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Abstract

Al–Ti–B master alloys and diopside are simultaneously introduced in alumina matrix ceramic materials as sintering aids. Fine structural

alumina matrix ceramic materials are fabricated by pressureless sintering during which liquid phase, leading to interface reactions between

alumina matrix and additives, is formed. Hardness, fracture toughness and bending strength of the composites are measured. The effects of diopside

on mechanical properties and fracture mechanism of fine structural alumina matrix ceramic materials are analyzed together with the microstructure

observations on fracture surfaces, the polished surfaces and the indentation cracks.
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1. Introduction

Fine structural ceramics are widely applied in the fields of

measuring instrument, guideway, worktable and high-speed

bearing, etc., which need high precision durability and long

working life. Among these fine structural ceramics, alumina

matrix ceramic materials find the widest application for its

advantages such as high hardness, good chemical inertness, high

wear resistance, low coefficient of thermal expansion and friction

coefficient. The brittleness of monolithic alumina, however,

limits its potential application as a structural material, and

excellent mechanical properties are obtained with a cost increase

on account of the expensive second phases [1–5]. Furthermore,

the sintering technology also becomes the key subject when fine

structural ceramic products are fabricated. Pressureless sintering,

which has been considered as the most attractive manufacturing

technology to obtain ceramic components with complex shapes,

volume production, large dimension and low cost, is chosen to

fabricate fine structural alumina matrix ceramic materials in this

paper. Abnormal grain growth of alumina usually occurs during

pressureless sintering and results in mechanical properties
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degradation. Many investigations have been focused on a variety

of sintering additives over the past few years in order to improve

the mechanical properties and lower the sintering temperature of

pressureless-sintered alumina ceramics. It is well known that

addition of small amounts of magnesia (MgO) suppress

abnormal grain growth of alumina, induce liquid phase sintering

and promote enhanced densification rate [6–11], so fine

microstructures and good mechanical properties of alumina

matrix ceramic composites can be obtained if magnesia is

introduced with appropriate content. Diopside (MgCa (SiO3)2)

has the virtue of low cost compared to other additives, which

exhibits its better rate of performance and cost, especially for

those fine structural ceramics with large dimension. Being

composed of SiO2, CaO and MgO phases, diopside decreases the

temperature of pressureless sintering and reduces porosity in

alumina matrix ceramic materials. Low price of Al–Ti–B master

alloys permits its widespread applications to the refining

technology of Al and its alloys [12,13]. There are few articles,

however, reporting application of Al–Ti–B master alloys and

diopside on toughening alumina matrix ceramic materials

fabricated by pressureless sintering.

In this paper, fine structural alumina matrix ceramic

materials with 4 vol.% Al–Ti–B master alloys and different

content of diopside, acting as a sintering aid, are fabricated by

pressureless sintering in a furnace in N2 atmosphere. The
d.
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Fig. 1. XRD pattern of AB4D10 powder before sintering.
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effects of diopside on mechanical properties and microstruc-

tures of fine structural alumina matrix ceramic materials are

discussed and the fabricated composites may have potential

applications in the fields of fine structural ceramics.

2. Experimental procedure

a-Al2O3 of high purity (99.9%) and small grain size (0.5–

1 mm), produced by Zibo Lucky Star Ceramic Company,

Shandong province, China, was used as the starting materials.

Al–Ti–B master alloys and diopside (MgCa (SiO3)2) were used

as additives. Al–Ti–B master alloys are developed by the

department of materials science and engineering in Shandong

University. The alloy used in present study has the composition

Al–5%Ti–1%B. Diopside is composed of SiO2 (55 wt.%), CaO

(24 wt.%) and MgO (18 wt.%). The compositions of pressure-

less sintered composites are listed in Table 1.

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, green bodies

(50 mm � 50 mm � 50 mm) were shaped by using isostatic

cool pressing technology in rubber molds. Lastly, pressureless

sintering was used to sinter the green bodies in a furnace heating

up to 1520 8C (20 8C/min) for 180 min in N2 atmosphere.

