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Abstract
In the present work, Al–Ti–C master alloys and diopside are introduced in alumina matrix ceramic materials. Composites are fabricated by the

technology of transient liquid phase sintering, during which new phases such as Al6Si2O13, AlN and CaO�6Al2O3 are produced by the chemical

reactions taking place among alumina and the additives. The densification rate of the composites as a function of Al–Ti–C volume content is

discussed. The hardness, the fracture toughness and the bending strength of the composites are tested. Meanwhile, the effects of additives on

mechanical properties and fracture mechanism of alumina matrix ceramic materials are analyzed and discussed together with the refining

performances of Al–Ti–C master alloys.

# 2006 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Alumina is a widely used ceramic material due to its

refractoriness, wear resistance and chemical stability. However,

the brittleness of pure alumina limits its potential applications.

So how to improve the bending strength and fracture toughness

of alumina matrix ceramic materials has been a key subject for

many years and till now many interesting results have been

obtained [1–8]. But in these studies, excellent mechanical

properties are obtained always with a cost increase on account

of the expensive second phases [9–13]. So low-cost has also

been regarded as a priority when researchers were designing the

composition of alumina matrix ceramic materials. Al–Ti–C

master alloys just have the virtue of low-cost compared to other

additives. The sources of a-Al2O3 are also in abundance in

China and the price is low. Incorporation of Al–Ti–C master

alloys into alumina matrix ceramic materials has been shown to

result in significant improvement in fracture toughness [14]. So

low-cost Al–Ti–C master alloys were chosen as the toughening
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phase in order to reduce the cost of alumina matrix ceramic

materials. It has been reported in reference [15] that the smaller

the sizes of particles are, the lower the temperature to sinter

alumina will be. The refining performances of Al–Ti–C have

been applied to Al and its alloys [16–18], and excellent effects

have been achieved. But there are few articles from literature

reporting about the refining performances of Al–Ti–C on

alumina ceramic materials. Diopside (MgCa(SiO3)2) also has

the virtue of low cost, and it acts as accessory ingredient during

the process of transient liquid phase sintering.

In this paper, alumina matrix ceramic materials with the

addition of Al–Ti–C master alloys and diopside are fabricated

by the hot pressing technology. The cooperative toughening

effect of Al–Ti–C master alloys and diopside on mechanical

properties and microstructure of alumina matrix ceramic

materials is discussed.

2. Experimental procedure

Commercial Al2O3 powder of high purity (99.99%) and

small grain size (0.5–1 mm) was used as the starting materials.

Al–Ti–C master alloys and diopside were used as additives. Al–

Ti–C master alloys are developed by the department of
d.
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Table 1

Compositions of hot-pressed composites

Specimen Compositions (vol.%)

A0 100%Al2O3

A7 87%Al2O3 + 6% diopside + 7%Al–Ti–C

A10 84%Al2O3 + 6% diopside + 10%Al–Ti–C

A13 81%Al2O3 + 6% diopside + 13%Al–Ti–C

A25 75%Al2O3 + 6% diopside + 25%Al–Ti–C

Fig. 1. X-ray diffraction phase analysis of Al–Ti–C master alloys.

Fig. 2. X-ray diffraction phase analysis of A7.
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materials science and engineering in Shandong University, the

alloy used in present study has the composition Al–8%Ti–2%C.

Diopside is composed of SiO2 (55 wt.%), CaO (24 wt.%) and

MgO (18 wt.%). The volume content of Al–Ti–C master alloys

ranged from 7 to 25 vol.% is listed in Table 1. (The suffix in A0,

A7, A10, A13 and A25 represents the volume content of Al–Ti–C.

For example, A0 means the volume content of Al–Ti–C is zero.)

