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Abstract

This work investigated the compacting and densification behaviour of TiO, nanoparticles prepared by the sim-
ple non-aqueous sol-gel process. The synthesized nanopowder has anatase TiO, structure with the average
crystallite size of 10 nm and agglomerated particles. The compressibility curve shows two well-defined linear
parts that intersect at ~380 MPa which is a measure of agglomerate compressive strength. The densification
process was investigated by the dilatometric analysis using non-isothermal experiments. The apparent acti-
vation energy for the densification was calculated (88—102 kJ/mol). Grain rearrangement by grain boundary
sliding was proposed as the dominant shrinkage mechanism.
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I. Introduction

The consolidation and sintering of nanomaterials
have attracted the attention on different aspects of ma-
terials processing [1-4]. The consolidation of ultrafine
powder is difficult, not only because of its high surface
area relative to its weight and severe interparticles fric-
tion, but also due to the high degree of agglomeration.
This powder ability to agglomerate is due to the Van der
Waals attraction. A low and inhomogeneous distribution
of the density is expected within a green body during
the compaction of a highly agglomerated powder. This
degree of inhomogeneity has a significant impact on
its subsequent densification behaviour. For improving
the ceramic sinterability, the pressure- and field-assisted
sintering methods have been applied [2,4—6]. However,
many of these techniques are not economically attrac-
tive, depending on the use of the final product. Thus,
conventional pressureless sintering is still an attractive
method to produce ceramics, mainly due to its simplic-
ity and lower cost compared to the other methods [7—
13]. Preventing these undesirable agglomeration effects
is one of the major challenges in the ceramic process-
ing via conventional sintering. An optimal compaction
pressure, adequate control of the heating curve as well
as different firing schedules could be used to achieve
this purpose. In addition, the factors and mechanisms
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controlling densification should be perfectly identified
in order to improve the sinterability and material prop-
erties [2,5,6,14-16].

In this work, the compacting and densification be-
haviour of TiO, nanoparticles prepared by a simple non-
aqueous route was studied. The effect of agglomeration
status was investigated by the density-pressure curve,
dilatometric analysis, using non-isothermal experiments
and microstructural examination.

II. Experimental procedure

The reagents, purchased from Aldrich company, con-
sisting of 3.3 ml titanium chloride (TiCl,) and 30 ml of
polytetramethylene ether glycol (terathane, M,, = 1000)
were mixed, with molar ratio of 1:2, in a dry box un-
der controlled atmosphere. The reaction was conducted
in the silicone oil bath at 120 °C for 72 hours and the
detailed procedure was reported earlier [17]. The final
powder was washed, dried and characterized by X-ray
diffraction (XRD) using a Rigaku D/MAX-2500 diffrac-
tometer. The microstructure was analysed by a transmis-
sion electron microscope (TEM) model TECNAI F20
(FEI Company, Eindhoven, Netherlands) operating at
200kV. Before compacting, the powder was calcined to
eliminate the organics. The calcination was conducted
separately at two temperatures, 400°C and 600 °C,
(samples denoted as T400 and T600, respectively) for
2 hours. For compressibility studies, the powders were
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uniaxially compacted into pellets (10 mm diameter) at
different compacting pressures between 150 MPa and
2 GPa using a stainless-steel die. The green samples
were heated up to 1400°C in air with constant heat-
ing rates (CHR) of 10, 20 and 25 °C/min for the den-
sification kinetics studies by dilatometric analysis. The
shrinkage of the compacts was analysed with high tem-
perature horizontal dilatometer NETZSCH - DIL 402
PC (Netzsch-Gerdtebau GmbH) coupled with the tem-
perature control TASC 414/3 under air flow. For the
microstructural analysis the green bodies were non-
isothermally sintered by conventional sintering (CS) at
temperatures between 950 and 1400 °C in air, with a
heating rate of 10 °C/min. The two-step sintering (TSS)
technique was used, too. For the first step of TSS, pel-
lets were heated up to a higher temperature, 7, with a
heating rate of 10 °C/min. After being held at T’ for ¢ =
1 min, they were cooled down to a lower temperatures,
T,, with a cooling rate of 40 °C/min and soaked at T,
for a prolonged time, #,. Different TSS schedules (Ta-
ble 1) were performed by the combination of different
values of T, T, and t,. The sintered samples (i.e. well-
polished surface with thermal etching) were observed
using an Inspect F50 field-emission scanning electron
microscope (FEG-SEM, model FEI Company, Hills-
boro) with an operating range of 5-15kV. The densities
of both samples, green and sintered, were calculated and
measured from the geometric (measuring weight and di-
mensions of the compacts) and Archimedes methods,
respectively. For relative density determination, the the-
oretical density values 3.89 and 4.24 g/cm® were used
for anatase and rutile, respectively. The grain size was
calculated from the micrographs using a linear intercept
technique.

