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Abstract

An ultra-fine alumina powder was doped with yttrium or zirconium chloride to produce Al2O3–5 vol.%ZrO2 (AZ-5) and Al2O3–5 vol.%YAG

(AY-5) composite powders. Composite samples and pure alumina, used as a reference, were submitted to dilatometric analyses up to 1500–1550 8C
at 2, 5 and 10 8C/min for supplying the data required for the modeling of their sintering behaviour. The best fit for the three samples was obtained by

applying an Avrami–Erofeev nucleation and growth model (An) and a subsequent power law reaction (AnFn). The evolution of the activation

energy with densification is given for the three samples, as well as the prediction of their best sintering conditions. Finally, densification mechanism

for the immiscible (AZ-5) and miscible (AY-5) systems are hypothesized and correlated with their final microstructures.
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1. Introduction

In the last years, alumina-based nanocomposites have been

widely investigated, since they show enhanced mechanical

properties at room as well as at high temperature [1–3] as

compared to the neat matrix. It was demonstrated that most

mechanical improvements can be imputed to a clear modifica-

tion of the matrix microstructure induced by the second phases,

able to suppress abnormal grain growth and induce a better

control of the grain morphology through the well-known

pinning effect [4,5].

Among the several oxide-based alumina composites already

developed [1,2], most studies are currently focused on Al2O3/

ZrO2 (zirconia toughened alumina, ZTA) [6–11] and on Al2O3/

Y3Al5O12 (YAG) [12–16] particulate composites.

In fact, the dispersion of 5–20 vol.% tetragonal zirconia

particles in the alumina matrix can significantly improve the
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fracture toughness of the neat matrix due to the t/m

transformation  of zirconia phase under loading. As a result,

ZTA is nowadays effectively used in manufacturing of cutting

tools, dies or prosthesis components [17]. Alumina–YAG (AY)

composites are, indeed, promising for high-temperature

applications [13,18–21] thanks to the excellent creep

resistance of YAG [22]; in addition, the garnet phase is stable

in contact with Al2O3 up to 1700 8C [23], which indicates that

YAG ought to be a suitable reinforcing phase in alumina

matrix.

The synthesis of high purity, nano-crystalline ZTA as well

as AY composite powders has been successfully demon-

strated in a large number of publications [8,11]. In particular,

if wet-chemical routes like sol–gel [24–26] or co-precipita-

tion [27,28] are applied, significant advances in powders

features (like purity, chemical homogeneity, particle size and

morphology tailoring) can be obtained [28]. In spite of this,

the consolidation of nanopowders to full or nearly full

density without appreciable grain growth still represents a

significant practical challenge; moreover, when composite

materials are densified, additional limitations arise from

differences in diffusion mechanisms and densification/

coarsening temperatures of the phases involved. To overcome
d.
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this problem, unconventional sintering techniques have been

proposed, such as microwave sintering [29], hot pressing and

hot-isostatic-pressing [16,18,19,30] or even new densifica-

tion technologies, like PECS or SPS [31–33].

However, the real goal in ceramic processing and

engineering is to develop manufacturing techniques able to

produce large-scale, excellent quality materials at reasonable

price.

With this perspective, the manufacturing of Al2O3–

5 vol.%ZrO2 (AZ-5) and Al2O3–5 vol.%YAG (AY-5) compo-

site powders is here obtained by a simple, reliable method,

already described in some previous papers [34–36]. It consists

on the surface modification of alumina powders with inorganic

precursors of the second phases. Upon heating, different

phenomena take place; in fact, in the case of immiscible phases

(AZ-5), tetragonal zirconia directly crystallizes on the alumina

surface [34] while in the miscible system (AY-5), yttrium

diffuses into the alumina bulk and solid-state reaction occurs to

produce YAG [35].

