
Introduction

Over the past 15 years, nanocrystalline oxide powders

have become available from a variety of synthesis

routes [1–3], but their processing to produce dense

bodies retaining the nano-scaled structure has not

proven easy. Frequently, the starting nanopowder is

not the thermodynamically stable phase at the

processing temperature, so that phase transformations

occur during the densification process. A typical

example is the transition alumina investigated in the

present study. The transformation of nano-sized

�-alumina occurs through stages of nucleation and

growth [4]; in the former, �-Al2O3 crystallites reach a

critical size and then transform to �-phase; in the latter,

the transformation comes to completion through the

coalescence of �-nuclei and their growth. The above

described transformation is also accompanied by an

increase of the theoretical density from transition to

�-alumina and to the formation of a vermicular

microstructure entrapping a relevant amount of intra-

granular, large pores [5, 6]. As a matter of fact, the

final stage of sintering must be performed at very high

temperatures to achieve full densification, but inducing

a relevant grain growth [7].

Many attempts have been experienced to over-

come the above limitation by increasing the material

sinterability. Recently, the milling of a transition

alumina was demonstrated to be effective in lowering

its transformation temperature [8] and even in

enhancing the densification by decreasing the �-alu-

mina maximum sintering temperature [7].

The decrease of the transformation temperature

was also successfully pursued by the addition of

�-seeds, which can dramatically enhance the kinetics

of the � to �-Al2O3 transformation and significantly

improve the microstructure of the transformed

�-alumina [9]. The introduction of the �-Al2O3 seeds

can be obtained through several routes, such as

addition of suitable amount of �-alumina powder

[5, 10, 11], high energy ball milling [12], prolonged

ball milling with �-Al2O3 spheres as seeds source

[11, 13] rapid heating of the powder at its trans-

formation temperature, prolonged annealing or flash

treatments of green bodies [6, 14].

Some innovative densification routes, such as

master [15, 16], rate-controlled [17] and two-step

[7, 18–20] sintering have been also exploited for

increasing sinterability of nanopowders, demon-

strating the effectiveness of new-designed thermal

cycles on the control of grain growth in well-den-

sified materials. Most studies are however devoted to

compositions which do not undergo a phase transition

during the thermal treatment, such as �-alumina,

yttria, ZnO and �-alumina-based composites [15, 18].

On the contrary, if reference is made to transition

aluminas, the above methods have not been system-

atically applied and only few data are present in

literature [7].

Recently, the role of the dispersion of a commer-

cial, nano-crystalline transition alumina powder on its

compaction ability and sinterability has been clearly

assessed and a very high densification degree has

been achieved also by properly varying the heating
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rate during firing [21]. However, in this investigation

the dispersion was achieved by ball-milling, using

�-alumina spheres, so that an even limited pollution

from the milling media could have reasonably

affected the crystallization temperature of �-alumina

[22], the densification behavior and the microstruc-

tural evolution, also inducing a relevant grain growth

in the final dense body [11].

As a matter of fact, in this paper also a well-

dispersed, but un-polluted material, obtained by a

prolonged magnetic stirring in aqueous medium, is

investigated in terms of sintering behaviour and

microstructural evolution. The aim of this paper is

twofold: firstly, we optimized the heating rate during

sintering for both nanostructured materials, precisely

for the ball-milled and stirred samples.

Secondly, on the ground of the recent scientific

literature [14], on the un-polluted material less con-

ventional multi-steps sintering cycles have to be applied

for a further retention of the primary particle size.

Experimental

A commercial, nanocrystalline transition alumina

powder (NanoTek
�
, supplied by Nanophase Tech-

nology, USA, labelled as A) [23] was used in this

study. A is characterized by crystallite size of about

50 nm, having spherical morphology; a full charac-

terization of A is detailed in some previous papers

[21, 24]. Water suspensions of A (7 vol.%) were

submitted to granulometric analyses (Laser particle

size analyzer Fritsch model Analysette 22 Compact)

to determine the starting agglomerate size distri-

bution. Aqueous slurries of A having a solid content

of 50 mass% were then prepared by dispersion in

distilled water, and the natural pH of 5.5 was

achieved. De-agglomeration was performed under

magnetic stirring (AMS), performed for variable times

up to 120 h, or by ball-milling (ABM) up to 2.5 h, by

using highly pure �-Al2O3 spheres (Bitossi, 2 mm in

diameter). Ball-milling was carried out by using

powder to spheres mass ratio of 1:10, at an angular

velocity of 130 rpm, selected on the ground of

literature data [25]. The degree of the agglomeration

in the dispersed slurries was monitored by granulo-

metric analyses.

Dried powders were ground into an agate mortar,

sieved under 125 �m and uniaxially pressed at

300 MPa; the green densities of the bars were

calculated from mass and geometrical measurements.