III. Results and discussion

3.1. Powder and green pellet characterisation

The XRD pattern of the as-synthesized products is
presented in Fig. 1. The data confirm the tetragonal-
structured anatase TiO, (which is in good agreement
with the JCPDS, card No. 21-1272) and no character-
istic peaks of other phases. The average crystallite size,
measured by high-resolution TEM (HRTEM) and calcu-
lated by XRD pattern using Scherrer equation, was ap-

proximately 10nm. TEM image of the as-synthesized
powder, Fig. 2, confirms that the powder consists of
very fine particles with irregular geometry, but clusters
of particles can also be clearly observed, indicating the
presence of agglomeration.
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Figure 1. XRD pattern of the as-synthesized TiO, powder
(HRTEM image of nanoparticles with coherent match
between them at the interfaces is inserted)

Figure 2. TEM micrographs of the as-synthesized TiO,
powder

Table 1. Cycle details used for CS and TSS and relative densities of sintered samples

Regime T;[°C] ¢ [min] T,[°C] ¢t [h] RD [%TD]
CS 1000 1 - - 82.2
1150 1 - - 87.1
1250 1 - - 89.5
1400 1 - - 91.1
TSS 1000 1 950 20 86.0
1150 1 1050 4 90.4
1250 1 1150 4 90.9
1250 1 1150 10 92.8
1250 1 1200 4 90.1
1400 1 1300 4 93.2
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Figure 3. XRD patterns of the TiO, powders calcined at
various temperatures for 2 h (a - the most intense
anatase peak, r - the most intense rutile peak)
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Figure 4. Green density plotted vs. logarithm of compaction
pressure at calcination temperatures of 400 °C (O) and
600 °C (O)(arrow indicates the agglomerate strength)

Figure 3 shows the XRD difractograms of the TiO,
powders after calcination at various temperatures for 2
hours. It can be seen that the XRD pattern of the TiO,
powder calcined at 600 °C contains all the reflection
peaks of anatase phase. The reflections were broad due
to the crystallite sizes being in the nanometer range. All
the reflections in the XRD pattern of the TiO, powder
after calcination at 650 °C still belong to the anatase
phase, except the most intense 110 peak of TiO, rutile,
which appeared with very weak intensity. Anatase-rutile
mixed phase is seen after calcination at 700 °C (Fig.
3), in which the anatase phase is still maintained and
other peaks of rutile appear. With successive raise in the
calcination temperature, the anatase and rutile phases
were coexisting, the rutile reflections become stronger
and the intensity of anatase reflections decrease. After
calcination at 800 °C, the rutile peaks are strong and
the anatase reflections practically disappear, which in-
dicates that the anatase phase is fully converted to ru-
tile. This behaviour indicates that the anatase-to-rutile
phase transition occurs between 600 and 800 °C. Ap-
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proximately the same range is observed for other nanos-
tructured TiO, materials [18-21].

The plots of the relative density of the green com-
pact as a function of the logarithm of compaction pres-
sure for the samples T400 and T600 are displayed in
Fig. 4. For the T400 sample, the curve shows two lin-
ear parts with a point of intersection (or breaking point)
at Pj, pressure. According to the previous investigations
on agglomerated nanopowder compaction, P, is a mea-
sure of the agglomerate strength [8,9,22,23]. At com-
paction pressures above P;, the agglomerates are frag-
mented, while below P, they are only rearranged. In this
work, the value of P, is around 380 MPa, which is much
higher than the value of 37 MPa reported for TiO, by
Mazaheri et al. [8]. Nevertheless, it is similar in range,
or even lower, than the values reported for other nano-
oxides prepared by different chemical methods (Table
2) [9,22,23].

For the T600 sample, with lower green density, the
curve is not completely linear, and it is not possible to
identify the breaking point. This behaviour might be ex-
plained with a higher calcination temperature promoting
intra-agglomerate sintering, which makes agglomerates
strong enough that they cannot be broken. The forma-
tion of agglomerates is related to the coalescence of the
nanoparticles during precipitation and drying, via col-
lision and adhesion of colloidal particles. Recently, we
showed that these colloidal particles form agglomerates
(i.e. anatase TiO, mesocrystals) via oriented attachment
mechanism [17]. For our samples, the formation of hard
agglomerates can be related to the surface-modifier ef-
fects and by enhanced interfacial adhesion of the parti-
cles by the oriented attachment. By increasing the cal-
cination temperature, surface diffusion can be activated
and promote formation of necks between particles. This
leads to the sintering within agglomerate, resulting in an
increase in aggregate strength. The obtained results con-
firmed that the agglomerate strength strongly depends
on the synthesis method, structure (size and packing of
the primary particles, porosity, etc.), thermal history and
intrinsic mechanical properties.