With respect to previous works, this paper intends to

investigate the role of such miscible and immiscible dopants on

the sintering kinetics, during pressure-less processes, and on the

microstructural development of the final composites. To

achieve such a goal, the densification behaviour of the green

ceramic bodies was investigated at several different constant

heating rates, in a dilatometer. The results were analysed using

an advanced thermokinetic programme module carried out by

Opfermann et al. [37], which allowed to predict the sintering

behaviour.

The aim of this work is twofold: by one side, to determine

the activation energies and the types of reaction for the

immiscible (AZ-5) and miscible (AY-5) systems and correlate

such parameters to the final microstructures; on the other side,

to engineer the sintering cycle by optimizing the density while

minimizing the sintering temperature and/or dwell time, thus to

obtain a reliable, cost-efficient process.

2. Experimental

A commercial, a-alumina powder (TM-DAR TAIMICRON,

supplied by Taimei Chemicals Co., Japan), here referred to as

A, was used to develop 95 vol.% alumina–5 vol.% zirconia

(AZ-5) and 95 vol.% alumina–5 vol.% YAG (AY-5) nanocom-

posites. Precursors of the second phases were ZrCl4 (Fluka,

>98% purity) and YCl3�6H2O (Aldrich, 99.99% purity). More

details on the powders elaboration method are reported

elsewhere [34].

The doped alumina powders were submitted to suitable

thermal pre-treatments, with the aim of inducing the second

phases crystallization and limiting the residual mass loss during

the subsequent sintering. Precisely, AZ-5 was calcined at

600 8C for 1 h (heating and cooling rate of 10 8C/min), thus to

induce the crystallization of tetragonal zirconia grains on the

alumina surface [34]. The formation of yttrium-aluminates

particles requires, indeed, a higher-temperature treatment [34].

Precisely, traces of the monoclinic Y4Al2O9 phase were

produced on the alumina surface after calcination at 1050 8C
for 5 min in AY-5; however, to limit agglomeration during

calcination as well as to reduce the second-phase crystallite

size, such treatment was carried out through a flash heating

[36], by plunging the powder in a tubular furnace kept at the

aforementioned temperatures. It should be pointed out that this

manufacturing procedure allows the production of highly-pure

composite powders; in fact, as demonstrated in a previous paper

[34], after calcination at 1500 8C, only tetragonal zirconia is

present in AZ-5 samples (even without phase stabilizers) and

pure YAG is found in AY-5 materials.

Aqueous suspensions (solid load of 50 wt.%) of A, AZ-5

calcined at 600 8C and of AY-5 flashed heated at 1050 8C, were

dispersed by ball-milling, carried out for 48–144 h: as a result,

the three powders achieved a similar grain size distribution,

with an average agglomerate size of 0.45 mm [34].

Samples A, AZ-5 and AY-5 were uniaxially pressed into

bars of 17 mm � 5 mm � 5 mm at 300 MPa and sintered in a

dilatometer (Netzsch 402E) up to 1500 (sample A) or to

1550 8C (samples AZ-5 and AY-5) at three different heating

rates (precisely at 2, 5 and 10 8C/min), to supply the data

required for the modeling of their sintering behaviour by

multivariate regression [37]. The determination of the

sintering kinetics starts from a model free estimation of

activation energies and pre-exponential factors according

Ozawa–Flynn–Wall or Friedman [38,39]. Based on these

starting data different kinetic models were tested with respect

to their prediction  quality. A prediction of sintering behaviour

of each material was made with the best fitting models to

determine optimum sintering parameters (in case of trans-

formation toughened materials, such as AZ-5, this approach

leads to the material with the highest hardness but may not

lead to the material with the best mechanical properties, such

as bending strength and fracture toughness, which require a

certain zirconia grain size which is developed by controlled

‘‘oversintering’’).

The final density of the composites was determined by

Archimedes’s method and referred to the respective theoretical

density (TD), calculated by the rule of mixture, assuming

values of 3.99 g/cm3 (JCPDS file no. 46-1212), 4.55 g/cm3

(JCPDS file no. 33-0040) and 6.10 g/cm3 (JCPDS file no. 79-

1763) for a-alumina, YAG and tetragonal ZrO2, respectively.