The sintering behaviour was investigated by

dilatometric analyses (Netzsch 402E) performed up to

1500°C for 3 h. Different heating rates in the range

0.5–10°C min
–1

were applied, whereas a cooling rate

of 20°C min
–1

was kept constant. Final densities were

calculated by exploiting green densities, final mass

and shrinkage data; the fired microstructures were

characterised by SEM (Hitachi S2300) performed on

fracture, un-treated surfaces.

In addition, on selected materials, sintering

cycles, characterized by steps at variable heating rate

(in the range 0.5–20°C min
–1
), mainly starting in

correspondence to some singular points detected on

the previous dilatometric curves, were also tested.

Results and discussion

An extensive characterization of the powder A and of

its classical, two-step linear shrinkage, during phase

transformation and sintering was already discussed in

some previous papers [21, 24]. After sintering at

1500°C for 3 h, the as-received A powder reached a

poor fired density of about 2.86 g cm
–3

(corre-

sponding to 72% of the theoretical value, TD, of

3.987 g cm
–3
). Dispersion was then performed prior of

forming and sintering to improve fired ceramic

quality.

Figure 1 shows the evolution of d50 values

(which correspond to the 50% of the cumulative

agglomerate size distribution, expressed by volume)

as a function of the dispersion time. It clearly appears

that 120 h of magnetic stirring as well as 2.5 h of

ball-milling were necessary to reduce the starting

agglomerate size of about one order of magnitude,

thus to produce ABM and AMS, having almost super-

imposable agglomerate size distributions. In the

insert, a zoom of the granulometric evolution of ABM

at short dispersion times is reported, showing similar

d50 values after 2.5 or 4.5 h of milling. For limiting as

much as possible the pollution of the sample from the

milling media, dispersion was stopped after 2.5 h.

PALMERO, LOMBARDI

Fig. 1 Evolution of d50 values as a function of the dispersion

time under magnetic stirring (AMS) and ball-milling

(ABM). In the insert, zoom of the particle size evolution

in ABM samples
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The dispersed powders were then pressed in

bars, yielding ABM and AMS green bodies having

similar density (about 2.15 g cm
–3
). Figure 2a

compares their dilatometric curves up to 1500°C for

3 h, with a heating rate of 10°C min
–1
. They presented

almost the same onset sintering temperature of about

1070°C. In contrast, a slight difference in T0�� value

was shown by the derivative curves, since it was

about 15°C lower in ABM. This feature should be

imputed to an expected seeding effect due to milling

media, even if �-phase was undetectable by XRD.

In addition, ABM presented a more pronounced total

linear shrinkage. In fact, in spite of the similar

dilatomeric behaviour of the two materials during the

first step, a larger linear shrinkage, achieved in a

shorter time, was presented by ABM during the second

one, almost completely recovered by AMS during its

isothermal dwelling at 1500°C. Fired density of about

95.7 and 93.6% TD, respectively, were achieved.

The role of the dispersion route on the micro-

structural evolution was clearly evidenced by

comparing the microstructures of ABM and AMS

sintered bodies (Figs 3a and b). In fact, the ball-milled

material was highly dense, but densification was

accompanied by a significant grain growth. Its micro-

structure consists of well-facetted alumina grains of

about 2 �m in size, with a limited, residual porosity

mostly located in intra-granular positions. A slight

higher porosity was indeed observed in AMS, char-

acterized by a finer microstructure. The mean size of

alumina grains was about 1–1.5 �m, entrapping mostly

intra-granular, nanometric porosity.

For a further increase of the fired density,

without inducing a relevant grain growth, the same

dispersed materials were sintered up to 1500°C for

3 h, but lowering the heating rate to 1°C min
–1
, on the

ground of the recent literature [26], which states that a

low heating rate induces, in the first shrinkage step, a

lowering of the transformation temperature and a

more effective particle rearrangement during phase

transformation, and also increases the densification

rate during the second one.

The densification curves of ABM and AMS,

acquired at 1°C min
–1
, are compared in Fig. 2 b. Once

again, a slight displacement of the characteristic

sintering temperatures between AMS and ABM was

observed. In fact, the onset sintering temperatures

were about 1025 and 1045°C, and the respective

maximum transformation rate temperatures were

located at 1060 and 1080°C, for ABM and AMS,

respectively. As observed for the fast-heated samples,

ABM underwent a higher total linear shrinkage

(18.3%) as compared to that of AMS (17.2%), and

once again the main differences in densification

behaviour were observed during the second sintering

step as well as during the isothermal dwell. In fact, in

the second step, ABM recorded a linear shrinkage of

about 10.8%, reaching a very high densification

degree (about 93% TD). As a consequence, a limited

shrinkage of about 0.5% occurred during the iso-

thermal treatment, yielding a final density of about

96.3% TD.