3.2. Shrinkage and densification kinetic

Before sintering studies, dilatometric and densifica-
tion kinetics analyses were performed. A dilatometric
plots (linear shrinkage, = AL/Ly, and the linear
shrinkage rate, dy//dt, as a function of the temperature)
of the T400 sample heated up to 1000 °C are shown in
Fig. 5. The presence of two peaks, P1 and P2, was ob-
served in the densification rate curve for the samples
prepared at pressure bellow P, (Fig. 5, curve a). These
peaks can be related to sintering of intra-agglomerate
particles (P1) and sintering of inter-agglomerates (P2).
However, for the sample compacted at pressure above
P, (Fig. 5, curve b) only one maximum (P1) in the den-
sification rate curve was observed, which is related only
to the sintering of intra-agglomerate particles, as sug-
gested by the compaction behaviour. For this sample the
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Table 2. P, values reported for several nano-oxides

Material Synthesis method D“ [nm] Observation P, [MPa] Ref.
8Y-YSZ co-precipitation 22 calcinated at 400 °C 80 22
8YSZ glycine nitrate 24.5 as-synthesized and milled 370 9
Ce0,-8YSZ co-precipitation NR as-synthesized 250 23
Ce0,-8YSZ co-precipitation NR calcinated 350 °C 573 23
TiO, (P25, Degussa) spray pyrolysis 11-27 37 8
TiO, solvothermal non-aqueous. 10 380 this work

“D is the average particle size
NR - not reported

——
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Figure S. Linear shrinkage (¢ = AL/L,) of nanopowder
compacts for different CHRs (insert - the linear shrinkage
rate, dy/d¢, at CHR = 10 °C/min, for sample prepared at
compaction pressure bellow P;, curve a,
and above P, curve b)
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Figure 6. The Arrhenius plots of the In{(AL/Ly)/T} vs. 1/T at
different CRHs

agglomerates were broken due to the high compaction
pressure (above P;) and the P2 maximum is suppressed.
In the curve b (Fig. 5), the position of P1 peak correlates
to the temperature range of the anatase-rutile transfor-
mation, and the process can be considered as a phase-
transformation assisted sintering process [18,24-26].
Densification kinetics was analysed on the basis of
initial sintering theory according to Young and Cutler
[27]. The parameters of the densification, such as the
activation energy of sintering (Q) and constants related
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to the sintering mechanism (n), were estimated using
equations for densification during a CHR, as reported by
Bannister [28] and Han et al. [29] and based on the the-
ory given by Young and Cutler [27]. Figure 6 shows Ar-
rhenius plots of experimental data for In{(AL/Ly)/T} vs.
1/T at different CHRs. The plots are not completely lin-
ear over the whole temperature range, which is expected
for compacts having inhomogeneous packing, probably
due to the agglomeration. According to this observa-
tion, the densification process can be divided into three
sections. The first section, up to the dashed line I (see
Fig. 6), could be considered as a pre-sintering stage and
the shrinkage is fundamentally associated with a gas re-
moved from pores and surface. The second section, be-
tween dashed lines I and II, can be related with the ini-
tial step of the sintering. After the dashed line II is the
third section which is the start of the last sintering step.
The values of the Q for the initial step of sintering (the
second section between dashed lines I and II) are be-
tween 88—102kJ/mol. The activation energy of sintering
was found to be in reasonable agreement with the values
reported in the literature: 96.2 kJ/mol [30], 105 kJ/mol
[31] and 115kJ/mol [32]. It can be concluded that the
present method can be used to determine activation en-
ergy. In accordance with the obtained results several rel-
evant features can be emphasised:

the nanoparticles sintering occurs at temperatures (for
200 to 400 °C) lower than the sintering of micrometer
or submicrometer powders, also well-known for other
materials [3,33-36];

onset shrinkage temperature, 7,,, is dependent on
CHR (dashed line I in Fig. 6), and T, decreases with
the increase of the CHR;

the temperature of the shrinkage rate maxima is prac-
tically independent of the CHR;

shrinkage rate value at the maximum is high (1.33-
2.59x10*s") and such high values cannot be ex-
plained only by diffusion processes [37,38]. For the
diffusion mechanism only, shrinkage rate is supposed
to be between 108-107 5! [39];

densification is ended at approximately the same tem-
perature, independent of the heating rate, (dashed line
1D).