The sintered bodies were cut into specimens by an inside

diameter slicer. 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 on an electronic universal

tensile testing machine (WD-10) with a span of 20 mm at a

crosshead speed of 0.5 mm/min. Twelve specimens, for each

composition, were used for measuring the bending strength in

air at room temperature. 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 calculated by using the formula proposed by Cook

and Lawn [14]. Microstructural observations 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 analyses

The X-ray diffraction analyses of AB4D10 powders before

and after sintering at 1520 8C for 180 min, are shown in Figs. 1
Table 1

Compositions of pressureless sintered alumina matrix ceramics

Specimens Compositions (vol.%)

AB0D0 100% Al2O3

AB4D6 90% Al2O3 + 4%Al–Ti–B + 6% diopside

AB4D10 86% Al2O3 + 4%Al–Ti–B + 10% diopside

AB4D14 82% Al2O3 + 4%Al–Ti–B + 14% diopside

AB4D18 78% Al2O3 + 4%Al–Ti–B + 18% diopside
and 2, respectively. It is clear from Fig. 1 that there exist Al2O3,

MgO, CaO, SiO2, Al3Ti and Al phases in the ball-milled

powders. According to the reports of Yin et al. [15], Al–Ti–B

master alloys are composed of TiB2, Al3Ti and Al phases. TiB2

is not found in Fig. 1 for the reason that the content of TiB2 is

too small to be detected by XRD. Furthermore, there exist in

AB4D10 specimen the phases of Al2O3, mullite

(3Al2O3�2SiO2), anorthite CAS2 (CaO�Al2O3�2SiO2), magne-

sium aluminate (MgO�Al2O3), CA6 (CaO�6Al2O3) and AlN.

There are no traces of MgO, CaO, SiO2, Al3Ti and Al phases,

which may react with alumina, leading to interface reactions

and strengthening the grain boundaries.

The sintering temperature is 1520 8C, which is higher than

the melting point of Al (660 8C). Hence Al in Al–Ti–B master

alloys may be firstly in the molten state, some may escape

during sintering, the other reacting with N2 (the protective

atmosphere) to form AlN:

2Al þ N2 ! 2AlN (1)

When the temperature goes up to 1000 8C [16], unstable Al3Ti

will dissolve to deliver Ti and Al particles, and TiN, difficult to

be found by XRD analysis for too small amount, is also

produced from the reaction taking place between delivered

Ti and N2:

2Ti þ N2 ! 2TiN (2)
Fig. 2. XRD pattern of AB4D10 specimen sintered at 1520 8C for 180 min.



Fig. 3. Relation of diopside content and relative density. Fig. 5. Relation of diopside content and bending strength.
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As the temperature is higher than the melting point of diopside

(1300–1390 8C), diopside may be in the molten state, some

may escape, the other may react with alumina, and the follow-

ing chemical reactions, yielding anorthite, mullite, MgO�Al2O3

and CaO�6Al2O3, may occur during sintering:

CaO þ Al2O3þ 2SiO2 ! CaO � Al2O3�2SiO2 (3)

3Al2O3þ 2SiO2 ! 3Al2O3�2SiO2 (4)

Al2O3þMgO ! MgO � Al2O3 (5)

6Al2O3þCaO ! CaO � 6Al2O3 (6)

Based on thermodynamic analyses of the reactions, we can get

the following results [17]:

DGu
T1
¼ �2:419� 105 J; DGu

T2
¼ �3:431� 105 J; DGu

T3

¼ �1:209� 105 J; DGu
T4
¼ �3:049� 104 J; DGu

T5

¼ �3:903� 104 J; DGu
T6
¼ �

where DGu
T1
�DGu

T6
represent Gibbs free energy of the reac-

tions (1)–(6). Gibbs free energy of the reactions (1)–(5) are all

less than zero, which indicate that reactions (1)–(5) may take

place during sintering. However, Gibbs free energy of reaction

(6) cannot be calculated owing to lack of thermodynamic data

of CaO�6Al2O3. XRD analyses shows that anorthite, mullite,

CaO�6Al2O3, MgO�Al2O3 and AlN phases actually exist in

AB4D10 specimen as previously mentioned. The existence of
Fig. 4. Relation of diopside content and hardness.
mullite may be helpful to improve wear resistance of the

fabricated fine structural alumina matrix ceramic materials

[18].