Firstly, the raw materials were blended with each other

according to certain proportions and ball milled for 60 h in an

alcohol medium to obtain a homogeneous mixture. Secondly,

the slurry was dried in vacuum and screened. Thirdly, the mixed

powders were pressed into disc compacts 21 mm in diameter

and 5–7 mm in height. Last, hot-pressing was used to sinter the

powder mixture in a graphite die under nitrogen protection. The

specimens were heated up to 1450 8C (30 8C min�1) with a

pressure of 28 MPa for 30 min, except A13 for 45 min.

The sintered specimens were machined with a grinding

machine. Standard test pieces (3 mm � 4 mm � 36 mm) were

obtained through rough grinding, finish grinding with diamond

wheels and polishing. Three-point-bending mode was used to

measure the bending strength with a span of 20 mm and at a

crosshead speed of 0.5 mm/min. Vickers hardness was

measured on polished surface with a load of 9.8 N for 5 s

with a micro-hardness tester (MH-6). Fracture toughness

measurement was performed using indentation method with a

hardness tester (Hv-120), and results were obtained by the

formula proposed by Cook and Lawn [19].

XRD (D/max-2400) analysis was undertaken to identify the

crystal phases present after sintering. Microstructural observa-

tions of fracture surfaces and the cracks were examined on

polished surface by scanning electron microscopy (HITACHI

S-570).

3. Results and discussion

3.1. X-ray diffraction phase analysis

The X-ray diffraction analyses of Al–Ti–C master alloys and

A7 are shown in Figs. 1 and 2 respectively. It is clear from Fig. 1

that Al–Ti–C master alloys are composed of Al and TiC phases,

which is similar with the data reported by Jiang et al. [20].

Further, there exist in A7 the Al6Si2O13, AlN, Al2O3,

CaO�6Al2O3, CaO, SiO2 and TiC phases. Theoretically there

should exist MgO and Al in the composites, but XRD analysis

does not show the occurrence of MgO and Al. This is because

the volume fraction of diopside is only 6 wt.% in the

composites, and that of MgO is 18 wt.% in diopside, so the

percent of MgO in the composites is only 1.08 wt.%. The
amount of MgO is too small to be detected by XRD analysis.

The sintering temperature is 1450 8C, which is much higher

than the melting point of Al (660 8C). Hence Al is in the molten

state and some part may have escaped during the sintering

process, the other reacting with N2 (the protection atmosphere)

to form the new phase AlN:

2Al þ N2 ! 2AlN (1)

Two following chemical reactions yielding mullite and

CaO�6Al2O3 may occur besides Eq. (1):

3Al2O3þ 2SiO2 ! Al6Si2O13 (2)

6Al2O3þCaO ! CaO � 6Al2O3 (3)

Based on thermodynamics analysis of the reaction equation,

we can get the following ranking:

DGu
T1
< 0; DGu

T2
< 0 DGu

T3
< 0

where, DGu
T1
;DGu

T2
and DGu

T3
represent the Gibbs free energy

of the Eqs. (1)–(3), respectively. XRD analysis shows that AlN,

Al6Si2O13 and CaO�6Al2O3 actually exist in specimen of A7 as

previously mentioned.



Fig. 3. Relation of Al–Ti–C content and relative density. Fig. 5. Relation of Al–Ti–C content and bending strength.
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3.2. Densification of the composites

Fig. 3 show the relations of Al–Ti–C volume content and

relative density of the composites sintered at 1450 8C. It is clear

from the figure that the relative density of A0 is 96%, and the

relative density of the composites increases sharply (up to

�98%) as the addition amount of Al–Ti–C master alloys is

raised from 0 to 13 vol.%. This trend becomes slowly with

further addition of Al–Ti–C master alloys, and the relative

density of A25 specimen is only 98.3%. Obviously, the

densification rate of the composites increases with the volume

content of Al–Ti–C master alloys increasing.

3.3. Mechanical properties

The relations of Al–Ti–C volume content and hardness,

bending strength, fracture toughness of hot-pressed alumina

matrix ceramic materials are shown in Figs. 4–6, respectively.