Precisely, TD of 4.02 and 4.10 g/cm3 were calculated for AY-5

and AZ-5, respectively.

The microstructures of the fired samples were characterized

by SEM (Hitachi S2300) and FESEM (Hitachi S4000);

observations were performed on the polished and thermally

etched fired samples. Image analysis was carried out on several

microstructures, allowing to determine alumina as well as

second phase size and distribution.

3. Results and discussion

Table 1 collects the green density of pressed A, AZ-5 and

AY-5 samples; we can observe a slightly higher value for A as

compared to the composites. The three materials were then

sintered at 1500–1550 8C at 2 8C/min, 5 8C/min and 10 8C/min,

as detailed in Section 2.



Table 1

Green and fired density of A sintered at 1500 8C and of AZ-5 and AY-5 sintered

at 1550 8C at 2 8C/min, 5 8C/min and 10 8C/min (no soaking time).

Green density, g/cm3 (%TD) Fired density (%TD)

2 8C/min 5 8C/min 10 8C/min

A 2.27 (57.3) 99.2 99.0 99.0

AZ-5 2.12 (53.0) 98.7 98.5 98.5

AY-5 2.14 (53.2) 99.6 98.2 99.0
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The linear shrinkage of alumina green body at constant

heating rates is depicted in Fig. 1 in the 800–1500 8C range.

The onset sintering temperature was detected at about 1000 8C
for all the samples, whereas the maximum densification rate is

displayed at higher temperatures while increasing the heating

rate. Precisely, it occurs at about 1220, 1250 and 1265 8C at

2 8C/min, 5 8C/min and 10 8C/min, respectively. The same

trend was also observed for the composite materials. In spite of

these differences, sample A and the composites reached almost

full densification, independently from the heating rate, as

reported in Table 1.

Fig. 2 shows some representative micrographs of A sintered

at 2 8C/min (a), 5 8C/min (b) and 10 8C/min (c). A hetero-

geneous microstructure can be observed in the first case. In fact,

a bimodal grain size distribution is well evident, in which

elongated or tabular alumina grains are surrounded by finer,

almost equiaxial particles. An average size of 0.71 mm for the

equiaxial fraction of grains was determined by image analysis.

For the elongated ones, which represent about the 28% of the

alumina particles, the aspect ratio (a.r.) was determined,

yielding a mean value of 2.6. The sample fired at 10 8C/min

presents, on the contrary, a quite monomodal grain size

distribution; the microstructure is made by equiaxial alumina

grains, while abnormally growth particles were never observed.

The grain coarsening observed in the low-rate sintered material

was reasonably imputed to the longer exposition time in the

high-temperature range. An intermediate situation was finally

observed for sample A sintered at 5 8C/min since in this

microstructure just few elongated grains were present.
Fig. 1. Linear shrinkage of sample A during sintering up to 1500 8C at 2 8C/

min, 5 8C/min and 10 8C/min.

Fig. 2. SEM micrographs of sample A sintered at 1500 8C at 2 8C/min (A),

5 8C/min (B) and 10 8C/min (C).
Similar considerations can be done for AZ-5 nanocompo-

sites, as shown in Fig. 3 for the 2 8C/min (A), 5 8C/min (B) and

10 8C/min (C) fired samples. In this case, a heterogeneous

microstructure made by both coarsened and fine alumina grains

can be observed in all three materials; however, the lower the

heating rate, the higher the amount of coarsened grains. Similar

ZTA microstructures were already described in literature

[4,40,41], particularly when low zirconia volume fractions

were used (up to 5 vol.%) or when the second phase distribution

was not sufficiently uniform to hinder the growth of all alumina

grains [4]. By observing the three AZ-5 microstructures, a

further difference can be pointed out: in fact, in the -low-rate



Fig. 3. FESEM micrographs of sample AZ-5 sintered at 1550 8C at 2 8C/min (A), 5 8C/min (B) and 10 8C/min (C); BSE-FESEM image of AZ-5 sintered at 2 8C/min

