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Abstract

The physical, thermal, and mechanical characteristics of self-reinforced calcium-hexaluminate/alumina composites with a graded micro-

structure are described. The presence of CA6 phase in Al2O3 matrix has a significant effect on the physical, thermal, and mechanical properties of

graded Al2O3–CA6 composites. The slightly lower shrinkage and density in the graded composite can be attributed to the presence of CA6 phase.

The thermal expansion and densification behaviour of the graded composite showed that the presence of CA6 phase hinders the processes of

sintering and densification of alumina matrix. When compared to the alumina region, the graded CA6–Al2O3 region is softer by virtue of the

presence of the softer CA6 phase. However, the fracture toughness in the graded region is higher than the alumina region which can be attributed to

the display of crack deflection and crack-bridging provided by the CA6 platelets.
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1. Introduction

Alumina (Al2O3) is the most commonly used ceramic oxide

industrial material due to its superior hardness, corrosion

resistance, oxidation resistance, and chemical stability. How-

ever, the application of alumina as a structural ceramic is

limited due to its relatively low fracture toughness and thermal-

shock resistance. In order to improve the mechanical properties,

whiskers, fibres, or platelets may be dispersed within the

alumina matrix due to their enhancement of crack defection and

grain bridging mechanisms [1–3]. These mechanisms dissipate

considerable strain energy through frictional motion of the

reinforcement phase against the matrix during elastic stretch-

ing, debonding, and pull-out. Thus, increases in the number,

diameter, and debond length of such bridging reinforcements

would be expected to enhance the toughening effects. However,

incorporation of high aspect ratio particles by powder

processing results in the formation of transient stresses during

sintering, leading to poor densification of the ceramic [4].
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Therefore, advanced manufacturing techniques such as

colloidal processing, hot pressing, or isostatic pressing are

required in order to produce composites with high relative

density and good mechanical properties [5–7].

In view of this, interest is growing in the design of toughened

ceramics whose microstructures exhibit plate-like grain

morphologies. The presence of in situ platelets may act as

effective bridging sites in the crack wake, resulting in improved

fracture resistance. This concept of ‘‘in situ toughening’’ or

‘‘self-reinforcement’’ has already been demonstrated for silicon

nitride (Si3N4) [8–10], silicon carbide (SiC) [11,12], and more

recently alumina [13–18] ceramics, where elongated grains are

grown within the matrix in order to improve the fracture

toughness and Weibull modulus. In self-reinforced silicon nitride

ceramics, the controlled nucleation of elongated b-Si3N4 grains

within the a-Si3N4 matrix may result in strength values>1 GPa

and toughness values>10.0 MPa m1/2. Similar improvements in

mechanical properties have also been obtained for self-

reinforced SiC through the b! a phase transformation. Using

a similar approach, self-reinforced alumina ceramics with

improved fracture toughness have been developed through the

addition of: CaO to form elongated calcium hexaluminate (CA6)

grains [19,20]. In recent years, Al2O3–CA6 composites have
na Group S.r.l. All rights reserved.
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Fig. 1. Back-scattered electron micrograph showing a typical microstructure of

an infiltrated and sintered sample showing the graded distribution of CA6

platelets in the graded region.

D. Asmi, I.M. Low / Ceramics International 34 (2008) 311–316312
been widely studied as structural materials since it was found that

Al2O3 containing CA6 platelets showed a more pronounced R-

curve behaviour than a composite containing equiaxed grains

[21–23] It has been shown that the increase in aspect ratio of CA6

grains increases the crack growth resistance, and the crack

morphology is planar when CA6 grains are equiaxed, and

tortuous when they are plates.

Recently, liquid infiltration has emerged as an extremely

useful method for tailoring or designs functionally graded

ceramic materials. Using this infiltration process, it is possible

to design new materials with unique microstructures (i.e.

graded, multiphase, microporous, etc.) and unique thermo-

mechanical properties (i.e. graded function, designed residual

strains, thermal shock, etc.). This technique has been

successfully adopted by various researchers to fabricate novel

graded materials such as mullite/alumina [24,25], mullite/

zirconia-toughened alumina [26], alumina titanate/zirconia-

alumina [27,28], and aluminium-titanate/alumina [29,30].