The hardness and bending strength of pure alumina is

respectively 16.7 GPa and 374 MPa, and the fracture toughness

is 3.42 MPa m1/2. The hardness of the composites increases as

the Al–Ti–C content is raised from 0 to 10 vol.%, and then

decreases from 10 to 25 vol.%. There are two factors influencing

the hardness of composites, namely a hardness effect due to the

addition of Al–Ti–C master alloys and a densification effect of

the composites. The hardness of the composites increases for the
Fig. 4. Relation of Al–Ti–C content and hardness.
reason that the densification effect is stronger than the hardness

effect, otherwise the hardness of the composites will decrease. In

the first stage (0–10 vol.% addition), the densification effect is

dominant and the hardness is enhanced, while the hardness is

reduced as the hardness effect is in turn becoming dominant (10–

25 vol.% addition). The effects of Al–Ti–C master alloys and

diopside on the bending strength and fracture toughness of the

composites are similar. The bending strength and fracture

toughness increase with the amount of Al–Ti–C master alloys

increasing before 13 vol.%, then reach their maximum values for

13 vol.% and decrease after 13 vol.%.

Compared to the mechanical properties of pure alumina,

significant improvements have been attained in hardness and

fracture toughness, which reach their maximum values of

22.4 GPa and 6.07 MPa m1/2 as the volume content of Al–Ti–C

is 10%. The bending strength reaches its maximum value of

494 MPa when the volume content of Al–Ti–C is 13%. As a

result, in virtue of the addition of Al–Ti–C master alloys and

diopside, the hardness, bending strength and the fracture

toughness of alumina matrix ceramic materials are enhanced by

34.1%, 29.4% and 77.5% with respect to pure alumina.

3.4. Analysis of microstructures

SEM photomicrographs of fracture surface of pure alumina

are shown in Fig. 7, those of A7, A10, A13 and A25 are shown in
Fig. 6. Relation of Al–Ti–C content and fracture toughness.



Fig. 7. SEM photomicrographs of pure alumina at different magnification.
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Fig. 8. Composites hot pressed at 1450 8C show a homogeneous

distribution of alumina grains and additive particles. As seen

from Fig. 7(a), the fracture mode of pure alumina is mainly

intergranular failure, although some of the larger alumina

grains show transgranular failure. The fracture surface of pure

alumina is quite smooth owing to the intergranular mode of

fracture except a few brittle rupture (Fig. 7(b)), namely some

particles break off by reason of the brittleness of alumina.

Furthermore, there are a few tracks shaped by the drawingout of

Al2O3 grains. On the contrary, the fracture surfaces of alumina
Fig. 8. SEM photomicrographs of the spec
matrix ceramic composites are relatively rough; moreover, the

roughness of fracture surface increases with the increment of

Al–Ti–C master alloys in the composites (Fig. 8(c and d)). The

fracture mechanism changes from intergranular failure to a

combination of intergranular failure and transgranular failure

(Fig. 8(a and b)) and intergranular failure most likely results

from the interfacial weakness. Transgranular failure becomes

the main fracture mode as the addition amount of Al–Ti–C

continues to increase (Fig. 8(c and d)). The fracture surface of

composites is roughest for Al–Ti–C volume content up to 13%.
imens: (a) A7; (b) A10; (c) A13; (d) A25.



Fig. 9. SEM photomicrographs of indentations cracks in specimens: (a) A10; (b) A13; (c) A25.

C. Liu et al. / Ceramics International 33 (2007) 1149–1154 1153
The addition of Al–Ti–C master alloys changes the fracture

mechanism from intergranular failure to transgranular failure,

which makes it clear that the bonding of grains become

stronger. This change may enhance the bending strength of the

composites but is of no use for the improvement of fracture

toughness.

Fig. 9 shows crack propagation paths in A10, A13 and A25.