(D).
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densified sample, ZrO2 grains were located at both inter and

intra-granular positions, as clearly shown in the BSE image of

Fig. 3(D), while a predominant location of zirconia particles in

inter-granular positions was observed in the high-rate sintered

AZ-5. In both cases, the size of the intra-grains was

significantly lower as respect to the inter-ones, as given in

Table 2. A similar observation was already reported in literature

by Lange and Hirlinger [4], showing a correlation between the

alumina growth mechanism and the zirconia distribution and

size and explained on the ground of the 2nd phase content in the

matrix. According to this work, upon heating the ZrO2 particles

exhibit sufficient self-diffusion to move within the alumina

grain boundaries; as a consequence, near the effective dragging
Table 2

Average grain size and standard deviation of equiaxial Al2O3, ZrO2 and YAG particl

nanocomposites.

Sample Equiaxial

Al2O3 grains (mm)

Elongated

Al2O3 grains (a.r.)

A—10 8C/min 0.65 � 0.33 – 

A—5 8C/min 0.70 � 0.30 Few 

A—2 8C/min 0.71 � 0.20 2.61 � 0.60 

AZ—5–10 8C/min 0.40 � 0.33 2.46 � 0.47 

AZ—5–5 8C/min 0.55 � 0.21 2.57 � 0.51 

AZ—5–2 8C/min 0.65 � 0.11 2.35 � 0.39 

AY—5–10 8C/min 0.76 � 0.28 – 

AY—5–5 8C/min 0.93 � 0.32 – 

AY—5–2 8C/min 0.97 � 0.48 – 
force exerted by the second phase, growth of zirconia inclusions

(which remain located at inter-granular position) occurs by

coalescence. On the contrary, abnormal grain growth appears in

the regions with a lower zirconia concentration, where not all

the alumina 4-grain junctions are filled: the matrix particles

grow into larger ones, while finer zirconia grains are

incorporated.

A different microstructural development was finally pre-

sented by the AY-5 samples (Fig. 4), since in these materials

elongated or even abnormally growth alumina grains were

never observed, independently from the heating rate. However,

for both alumina and YAG phases, slightly higher average grain

size was found by lowering the heating rate. In all samples YAG
es and aspect ratio (a.r.) of the elongated Al2O3 grains in A and AZ-5 and AY-5

Inter-ZrO2

grains (mm)

Intra-ZrO2

grains (mm)

Inter-YAG

grains (mm)

Intra-YAG

grains (mm)

– – – –

– – – –

– – – –

0.34 � 0.03 0.20 � 0.07 – –

0.35 � 0.04 0.20 � 0.03 – –

0.46 � 0.05 0.14 � 0.02 – –

– – 0.30 � 0.01 0.18 � 0.06

– – 0.31 � 0.03 0.21 � 0.07

– – 0.35 � 0.01 0.20 � 0.07



Fig. 4. FESEM micrographs of sample AY-5 sintered at 1550 8C at 2 8C/min

(A), 5 8C/min (B) and 10 8C/min (C).

Fig. 5. Sintering (A) and derivative (B) curves in the 800–1550 8C range at the

heating rate of 5 8C/min for sample A (solid line) and for AZ-5 (dashed line) and