In contrast, AMS recorded linear shrinkage of 7.5

and 2.5%, during the second step and the isothermal

NANO-CRYSTALLINE METASTABLE ALUMINA

Fig. 2 Dilatometric analyses of ABM (solid line) and AMS

(dashed line) up to 1500°C for 3 h; heating rate of

a – 10 and b – 1°C min
–1

Fig. 3 SEM micrographs of a, c – ABM and b, d – AMS sintered

at a, b – 10 or c, d – 1°C min
–1

up to 1500°C for 3 h. In

the insert of c, a region showing abnormal grain growth
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dwell, respectively, leading to a fired body with a

final density of 92.4% TD.

The fired microstructures of the above ABM and

AMS materials are compared in Figs 3c and d.

The prolonged duration of the thermal treatment of

ABM, due to the low heating rate, led to densification

accompanied by abnormal grain growth. In fact, the

high-density microstructure is made of well-facetted

alumina grains, having a mean size of about

1.5–2 �m, near abnormally grown grains with sizes

ranging from some micron to several tens of microns.

In contrast, a very homogeneous microstructure was

yielded in AMS material, in which a certain amount of

porosity, even if limited, should be still observed.

The alumina particles present a narrow size distri-

bution, ranging from 0.8 to 1 �m. On the ground of

the above observations, the heating rate was further

decreased to 0.5°C min
–1
, and exploited for sintering

the best performing material, i.e. AMS.

Figure 4a compares the dilatometric curves of

AMS up to 1500°C for 3 h with heating rates of

10°C min
–1

(solid line), 1°C min
–1

(dashed line) and

0.5°C min
–1

(dotted line), while the respective

derivative curves are collected in Fig. 4b. By lower-

ing the heating rate, the dilatometric curves were

progressively displaced at lower temperatures. In fact,

the onset sintering temperature was located at about

1070, 1045 and 1020°C for materials heated at 10, 1

and 0.5°C min
–1
, respectively. Also the T��� value

was lowered from about 1135°C for the fast-fired

sample to 1080 and 1060°C for the 1 and

0.5°C min
–1
-sintered materials, respectively, as

shown in Fig. 4b. Moreover, the first shrinkage step

ranged from the onset sintering temperature up to

1180, 1100 and 1085°C for the 10, 1 and

0.5°C min
–1
-fired samples. In contrast, the total linear

shrinkage was almost unaffected by the heating rate

since similar values were observed for the three AMS

samples. Just a slightly higher shrinkage was detected

for the lowest heating sample, which reached a final

density of about 94.8% TD. In addition, an opposite

behaviour during the two steps was presented by the

three materials as a function of the heating rate.

In fact, during the first step, a slight decrease of linear

shrinkage was recorded while lowering the heating

rate. On the contrary, a significantly higher linear

shrinkage in the second one was determined by

decreasing the heating rate. Precisely, values of 5.12,

7.46 and 8.81% were recorded for samples heated at

10, 1 and 0.5°C min
–1
, respectively. From Fig. 4b, a

second peak of the derivative curves could be clearly

detected in all the samples. The above signals

reasonably correspond to the maximum densification

rate temperature of �-alumina and once again, they

are affected by the heating rate. In fact, they decrease

from about 1370 to 1350°C and to 1315°C for the 10,

1 and 0.5°C-heated samples, respectively. This

second inflection point was exploited for some other

densification tests, as described in the followings.

In Fig. 5, the SEM micrograph of AMS sintered at

0.5°C min
–1

(a) up to 1500°C for 3 h is reported, and

compared to those of materials fired at 1°C min
–1

(b)

and 10°C min
–1

(c). It was clearly confirmed the

effectiveness of lowering the heating rate in refining

the final microstructure. In fact, the 0.5°C min
–1
-fired

PALMERO, LOMBARDI

Fig. 4 a – Dilatometric and b – derivative curves of AMS up to

1500°C for 3 h: heating rate of 10°C min
–1

(solid line),

1°C min
–1

(dashed line) and 0.5°C min
–1

(dotted line) Fig. 5 SEM micrographs of AMS sintered at a – 0.5, b – 1 or

c – 10°C min
–1

up to 1500°C for 3 h
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material was characterized by a very homogeneous

microstructure, with alumina grains with a mean size

of about 0.7 �m, and by an ultra-fine, limited residual

porosity.

In a previous paper [21], we observed that during

the phase transformation a lower heating rate allows a

better particles rearrangement, which promotes densi-

fication phenomena at high temperatures with a slight

decrease of the residual porosity in final micro-

structures. On the other hand, tests performed at dif-

ferent heating rates did not imply a relevant limitation

in alumina grains growth.