3.2. Densification of the composites

Fig. 3 shows the relative density curves for AB0D0, AB4D6,

AB4D10, AB4D14 and AB4D18 sintered at 1520 8C for 180 min.

It is clear from the figure that the relative density of monolithic

alumina is only 93.18%. Addition of Al–Ti–B master alloys and

diopside promotes densification rate of the composites, and that

of composites (addition of 4 vol.% Al–Ti–B masters

unchanged) increases sharply (up to 97.62%) as the addition

amount of diopside raised from 0 to 6 vol.%. This trend

becomes unobvious with further addition of diopside, and the

relative density of AB4D18 specimen increases to 98.66%,

enhanced by 5.9% compared to that of monolithic Al2O3.

3.3. Mechanical properties

The effect of diopside content on hardness, bending strength,

fracture toughness of alumina matrix ceramic materials,

pressureless sintered at 1520 8C for 180 min, are shown in

Figs. 4–6, respectively. The hardness and bending strength of

monolithic Al2O3 is, respectively, 9.1 GPa and 334 MPa, and

the fracture toughness is 3.8 MPa m1/2. As seen from Figs. 4–6,

the variation in hardness, fracture toughness and strength of the

composites with diopside content is analogous to each other.
Fig. 6. Relation of diopside content and fracture toughness.



Fig. 7. SEM micrograph on fracture surface of monolithic Al2O3 (2000 times).

Fig. 8. SEM micrograph on fracture surface of monolithic Al2O3 (5000 times).

Fig. 9. SEM micrograph on fracture surface of AB4D6 specimen (2000 times).
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The hardness of the composites increases as diopside content is

raised from 0 to 6 vol.% and reaches its maximum value of

16.0 GPa, then decreases from 6 to 18 vol.%. As a general rule,

the hardness of the composites should decrease with the

increasing amount of low-hardness additives, whereas the curve

in Fig. 4 does not abide by this rule. There are two factors

influencing the hardness of composites, namely a hardness

effect due to the addition of additives and a densification effect

of the composites. When the densification effect is stronger

than the hardness effect, the hardness may increase with the

increasing of densification rate of the composites, otherwise the

hardness may decrease. In the first stage (0–6 vol.% addition),

the densification effect is dominant and densification rate of the

composites is enhanced with increasing of diopside content,

which leads to enhanced hardness, while the hardness decreases

as the hardness effect is in turn dominant (6–18 vol.% addition).

The bending strength and fracture toughness of the composites

all increase with the increasing amount of diopside before

10 vol.%, and reach their maximum values, respectively, are

375 MPa and 5.2 MPa m1/2, then decrease after 10 vol.%. This

trend of bending strength and fracture toughness correlates with

the microstructures of the composites, which will be discussed

in the following section.

It is obvious that the fabricated fine structural alumina

matrix ceramic materials, pressureless sintered at 1520 8C for

180 min in N2 atmosphere, exhibit significant improvements in

mechanical properties than monolithic Al2O3. Composite with

the addition of 4 vol.% Al–Ti–B master alloys and 6 vol.%

diopside shows better comprehensive performances, hardness,

bending strength and fracture toughness of the composite reach

16.0 GPa, 370 MPa and 5.1 MPa m1/2, respectively, which are

enhanced by 75%, 12% and 38%, respectively, with respect to

monolithic Al2O3 pressureless sintered under the same

conditions.
3.4. Analysis of microstructures

SEM micrograph on fracture surface of monolithic alumina

pressureless sintered at 1520 8C for 180 min is shown in Figs. 7

and 8, and that of AB4D6 and AB4D10 are shown in Figs. 9 and

10, respectively. As seen from Fig. 7, the grain shapes of

monolithic alumina are regular and almost circular. There are

porosities among incomplete developed alumina grains. The

grain boundaries of monolithic alumina are observable and the

fracture mode is mainly intergranular, most likely resulting

from the interfacial weakness, although some of the slightly

bigger alumina grains show transgranular fracture (Fig. 8).