AY-5 (dotted line) composites.
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was predominantly located in inter-granular positions; when

observed, the intra-grains were again characterized by a smaller

size as compared to the inter ones. A possible explanation for

the different microstructures observed in samples AZ-5 and

AY-5 is presented in the followings.Dilatometry data of all

materials were imported to Netzsch Thermokinetics software

and best fitting models were determined. Different sintering

behaviour of the three materials becomes clear upon comparing

their dilatometry curves in one diagram: as an example, Fig. 5
reports the sintering (A) and the derivative (B) curves of the

three materials collected at 5 8C/min. While the sintering of A

starts at 1000 8C, sintering of both composites is delayed to

1100 8C (AZ-5) and 1150 8C (AY-5), as already stated by

literature [34–36]. In addition, second phases also rise the

temperature of maximum sintering rate in comparison with

pure alumina as shown by the derivative curves in Fig. 5(B). We

can observe, in fact, that A has a very flat sintering curve with a

maximum densification rate at 1250 8C, while the very steep

curves of AY-5 and AZ-5 look very similar with maximum

densification rates at 1350 8C (AZ-5) and 1375 8C (AY-5).

The steeper slope of the composites hints at higher activation

energies; this assumption is confirmed by the results of model-

free estimations of activation energy (Fig. 6). In fact the

activation energy of A declines from 1500 to 800 kJ/mol with

proceeding densification. AY-5 and AZ-5 show an almost

identical scheme with constant activation energy of �1000 kJ/

mol between 0% and 80% densification and a final rise to

1700 kJ/mol in the final densification stage. This rise hints at a

change in mechanism and at a sluggish densification behaviour

in the final stage requiring much higher sintering temperatures

than A. (The higher standard deviation of activation energies in

A can be explained by the much lower quality of raw data; in the



Fig. 6. Activation energy vs. fractional length change for A, AZ-5 and AY-5

samples.
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final stage a crossover of two curves 5 8C/min and 10 8C/min

was observed.)

For alumina two models were tested, a single stage Avrami–

Erofeev nucleation and growth model (An) and a two stage

model with a subsequent power law step (AnFn).

The length change with time in an Avrami–Erofeev type

kinetics can be described by a formula of the type:

dl

dt
¼ �k0e�ðEA=RTÞnlð�lnðlÞÞðn�1Þ=n

(1)

with l = length, n = nucleation dimension and k0 = pre-expo-

nential factor, EA = activation energy. Evidently a reduction in

n leads to an acceleration of length change.
Table 3

Kinetic parameters for 1-stage and 2-stage models calculated for A.

Model log A1 (s�1)a Ea1 (kJ/mol)b Nucl. f. 1c log A2 (s�1)a Ea

An 29.41 � 17.87 941 � 520 0.229 � 0.112 – – 

AnFn 36.46 � 6.92 1095 � 196 0.273 � 0.055 23.66 � 7.08 78

a log An (s�1): logarithm of the pre-exponential of reaction step n.
b Ean: activation energy of reaction step n.
c Nucl. f. 1: nucleation factor of reaction step 1.
d Order 2: order of reaction for reaction step 2.
e Foll-react. 1: portion of total shrinkage of consecutive reaction 1.

Table 4

Kinetic parameters for 1-stage and 2-stage models calculated for AY-5.

Model log A1 (s�1)a Ea1 (kJ/mol)b Nucl. f. 1c log A2 (s�1)a Ea

An 29.75 � 5.85 1026 � 183 0.373 � 0.057 – – 

AnFn 29.15 � 0.84 986 � 27 0.477 � 0.0055 32.55 � 1.85 11

a log An (s�1): logarithm of the pre-exponential of reaction step n.
b Ean: activation energy of reaction step n.
c Nucl. f. 1: nucleation factor of reaction step 1.
d Order 2: order of reaction for reaction step 2.
e Foll-react. 1: portion of total shrinkage of consecutive reaction 1.
In a power-law kinetics, length change velocity can be

described by a formula of the type:

dl

dt
¼ �k0e�ðEA=RTÞln (2)

A high formal reaction order leads to a low reaction rate at high

fractional length change.

The results are summarized in Table 3. The two stage model

leads to higher prediction quality and an activation energy of

about 1100 kJ/mol for the first step and an activation energy of

about 800 kJ/mol for the second step. Standard deviations show

a relatively high scattering of modeling data, a fact which was

already revealed in the model-free estimation. Introduction of a

third reaction step (not shown) did not lead to a further

refinement in model quality and was thus not further

considered.