In this paper, we describe the synthesis of a graded and self-

reinforced alumina/CA6 system using an infiltration process.

The resultant microstructure has a heterogeneous CA6/alumina

graded layer for toughness and crack dispersion, and a

homogeneous alumina layer for hardness and wear resistance.

The influence of a graded CA6 dispersion on the physical,

thermal and mechanical properties is discussed.

2. Experimental procedure

The alumina perform was fabricated by uniaxial pressing of

alumina powder at 75 MPa to yield samples of dimensions

5 mm � 12 mm � 60 mm. Infiltration of the porous preform

was conducted at room temperature by partial immersion in a

solution of calcium acetate for 5 h. The infiltrated preform was

then dried at room temperature for 24 h prior to heat-treatment

in a high temperature furnace at 1400 8C for 12 h to allow for

the growth of CA6 platelets, followed by densification at

1650 8C for 2 h, and then furnace-cooled. Fig. 1 shows a typical

microstructure showing the graded distribution of CA6 platelets

in the infiltrated and sintered sample.

The values of bulk density, apparent porosity, and shrinkage

of the sintered samples were determined using the Archimedes

principle according to Australian Standard [31] with de-ionised

water as the immersion medium. The volumetric shrinkage of

the samples was determined by measuring their volume before

infiltration (Vi) and after sintering (Vf). The volume shrinkage

(Sv) was calculated using following equation:

Sv ¼
V i � V f

V i

(1)
Table 1

Values of weight gain, density, porosity, and shrinkage for alumina and graded alu

Sample Dm (%) Density (r) (g/

Alumina (control) �0.8 (2) 3.92 (3)

Graded alumina/CA6 8.7 (4) 3.86 (4)

Dm, weight difference before infiltration and after sintering. Values in parentheses
The thermal expansion and densification behaviour of green

alumina and graded alumina/CA6 samples at temperature in the

range 20–1500 8C using a THETA 160 dilatometer calibrated

with a NIST single crystal shappire standard. A bar shaped

sample with dimensions of 4 mm � 4 mm � 10 mm was

prepared for the measurement. Simultaneous DTA and TGA

measurements on the composites were carried out on a Netzsch

STA-409C instrument in nitrogen atmosphere.

Indentation hardness was measured using a ZWICK

microhardness tester with Vickers diamond pyramid. All the

samples used for indentation tests were prepared by cold-

mounting in resin and diamond polishing the test surface

beginning at 40, 15, 9, 6, 3 mm, and finishing with 1 mm grade

diamond. The samples were indented using a load of 98 N with

a minimum of three indents made for each measurement. The

indentation half-diagonal lengths and the radial surface crack

lengths were measured directly using a micrometer attached to

the sample stage. The average half-diagonal length and average

radial surface crack length were used to calculate hardness and

fracture toughness.

3. Results and discussion

3.1. Physical and thermal properties

Table 1 shows the comparative values in shrinkage, density,

porosity, and mass change due to infiltration after sintering for

both alumina as control and the graded alumina/CA6. The

weight gain measurement method of Criado et al. [32] was used

to estimate the amount of CA6 incorporated into the alumina
mina/CA6 samples

cm3) Porosity (P) (%) Shrinkage (Sv) (%)

1.7 (2) 45.3 (2)

3.6 (3) 38.2 (2)

are the estimated standard deviation of the values to the left.



Fig. 2. Thermal expansion and shrinkage behaviour for the functionally graded

A/CA6 composites and alumina for the temperature range 20–1500 8C. Tdens

indicates the temperature at which densification commences and Smax indicates

the maximum shrinkage.