Among these figures, deflection obviously occurred in Fig. 9(a),

while the propagating cracks in Fig. 9(b and c) are direct.

Intergranular failure is the main fracture mode in A10, which

results in the deflection. The cracks are forced to extend

between the grains and more fracture energy is required to

make the composites rupture. In consequence, fracture

toughness of A10 is improved to a great extent. However,

transgranular failure of A13 and A25 is the main factor for direct

propagating crack, and their fracture toughness is lower.

3.5. Analysis of refining performances

The grain size of pure alumina is larger than that of the

composites toughened by Al–Ti–C master alloys and diopside

(Figs. 7 and 8). The grains of Al2O3 in composites may be

restrained from abnormal growing owing to the addition of Al–

Ti–C master alloys. The mean grain size is reduced

dramatically to 0. 8 mm compared with a grain size of

12 mm in the pure alumina hot pressed under identical

conditions, except that of A13 is 8 mm for the longer holding

time of 45 min. The reason is as follows, on one hand, two Al

and TiC phases exist in Al–Ti–C master alloys as shown in

Fig. 1, the melting point of Al is 660 8C, so the liquid-phase

sintering begins as the temperature goes above 700 8C. The

reaction between Al and N2 starts to occur on the surface of the

disc compacts. However, the development of the reaction is

slow owing to high chemical bond strength of Nitrogen

molecule and it is difficult for N2 to infiltrate through the

compact AlN by reason of the very low dissolvability of N2 in

Al and strong compactness of AlN. So it takes long time to

complete the transformation of Al to AlN [21]. On the other

hand, during the sintering process, TiAl3 may be produced by

the following chemical reaction:

3TiC þ 2Al2O3þ 5Al ! 3TiAl3þ 3CO2 (4)
Simultaneously, based on thermodynamic analysis of the

reaction equation, we can write the following expression:

DGu
T4
< 0 (5)

where, DGu
T4

represents Gibbs free energy of Eq. (4). TiAl3 is a

labile compound at the sintering temperature and then Ti is

provided by the decomposition of TiAl3. It has been reported that

Ti has played a significant role in refining pure Al [22]. Further-

more, TiC has face centered cubic structure and it is a better

nucleant for Al, so there is tendency for larger number of facets of

the TiC particles to act as nucleating sites for Al particles [23].

For this good grain refining efficiency towards Al, there is

abundant small size of Al grains surrounding alumina grains

and thus prevent them from abnormal growing before Al reacts

with N2. At the end of the sintering process, Al is almost entirely

transformed into AlN, which has a grains size of nanometer.

These grains distribute evenly over alumina matrix ceramic

materials and contribute to the refining effect [21].

4. Conclusion

The addition of Al–Ti–C master alloys obviously prompts the

sintering of alumina matrix ceramic materials, the relative

density of the composites reaches�98% as thevolume content of

Al–Ti–C master alloys is raised from 7% to 13%. Based on this

good densification rate, improved mechanical properties have

been attained. The hardness and fracture toughness reach their

maximum values of 22.4 GPa and 6.07 MPa m1/2 as the volume

content of Al–Ti–C master alloys is 10%, while the bending

strength reaches its maximum of 494 MPa as the volume content

of Al–Ti–C is 13%. There are chemical reactions taking place

among SiO2, Al2O3, Al, N2 and TiC in the process of sintering,

and new phases namely, Al6Si2O13, AlN, CaO�6Al2O3 are

produced. Composites hot pressed at 1450 8C show a homo-

geneous distribution of alumina grains and additive particles and

the mean grain size was reduced to 0. 8 mm compared with a

grain size of 12 mm in the pure alumina hot pressed under the

same sintering conditions. A fracture mode changing from

intergranular failure for pure alumina to transgranular failure for

the composites is observed and may account for the slight

increase in bending strength. The main cause is that the grain
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boundaries of the composites are strengthened owing to the

addition of Al–Ti–C master alloys and diopside.
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