The AY-5 composite (Table 4) also reaches the best fit

quality with the two stage Avrami–Erofeev and subsequent

power law reaction (AnFn). The rise in activation energy with

increasing densification (see Fig. 6) is well represented as well

as the fraction of reaction 1 (70% fits well with model-free

estimation data). Compared to the model of sample A the fit

quality is significantly improved.

As mentioned, the AZ-5 composite behaves very similar to

the AY-5 material. Best fit quality was obtained with the two

stage Avrami–Erofeev and subsequent power law reaction

(AnFn) (see Table 5). Reaction 1 covers 80% of densification,

reaction 2 with higher activation energy covers the final

densification reaction. Prediction quality of the AZ-5 model

was the best of all three models.

As an example, Fig. 7 compares the sintering curves of AY-5

at the three heating rates with fits given by Avrami–Erofeev
2 (kJ/mol)b Order 2d Foll-react. 1e Corr.

coeff.

Least

squares

Durbin–

Watson

– – 0.9988 81 5.72

9 � 204 3.11 � 0.68 0.593 � 0.153 0.9998 12 4.26

2 (kJ/mol)b Order 2d Foll-react. 1e Corr.

coeff.

Least

squares

Durbin–

Watson

– – 0.9996 37.4 3.88

36 � 60 2.48 � 0.12 0.689 � 0.052 0.9999 1.98 2.04



Table 5

Kinetic parameters for 1-stage and 2-stage models calculated for AZ-5.

Model log A1 (s�1)a Ea1 (kJ/mol)b Nucl. f. 1c log A2 (s�1)a Ea2 (kJ/mol)b Order 2d Foll-react. 1e Corr.

coeff.

Least

squares

Durbin–

Watson

An 30.0 � 0.88 1023 � 183 0.335 � 0.057 – – – – 0.9998 10.3 2.28

AnFn 28.52 � 0.8 963 � 27 0.377 � 0.0117 35.81 � 2.48 1236 � 69 2.53 � 0.19 0.799 � 0.036 0.9999 3.4 1.833

a log An (s�1): logarithm of the pre-exponential of reaction step n.
b Ean: activation energy of reaction step n.
c Nucl. f. 1: nucleation factor of reaction step 1.
d Order 2: order of reaction for reaction step 2.
e Foll-react. 1: portion of total shrinkage of consecutive reaction 1.
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(An) and subsequent power law reaction (AnFn), showing a

very good match between experimental and modeling data.

The main difference which leads to the delay in sintering

onset of AY-5 compared to AZ-5 is the higher nucleation factor

of the first reaction while pre-exponential factors and activation

energies are almost identical.

Please note that the models are purely macrokinetic

approaches (black box) which do not directly allow for

describing what happens at microstructural scale. The result

thus has to be ‘‘translated’’ to correlate the model and its

parameters to processes taking place during sintering.

Activation energies and pre-exponential factors can be easily

understood as parameters with real kinetic significance.

Nucleation factors and reaction orders are more difficult to

understand as neither reactions nor nucleation actually take

place in the ceramics. It is obvious that all phases are present

from the beginning and grains may coalesce but no new nuclei

are formed. A nucleation dimension of <1 has no physical

meaning. Nucleation dimensions and reaction orders are related

to the kinetics of different diffusion phenomena taking place in

the ceramics during sintering. In a very simplified manner, it

may be stated that ‘‘nucleation’’ in the models used for

sintering is related to diffusion processes leading to no or little

volume change. E.g. surface diffusion and volume diffusion

starting from the surface do not lead to densification but they
Fig. 7. Sintering curves of AY-5 and relative fits given by Avrami–Erofeev (An)

and subsequent power law reaction (AnFn) at 2 8C/min, 5 8C/min and 10 8C/

min.
reduce the free surface area and increase the area of the grain

boundary which in the next stage results in densification

processes starting from the grain boundaries.