On the basis of these results, the AMS materials

were submitted to other sintering cycles performed at

a heating rate of 0.5°C min
–1
, but stopped at

1085°C (AMS-1085), 1250°C (AMS-1250),

1315°C (AMS-1315), 1380°C (AMS-1380), followed by a

rapid cooling down to R.T. (at 20°C min
–1
).

AMS-1085 sample (Fig. 6a) showed a homogenous

and well-packed microstructure made of very fine

�-alumina particles, as stated by XRD analysis.

A certain grain growth affected the AMS-1250 material

(Fig. 6b); an increase of the treatment temperature to

1315°C (Fig. 6c) or 1380°C (Fig. 6d) did not involve

further relevant evolution in particles size.

Thus, two-step (TS) cycles were performed by

increasing the heating rate from 0.5 to 20°C min
–1

starting from 1085°C (sample labelled AMS-TS-1085/1500)

or 1315°C (AMS-TS-1315/1500) up to 1500°C, with a dwell

time of 3 h at the maximum temperature. The total

linear shrinkage was slightly affected by the modifi-

cation in heating rate, since values of 17.9, 17.5 and

16.7% were recorded by samples AMS, AMS-TS-1085/1500

and AMS-TS-1315/1500, respectively. As a result, fired

densities of about 93.5 and 91.0% TD were reached

by the last two samples.

In Fig. 7, the fired microstructures of AMS,

AMS-TS-1085/1500 and AMS-TS-1315/1500 are reported.

It could be observed the significant refinement of

AMS-TS-1085/1500 microstructure, in which alumina

grains were about 500 nm in size, as regards to the

other materials, even if its fired density was lowered

of about 1.5% TD with respects to AMS.

To better understand the different micro-

structural evolution in AMS-TS-1085/1500 and

AMS-TS-1315/1500 materials, a further two-step sintering

treatment was performed, increasing the heating rate

from 0.5°C to 20°C min
–1

starting from 1085°C and

stopping the heating step when the temperature of

1315°C was reached (labelled AMS-TS-1085/1315).

The AMS-1315 and AMS-TS-1085/1315 microstructures are

compared in Fig. 8: both are highly homogeneous and

made of �-alumina grains having a narrow size

distribution. However, the fast-heating cycle resulted

into a refinement of the mean grain size, from about

350 nm in AMS-1315 (a) to about 250 nm in

AMS-TS-1085/1315 (b).

These results strengthened the conclusions of a

previous paper [21], which stated that, during the

sintering of a well-dispersed nano-crystalline powder,

a low heating rate, in the temperature range in which

phase transformation and particles rearrangement

occurred, promotes the development of a well-

packed, fine microstructure which can be maintained

in the following densification at higher temperatures.

However, this work demonstrated that if such low-

heating rate is exploited also during the final sintering

NANO-CRYSTALLINE METASTABLE ALUMINA

Fig. 6 SEM micrographs of AMS sintered at a – 1085,

b – 1250, c – 1315 and d – 1380°C (heating rate of

0.5°C min
–1
)

Fig. 7 SEM micrographs of a – AMS heated at 0.5°C min
–1
,

b – AMS-TS-1085/1500 and c – AMS-TS-1315/1500

microstructures, all sintered at 1500°C for 3 h

Fig. 8 SEM micrographs of a – AMS-1315 and b – AMS-TS-1085/1315
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step, precisely in a critical temperature range, starting

from 1085°C, a detrimental effect on microstructural

evolution can be promoted, since a not negligible

grain growth into the close-packed microstructures

took place. As a matter of fact, the design of proper

thermal cycles, able to promote densification avoid-

ing any grain coarsening, can be successfully per-

formed only if the overall phenomena taking place

during both sintering steps are considered.

Conclusions

Well-dispersed suspensions of a transition nano-

crystalline alumina were prepared both under pro-

longed magnetic stirring or by short-time ball-mill-

ing, performed with �-alumina spheres.

During pressureless sintering up to 1500°C,

heating rate and dispersion route demonstrated to play

a crucial role on densification and microstructural

evolution. For ball-milled samples, a highly dense

material was produced by lowering the heating rate

from 10 to 1°C min
–1
, but an abnormal grain growth

affected the fired microstructure, probably also

promoted by a certain �-alumina pollution from

milling media. In contrast, a slight increase of the

fired density and refinement of the microstructure in

the stirred sample was achieved by decreasing the

heating rate from 10 to 0.5°C min
–1
.

In this last material, a crucial temperature range

in which grains significantly grew was identified.

A two-step sintering cycle, in which the heating rate

was increased in the above range, was so exploited to

achieve a further refinement of the fired microstruc-

ture, in spite of a slight decrease of the final density.
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