Fig. 3. Thermal analysis for calcium acetate in the temperature range 20–

1000 8C: (a) DTA and (b) TGA.
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preform. This method is based on the weight difference

between the alumina preform prior to infiltration and the

composite body after sintering. Note that the CA6 content

calculated using this method yielded a bulk concentration and

therefore provided no information on the distribution of the

CA6 within the composite body. As expected, the infiltrated

sample increased in mass after sintering with a mass gain of

8.7%. This implies that a new phase had been introduced into

alumina preform, i.e. the formation of CA6 via in situ reaction

of alumina and CaO (from decomposition of calcium acetate)

as follows:

6Al2O3þCaO ! CaAl12O19 ðCA6Þ (2)

Crystallographic density values of 3.786 g/cm3 for CA6

(PDF No. 84-1613, ICDD data base) and 3.986 g/cm3 for a-

Al2O3 (PDF No. 43-1484) were used to compute the theoretical

density for the graded alumina/CA6 sample based on the rule of

mixtures and a value of 3.97 g/cm3 was obtained. The measured

densities for the sintered graded and control samples were

3.86 � 0.04 and 3.92 � 0.03 g/cm3, which represent 97.5 and

98.3% theoretical densities. This suggests that both samples

sintered well and achieved near full density. The slightly lower

value for the graded sample when compared to the control

sample can be attributed to the presence of CA6 phase, which

may hinder the densification process. The porosity results show

that the graded sample was slightly more porous than the

control sample.

The volume shrinkages of graded and control samples were

reduced by as much as 38.2 and 45.3%, respectively, after

sintering at 1650 8C for 2 h. The lower shrinkage in the former

can be attributed to the formation of CA6 with a concomitant

volume expansion [33].

3.2. Thermal expansion and shrinkage behaviour

Fig. 2 shows the plots of thermal expansion and densification

versus temperature for both alumina and graded alumina/CA6

samples. The starting temperature at both samples commenced

to densify was �1137 8C for alumina and �1206 8C for the

graded sample. The maximum shrinkage of the graded sample

occurred at �1352 8C which is slightly higher than of alumina

at �1347 8C. This implies that the formation CA6 has hindered

the processes of sintering and densification in the graded

sample. The average thermal expansion coefficient for the

graded sample was 9.11 � 10�6 8C�1 which is higher than that

of alumina (i.e. 8.63 � 10�6 8C�1).

3.3. Differential thermal and gravimetric analyses (DTA

and TGA)

Fig. 3 shows the simultaneous DTA and TGA plots for the

calcium acetate as recorded in the temperature range 20–

1500 8C. A heating rate of 10 8C/min was used to carry out this

analysis. Two small endothermic peaks at 162 and 206 8C in the

DTA curve (Fig. 3a) associated with the first weight lost in the

TGA curve (Fig. 3b) can be attributed to a two-step dehydration

process [34]. First, one molecule H2O is lost, forming



Fig. 4. Thermal analysis for the graded alumina/CA6 sample in the temperature

range 20–1000 8C; (a) DTA and (b) TGA.

Fig. 5. Variation of Vickers hardness as a function of distance for the graded

alumina/CA6 sample tested at a load of 98 N. The shaded box at the left

represents the average Vickers hardness for the alumina control sample. Error

bars indicate two estimated standard deviations (2s).
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Ca(CH3COO)2�H2O, and its subsequent formation of semihy-

drate Ca(CH3COO)2�0.5H2O that becomes anhydrous at 180–

220 8C given by:

CaðCH3COOÞ2�H2O þ H2O ! CaðCH3COOÞ2�2H2O (3)

CaðCH3COOÞ2�2H2O ! CaðCH3COOÞ2�H2O þ H2O (4)

CaðCH3COOÞ2�H2O ! CaðCH3COOÞ2�0:5H2O þ 0:5H2O

(5)

CaðCH3COOÞ2�0:5H2O ! CaðCH3COOÞ2þ 0:5H2O (6)

By further heating calcium acetate decomposes at temperatures

between 340 and 480 8C with releasing volatiles, acetone in an

oxidising and forming CaCO3 given by:

CaðCH3COOÞ2 ! CaCO3þCH3COCH3 (7)

The acetone, CH3COCH3 further decomposes at high tempera-

tures to allene, CH2 C CH2 and this compound can be burnt

with oxygen [35]. The endothermic peak at 803 8C corresponds

to the decomposition of the residual carbonate CaCO3 to form

calcium oxide CaO and carbon dioxide CO2 as follows:

CaCO3 ! CaO þ CO2 (8)

Fig. 4 shows the simultaneous DTA and TGA results for the

graded alumina/CA6 sample as recorded in the temperature

range 20–1500 8C. An exothermic peak appears at�435 8C can

be related to the removal of absorbed water, residual hydroxyl

groups, and organic materials and decomposition of calcium

acetate. The endothermic peak at �763 8C which can be

associated with the substantial weight losses on the TGA curve

(Fig. 3b), indicates the decomposition of calcium carbonate to

form calcium oxide. Interestingly, there was no endothermic or

exothermic peaks observed at�1350 8C due to the formation of

CA6 phase. This suggests that the rate formations for the

calcium aluminates (CA, CA2, and CA6) phases are very

sluggish and the growth of the calcium aluminates is diffusion-

controlled and strongly time-dependent.

3.4. Mechanical properties

The Vickers hardness measurement as a function of depth

for the FGM sample from the graded alumina/CA6 layer to the

homogeneous alumina layer was performed on the polished

surface. Indentation was made at the distances corresponding to

�1.0, 2.9, 4.2, 5.9, 7.6, 9.9, 12.3, 15.1, 17.0, and 18.0 mm from

the graded layer. Fig. 5 shows the variation of Vickers hardness

as a function of distance for the graded sample, i.e. from the

graded layer to the non-graded Al2O3 region, as well as the

average hardness for the control sample. It is evident the

hardness increased markedly from the graded region to the non-

graded region and then leveled-out. At �1.0 mm distance, the

hardness of material was only 10.6 GPa, then markedly

increased to 17.2 GPa at �9.9 mm distance, followed by a

steady increase thereafter. This display of graded variations in

hardness is expected since the concentration of relatively soft

CA6 decreases with distance as confirmed by our synchrotron

radiation and X-ray diffraction results previously reported



Fig. 6. Variation of fracture toughness as a function of distance for the graded

sample tested at a load of 98 N. The shaded box at the left represent the average

fracture toughness for the alumina control sample. Error bars indicate two

estimated standard deviations (2s).
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[36,37]. The average hardness of 17.5 GPa in non-graded

region is only slightly lower than that of 17.8 GPa measured for

the alumina control sample.

Fig. 6 shows the variations of fracture toughness as a

function of distance for the graded sample, i.e. from the graded

region to the non-graded alumina region. The average fracture

toughness for the alumina control sample is also shown. It is

evident that the fracture toughness decreased gradually with

increasing distance in the graded region and leveled-out in the

non-grade region. At�1.0 mm distance, the fracture toughness

of material is 6.0 MPa m1/2, then decreased to 3.9 MPa m1/2 at

�9.9 mm distance and leveled-out thereafter. Again, this

display of graded variations in fracture toughness is expected

since the concentration of relatively soft CA6 decreases with

distance [36,37]. The display of a higher fracture toughness in

the graded region than the non-graded alumina region can be

attributed to the presence of elongated CA6 grains which has

imparted crack-energy dissipation through crack deflection and

crack-bridging. These crack–tip interactions with the CA6
Fig. 7. Back-scattered electron micrograph of a graded alumina/CA6 sample

with a Vickers indent showing crack deflection (labeled as ‘D’) and crack-

bridging (labeled as ‘G’).
platelets are evident in the back-scattered electron image shown

in Fig. 7.

4. Conclusion

The presence of CA6 phase in Al2O3 matrix has a significant

effect on the physical, thermal, and mechanical properties of

the graded alumina/CA6 composite. The presence of CA6 has

hindered slightly the process of sintering and densification in

alumina matrix. The graded composites exhibited a lower

hardness in the graded-region (A/CA6) than the non-graded

alumina region which can be attributed to the presence of a

large amount of relatively soft CA6 in the former. Similarly, the

fracture toughness decreased gradually with increasing

distance in the graded region and leveled-out in the non-

graded region. The improved fracture toughness in the graded

region can be attributed to the display of energy dissipative

processes such as crack deflection and crack-bridging by the

CA6 platelets.
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