As only volume diffusion starting from grain boundaries and

grain boundary diffusion lead to densification it may be stated

that the addition of a second phase no matter if miscible or

immiscible changes the kinetics of these two processes. One

may suspect that yttria which forms a very diffusion resistant

grain boundary film may be very efficient to retard these

processes, the result can be seen in the late onset of

densification described by higher activation energy and high

nucleation factor. In fact, a previous paper [35] demonstrated

that such yttrium-rich film homogeneously coated the alumina

particles, up to high temperature (about 1300 8C). Above this

value, and while proceeding with densification, yttrium started

to diffuse and formed yttrium-richer areas at alumina grain

boundaries or at triple points, finally giving rise to precipitation

of yttrium-aluminates. Such hypothesis well matches the AY-5

microstructures presented in Fig. 4, in which only inter-

granular YAG particles were observed, homogeneously

distributed into a fine-grained alumina matrix.

In alumina, diffusion processes along the grain boundaries

are not inhibited.

In the case of AZ-5 the processes are different. It is assumed

that the constituent phases are (almost) immiscible. Thus, a

retarding effect of a diffusion resistant film on the grain surface

can be ruled out. The numerous zirconia grains (already

crystallized at the temperatures involved with the sintering

process) on the surface do however prevent the converging of

the alumina grains. It requires some activation to grow the

nanoparticles, thus reduce their number, and create larger sites

where alumina grains do actually touch and develop grain

boundary areas where diffusion can proceed. The bimodal

alumina grain size distribution in this material (see Fig. 3) can

be due to ineffective pinning of the low zirconia amount at

alumina grain boundaries, as previously discussed. As an

alternative explanation, we can hypothesise very strong grain

boundaries between alumina and zirconia, so that alumina will

rather grow around the zirconia grains than ‘‘push’’ them aside

to triple points. In the final stage the second phase trapped in

triple points (as in AY-5) of the alumina grains would disturb

the formation of regular cube-octahedrons and act as a grain

refinement. In fact the alumina–zirconia grain boundaries seem

to be so strong that zirconia grains are incorporated and alumina

exhibits abnormal grain growth.
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Based on these models, predictions of sintering behaviour

were simulated. The graphs for the three materials are shown in

Fig. 8, assuming an infinitely fast heating to final temperature.

For sample A (a), assuming a dwell time of 3 h, a final

sintering temperature of 1375–1425 8C is required to achieve

full densification. AY-5 (b), despite the small grain size of the
Fig. 8. Prediction of sintering behaviour in isothermal conditions for A (A),

AZ-5 (B) and AY-5 (C) samples.
starting powder, requires sintering temperatures of >1450 8C to

reach full density at 3 h dwell. AZ-5 (c) requires 1400–1425 8C
at 3 h dwell for full densification. Following the above

predictions samples A and AZ-5 were densified at 1425 8C/3 h,

while AY-5 was sintered at 1475 8C/3 h (heating rate of 5 8C/

min), reaching full densification (99.9%TD for A, 99.8%TD for

AZ-5 and 99.7%TD for AY-5). Fig. 9 collects the related fired

microstructures.
Fig. 9. FESEM images of samples A (A) and AZ-5 (B) sintered at 1425 8C/3 h

and of AY-5 (C) sintered at 1475 8C/3 h.
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In the case of sample A (Fig. 9A), a highly dense

microstructure was yielded, in which some tabular grains

were still observed. An average alumina grain size of 0.88 mm

(�0.35) was determined.

Fig. 9(B) shows the fired microstructure of AZ-5. We still

observe a certain bimodal distribution of alumina grain size,

with both inter and intra-granular ZrO2 grains. Image analysis

supplied an average size of 0.29 (�0.09) and of 0.13 (�0.05)

for inter and intra-particles, respectively, confirming a

statistical smaller grain size for these last ones.