For these reasons, we considered that the shrinkage
during densification of nanoparticles in the initial sin-
tering step, until 850-900 °C, occurs most probably due
to the grain rearrangement by grain boundary sliding.
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Figure 7. SEM micrograph of the samples sintered by CS at: a) 1000 °C and b) 1400 °C

The slidability requires a certain flexibility of the grain
boundary layer, which could be given by a highly disor-
der status during anatase-rutile transformation. The low
value calculated for the activation energy of sintering,
lower than for any known pure diffusional mechanism,
could be compatible with grain boundary slip assisted
by surface diffusion. In addition, the effects of the phase
transition on the shrinkage should be considered, too.

3.3. Microstructural analysis

The results of the conventional sintering (CS), one-
stage process, for the densities of sintered TiO, ceram-
ics at 1000, 1150, 1250 and 1400 °C are summarized in
Table 1. Relative densities (RD) were found to be lower
than 92 %TD (theoretical density). Usually, 90-92 %TD
is assigned as corresponding to the boundary between
open and closed porosity [40-42]. This value was not
achieved, so it was assumed that a large amount of open
pores still remains especially in the samples sintered at
lower temperatures.

The microstructures of the polished surfaces of the
sintered samples were observed with SEM. The micro-
graphs for the samples sintered at 1000 and 1400 °C are
displayed in Fig. 7. It can be seen that the samples have
high porosity and non-uniform microstructure. Grains
with nanometric scale can be observed for the sample
sintered at 1000 °C, (Fig. 7a). The grain diameters are in
the range from 100 to 500 nm, but the ceramics has poor
densification. When the sintering temperature increases
up to 1400 °C, the grain sizes increase abruptly above
30 wm (Fig. 7b). The relative density increases too, and
non-uniformity size distribution of the grains and pores
was more accentuated.

In order to promote the densification in the nanomet-
ric range a two-step sintering (TSS) [7,9,10,26,43] pro-
cess was applied. The different TSS cycles used and the
correspondent RD values obtained are given in Table 1.
A slight density increase occurred in relation to CS, but
it should be noted that a nearly-fully dense microstruc-
ture (RD > 95 %TD) was not reached. Usually, a prereq-
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uisite in TSS for successful densification during the sec-
ond step of this sintering technique is that the pores be-
come sub-critical and unstable against shrinkage [7,44—
48]. This stage is reached at 75 %TD and 82 %TD for
yittria [7] and alumina [44] nanopowder, respectively.
However, these values cannot be accepted as generally
valid and our results show that less than 92 %TD is not
sufficient for our TiO, compacts. A critical microstruc-
ture of pores for successful densification depends not
only on the porosity value, but also on other pore pa-
rameters such as shape, size distribution, mobility, etc.

The low efficiency of the TSS method for removing
the final residual porosity can be explained as a con-
sequence of the pore size distributions as well as the
particle and/or pore size ratio. At the moment, we nei-
ther have an exact explanation for this behaviour, nor
for the influence of the stress field promoted by grain
boundary sliding. Further experiments are necessary to
clarify whether it is caused by the high agglomerate de-
gree, which is more probable, or by the grain bound-
ary slip mechanism, which dominate the initial sinter-
ing step according to dilatometric analysis, or by some
other effects.

IV. Conclusions

The compacting, densification and sintering of TiO,
nanoceramic were studied. The experimental results
showed that:

The TiO, was synthesized in a nanometric range and
the anatase-to-rutile phase transition occurs between
600-800 °C, similar to other nano-TiO,.

The compaction curve for the sample calcined at
400 °C shows two well-defined linear parts that inter-
sect at ~380 MPa which is a measure of agglomerate
strength.

Densification kinetics was analysed on the basis of
initial sintering theory at different CHR. The values
of the Q for the sintering were estimated between 88—
102 kJ/mol. We believe that shrinkage is caused by
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grain rearrangement due to the grain boundary slid-
ing induced by the anatase-rutile transformation. This
densification mechanism is not commonly reported
for TiO,.

The TEM and densities measurements as a function
of sintering temperature displayed that the samples
are not fully dense, RD < 92 %TD, which revealed
a low efficiency of the low cost processing and sin-
tering methods used in this work. The compaction
pressure above P;, and used sintering (CS and TSS)
methods are not enough for removing the final resid-
ual porosity typical of powder with high agglomera-
tion status.
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