Fig. 10. SEM micrograph on fracture surface of AB4D10 specimen (2000

times).

Fig. 12. SEM micrograph on polished surface of AB4D6 specimen (5000

times).
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There are significant microstructural differences among the

composites and monolithic alumina. Evidently, the composites

have a fine matrix grain size compared with monolithic Al2O3,

which shows the introduction of Al–Ti–B master alloys and

diopside can restrain the abnormal growth of Al2O3 grains. The

fracture mode of the composites changes from intergranular

fracture to a combination of intergranular and transgranular

fracture (Figs. 9 and 10). As seen from Figs. 9 and 10, the

bonding of grains become stronger when the fracture mode

turns to the combination of transgranular and intergranular

fracture, and the grain boundaries almost disappear. What looks

like ‘‘cement’’ that has adhered to surface of the new grain can

be clearly observed, and this ‘‘cement’’ may be formed by
Fig. 11. SEM micrograph on polished surface of monolithic Al2O3 (3000

times).
adding Al–Ti–B master alloys and diopside, which produce

liquid phases in the sintering process, lead to interface reactions

and result in strengthened grain boundaries. A high strength

cement binder consumes porosity and lead to the enhanced

bending strength of the composites.

Figs. 11 and 12, respectively, show the SEM micrographs on

polished surface of monolithic alumina and AB4D6 specimen. It

can be clearly seen from Fig. 11 that there exist apparent

porosities on the polished surface of monolithic alumina.

Porosities, however, on polished surface of AB4D6 specimen

almost disappear (Fig. 12). It is obvious that addition of Al–Ti–

B master alloys and diopside decreases porosities in fine

structural alumina matrix ceramic materials, which promotes
Fig. 13. SEM micrographs of the crack on polished surface of monolithic

Al2O3 (5000 times).



Fig. 14. SEM micrographs of the crack on polished surface of AB4D6 specimen

(8000 times).
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the densification rate of the composites, leads to enhanced

hardness and thus results in improved wear resistance.

The typical cracks on polished surface of monolithic

alumina, AB4D6 and AB4D10 specimens are shown in Figs. 13–

15, respectively. The SEM observations clearly indicate that

monolithic alumina is characterized essentially by an inter-

granular fracture mode (Fig. 13), while AB4D6 and AB4D10 are

mainly characterized by the combination of transgranular and

intergranular fracture mode (Figs. 14 and 15). It can be clearly

seen that addition of Al–Ti–B master alloys and diopside

induces transgranular fractures and strengthens alumina grain

boundaries, which results in enhanced fracture toughness of
Fig. 15. SEM micrographs of the crack on polished surface of AB4D10 speci-

men (5000 times).
AB4D6 and AB4D10 specimen. As a result, decreasing of

porosity for the composites and strengthening of grain

boundaries may be the main reasons that lead to the increase

of mechanical properties for the fabricated composites.

4. Conclusion

Fine structural alumina matrix ceramic materials are

fabricated by pressureless sintering. The addition of Al–Ti–B

master alloys and diopside obviously prompts the sintering of

alumina matrix ceramic composites. Liquid phase is produced

during sintering and interface reactions take place between

alumina matrix and additives, which contribute to strengthened

grain boundaries and improved mechanical properties. Compo-

site with addition of 4 vol.% Al–Ti–B master alloys and 6 vol.%

diopside shows better comprehensive performances, hardness,

bending strength and fracture toughness of the composite reach

16.0 GPa, 370 MPa and 5.1 MPa m1/2, respectively.

The fracture mode of monolithic Al2O3 is mainly

intergranular, while that of composites is a combination of

transgranular and intergranular fracture, which may lead to

enhanced bending strength and fracture toughness. Addition of

Al–Ti–B master alloys and diopside decreases porosities in fine

structural alumina matrix ceramic materials, which may also

contribute to the improvements in mechanical properties of the

composites.
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