A homogenous microstructure was indeed observed in AY-5

(Fig. 9C): inter-granular YAG grains, having an average size of

0.24 mm (�0.06) were homogeneous distributed into the alumina

matrix, whose average size was 0.72 mm (�0.26). It is interesting

to note that alumina matrix is even finer in AY-5 sintered at

1475 8C than in the monolithic material densified at 1425 8C, thus

denoting an important pinning effect of YAG in the former case.

In spite of a mechanical characterization is not the aim of this

paper, we can reasonably suppose that the AY-5 developed

microstructure and its very high density could make this material

a potential candidate for high-temperature applications [20].

In contrast, the ultra-fine size of tetragonal zirconia in AZ-5

may not assure reasonable toughness, due to inhibited
Fig. 10. High (A) and low (B) magnifications FESEM images of AZ-5 sintered

at 1475 8C/3 h.
transformation into monoclinic phase [40]. So, in order to

develop microstructures able to assure high mechanical

performances, AZ-5 maximum sintering temperature was even

increased in the range 1450–1475 8C. In Fig. 10, the

microstructure of the sample sintered at 1475 8C for 3 h is

reported: once again, coarsened alumina particles were

observed, while average sizes for inter and intra-granular

ZrO2 of 0.4 mm (�0.17) and 0.16 mm (�0.07) were

respectively determined. If a comparison (at the same heating

rate of 5 8C/min) with values given in Table 2 is made, a slightly

higher average size for the inter-granular ZrO2 fraction was

here found, thus evidencing that a significant grain growth of

zirconia grains occurred during the 3-h dwelling at 1475 8C.

Additionally, we should mention that, in spite of the

heterogeneous microstructure presented by the alumina matrix

in AZ-5 composites, the zirconia distribution was quite

homogeneous, as shown in the lower-magnification image of

Fig. 10(B).

Finally, as an overall comment on this work, it was

surprising and instructive to see that two materials with – a

priori – totally different characteristics, AZ-5 and AY-5 with

very different final microstructures and chemical composition

develop an almost identical macrokinetic behaviour in

sintering. Thus the type of sinter modeling used can be

employed as a very useful engineering tool to optimize the

sintering cycles of new material compositions. However,

conclusions referring to microstructural changes (‘‘microki-

netics’’) have to made with extreme care and require

verification by observation of microstructural changes during

the sintering process in order not to come to wrong

interpretations.

4. Conclusions

The sintering behaviour and the microstructural develop-

ment of two composite materials, precisely, Al2O3–

5 vol.%ZrO2 (AZ-5) and Al2O3–5 vol.%YAG (AY-5), are here

investigated and compared to that of a pure alumina sample (A).

Pressed bars of the above powders were pressureless-

sintered in a dilatometer at 2 8C/min, 5 8C/min and 10 8C/min

up to 1500 8C (sample A) and 1550 8C (samples AZ-5 and AY-

5), yielding fully dense bodies.

A critical role of the heating rate on the fired microstructures

was evidenced since the lower the heating rate the higher the

average grain size of the reinforcing phases.

In addition, A produced a homogeneous microstructure if

heated at 10 8C/min, while coarsened, elongated grains were

progressively observed by decreasing the heating rate. A

bimodal alumina grain size distribution was even observed in

AZ-5 samples, independently from the heating rate, even if with

a higher extent in the 2 8C/min heated sample. Finally, in AY-5,

homogeneous microstructures were always observed.

The experimental sintering curves of the three materials were

very well fit by using an Avrami–Erofeev nucleation and growth

model (An) and a subsequent power law reaction (AnFn), here

employed to evaluate activation energy, nucleation factors as

well as reaction orders and types for the three materials. In
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addition, densification mechanisms for the composites have been

hypothesized and correlated with the developed fired micro-

structures.

Finally, the modeling approach was also successfully

employed to predict the best sintering conditions for sample

A (1375–1425 8C/3 h), AY-5 (1450–1475 8C/3 h) and AZ-5

(1425 8C/3 h), resulting in fully dense materials with more

controlled microstructural features.
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