MWCNT without deflocculants

Fig. 3 Zeta potential curves as a function of pH of YTZP,

ar-MWCNT and pc-MWCNT with deflocculants

1448 J Mater Sci: Mater Med (2010) 21:1445–1451

123



higher sintered density (98% TD) as compared to that of the

YTZP/ar-MWCNT samples (95.7% TD) (see Table 2).

Figure 7 shows the SEM microstructure of the fracture

surfaces of the YTZP/ar-MWCNT and YTZP/pc-MWCNT.

Even though the relative densities of the samples are very

high, grain pull-out creates porous fracture surfaces, as

shown on the SEM images. The YTZP/pc-MWCNT sam-

ples show a finer microstructure with an average grain size

of 200 nm. The nanosized YTZP coating of the

pc-MWCNT facilitates the dispersion and reduces the risk

of agglomeration related to the hydrophobicity of the CNT.

The values of the Vickers’ hardness and fracture

toughness threshold are also presented in Table 2. YTZP/

pc-MWCNT nanocomposites show approximately 10%

higher hardness and KI0 values as compared to the YTZP/

ar-MWCNT ones. When these data are compared to the

corresponding values of YTZP samples [17] (12.5 ±

0.1 GPa and 3.8 ± 0.1 MPam1/2, for Vickers hardness and

fracture threshold (KI0), respectively), it can be seen that KI0

of the YTZP/pc-MWCNT nanocomposites increases more

than 15% compared to the YTZP samples, although the

hardness suffers a decrease of 4%. This loss in hardness with

the addition of CNT is in agreement with the results of other

authors [6–19]. SEM pictures of Fig. 8 show the morphology

of the cracks generated by the Vickers’ indentation.

As reported by other authors for carbon CNT/alumina

composites, the increase in toughness of the YTZP/

ar-MWCNT and YTZP/pc-MWCNT nanocomposites can be

attributed to the bridging of cracks when they approach the

CNT [24, 34]. The crack-bridging effect is more noticeable

for the YTZP/pc-MWCNT samples, as pointed out on

Fig 8b. This is thought to be due to the existence of a bond

between the CNT and the zirconia matrix that ensures a good

load transfer.

4 Conclusions

Commercial ar-MWCNT were partially coated with

nanosized YTZP by a hydrothermal route, improving the

wettability and dispersibility in aqueous medium, and thus

the slip casting performance. Colloidal processing has been

demonstrated to be suitable for the preparation of

Fig. 4 Flow curves of the 65 wt% fresh and aged suspensions

prepared with YTZP and MWCNT (ar-MWCNT or pc-MWCNT)

Fig. 5 FEG-SEM micrographs of the green fracture surface of

ar-MWCNT/YTZP (a) and pc-MWCNT/YTZP (b)
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nanocomposites with a homogeneous dispersion of CNT in

the ceramic matrix.

Dense bodies with 98% TD and final average grain size

of *200 nm were obtained for YTZP/pc-MWCNT nano-

composites after sintering at 1350�C in Ar atmosphere,

while the YTZP/ar-MWCNT samples had lower densities

(95.7% TD).

Although further work has to be carried out, the YTZP/

pc-MWCNT materials present a higher increase in tough-

ness and hardness than the YTZP/ar-MWCNT materials.

This is possibly due to the increase in the wettability of the

pc-MWCNT in the YTZP matrix and to the good load

transfer between the pc-MWCNT and YTZP matrix that

produces a stronger crack-bridging effect.

Table 2 Properties of ar-MWCNT/YTZP and pc-MWCNT/YTZP composites

Density (%TD) Vickers hardness (GPa) Fracture threshold (KI0) (MPam1/2)

Green Sintered

ar-MWCNT/YTZP 42.9 ± 0.2 95.7 ± 0.1 11.0 ± 0.1 4.0 ± 0.1

pc-MWCNT/YTZP 42.7 ± 0.2 98.0 ± 0.1 12.0 ± 0.1 4.4 ± 0.1

Fig. 6 Dynamic sintering studies of ar-MWCNT/YTZP and

pc-MWCNT/YTZP samples

Fig. 7 SEM micrographs of the sintered microstructure of: 1 vol.%

ar-MWCNT/YTZP (a) and 1 vol.% pc-MWCNT/YTZP (b)

composites

Fig. 8 SEM micrographs of the cracks generated by the Vickers

indentation for: ar-MWCNT/YTZP (a) and pc-MWCNT/YTZP (b)
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The results open a new path for the dispersion of higher

pc-MWCNT contents in the YTZP matrix, that will be

studied in future work. These new materials should offer

better properties for the biomedical applications of the

YTZP and, hence, longer lifetime and higher reliability.
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