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Abstract

The addition of sintering additives has always been detrimental to the mechanical properties of sintered ceramics; therefore, methods to reduce
or, as in this case, eliminate sintering additives are usually relevant. In this paper, dense zircon ceramics were obtained starting from mechanically
activated powder compacted by spark plasma sintering without employing sintering additives.

The high energy ball milling (HEBM) of starting powder was effective to enhance the sintering kinetics. The structural changes of the zircon
powder introduced by the HEBM were evaluated. The phase composition and the microstructure of bulk zircon material were analyzed by SEM
(EDAX) and XRD. The Vickers hardness and the fracture toughness were evaluated as well.

Fully dense materials were obtained at 1400 °C with a heating rate of 100 °C/min, 10 min soaking time and 100 MPa uniaxial pressure. The
zircon samples sintered at temperatures above 1400 °C were dissociated in monoclinic zirconia and amorphous silica. The dissociation was
detrimental for the mechanical properties. Unlike conventional sintering methods (hot pressing, pressureless sintering) SPS permitted to overcome
the dissociation of the zircon material and to obtain additive free, fully dense zircon ceramic with outstanding mechanical properties.

© 2011 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Zircon (ZrSiO4) is an abundant raw material, with
moderately low thermal linear expansion (4.107°°C~") and
very high chemical inertness even in contact with glassy phase
and molten slag. It has been demonstrated that high purity
zircon can retain its bending strength up to temperatures as high
as 1200-1400 °C [1-5]. Owing to these properties, zircon-dense
bodies have being considered as excellent candidates for
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structural applications in severe conditions (i.e. continuous
steel casting, glass fiber technology, etc.) [6,7].

Due to its refractoriness, it is difficult to obtain fully dense
zircon ceramics. The employed sintering aids like TiO, [8],
SiO, [9] and Al,O3 [10] contribute to lower the high
temperature mechanical properties and chemical inertness.

The highly abundant natural zircon sand is the principal
source for zircon materials. However natural zircon sand often
contains several impurities which influence the final properties of
these materials. Several investigations have attempted to obtain
pure zircon powder via sol-gel routes [1,11-15], chemical
reactions like aerosols [16], reverse micelle process [17] and
micro-emulsion process [18]. The method based on the mixture
of amorphous ZrO,-SiO, revealed the incomplete powders
crystallization under heat treatment [19,20] or laser [21].
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Zircon dissociation mechanism, recently reviewed in Ref.
[22], is influenced by the impurity content. It has been
demonstrated that the onset dissociation temperature is decreases
with the impurities content. At temperature over 1650 °C, the
products of zircon dissociation are tetragonal zirconia and fused
silica; however, the presence of impurities like TiO,, FeO, and/or
alkali lowers the dissociation temperature by about 200 °C
[22,23]. During the cooling the tetragonal zirconia resulting from
the zircon dissociation might transform into monoclinic zirconia
which is the stable phase at room temperature. It is well known
the phase transformation is accompanied by a significant volume
change which introduces microcracks inside the zirconia
particles, dispersed into the ceramic matrix [24-26], thus,
resulting in a detrimental effect on the mechanical properties. On
the other hand, the resulting silica from the zircon dissociation
might also decrease both the high temperature mechanical
properties and the chemical inertness.

The mechanochemical activation process has proved to be
an effective technique to enhance a solid-state reaction at room
temperature [27]. The “mechanical” effects of milling, such as
the reduction of particle size and mixture homogenization, are
combined with chemical effects, such as partial decomposition
of salts or hydroxides, thus, resulting in active reactants with
high surface energy. Recently Antsiferov et al. reported that
mechanical activation of zircon materials [28] was obtained
after a preliminary mechanical activation process. Under low
energy milling conditions, the authors showed the benefits of
dry treatments over instead of wet treatments. However, at
temperature as high as 1600 °C the relative density was below
95%. The milling pretreatment was investigated in the case of
zircon materials obtained by the reaction sintering of SiO, and
ZrO; [29].

In order to overcome the dissociation problems we
attempted to obtain fully dense zircon ceramics starting from
high energy ball milled powder followed by SPS at low
temperature (i.e. 1400 °C) and short time sintering (i.e. 10 min)
[30-35]. Unlike conventional methods (i.e., pressureless
sintering, hot-pressing), the current activated sintering meth-
ods, as spark plasma sintering (SPS), permits to lower sintering
temperature and shorten the holding time. As result, the SPS
leads to remarkable improvements in properties of consolidated
materials. The low SPS temperatures and short holding times
enable the densification of nanometric powders to near
theoretical values with limited grain growth [30-35].

The aims of the present work are: to obtain fully dense
zircon materials from commercially available powders and to
avoid the zircon thermal dissociation by combination of high-
energy ball-milling (HEBM) pretreatment and spark plasma
sintering (SPS) technique.

2. Experimental procedures

The starting powder was with zirconium silicate with
710, = 64-65.5 wt%, SiO, =33-34 wt%, Fe,03 < 0.10 wt%
and TiO, < 0.15 wt%, mean diameter (Dsp) of 1.5 wm, specific
gravity of 4.6 g/lcm®, melting point of 2200 °C and hardness
(Mohs) of 7.5 (Kreutzonit Super, Mahlwerke Kreutz, Germany).

The mechanochemical activation of the zircon powder was
performed in dry milling conditions using a high energy
planetary mill (7 Premium Line, Fritsch Co., Ltd., Germany). In
order to minimize contamination during the HEBM, the jar and
milling media employed were made of zirconia; 85 ml zirconia
jars were used with 60 g of zirconia balls (3 mm diameter) as
milling media; the ratio between the weight of powder and the
milling balls was 1:10 in each batch [27]. A 900 rpm speed was
used: in these conditions the milling is so energetic that the jars
were left to cool down for 90 min after 5 min HEBM. Particle
size distribution for the powders milled for different times was
measured with a Laser Diffraction Particle Size Distribution
Analyzer (Horiba LA-300; ASTM D 4464-00).

Densification of the ball-milled powders was conducted
using a SPS machine (SPS-1050, Sumitomo, Kawasaki, Japan).
Fig. 1 shows a schematic drawing of the SPS device showing its
main constitutive units. The powder was poured into a graphite
die with an inner diameter of 10 mm. In a typical sintering
experiment, 1.0 g of milled zircon powder was poured into the
die. The temperature was measured accurately using a
pyrometer focused on the die surface of the inner die (i.e.,
1 cm far from the sample edge). Graphite felt was used to
reduce the heat loss by radiation. The powder was heated from
room temperature up to 700 °C for 10 min, subsequently, up to
the sintering temperature (1200, 1300, 1400 and 1500 °C) with
a constant heating rate of 100 °C/min. Depending on the
sintering temperature, samples were named S12, S13, S14 and
S15 respectively. The dwell time was 10 min and 100 MPa
pressure was raised just after the beginning of the dwell time. In
order to achieve full dense sample at lower sintering
temperature, different longer dwell time (between 10 and
60 min) were also attempted. Heating was conducted using a
sequence consisting of 12 DC pulses (40.8 ms) followed by
zero current for 6.8 ms. During the entire duration of the
experiments, the electric current intensity was below 1000 A
and the voltage drop between the cooled rams was below 4 V.
Density and apparent porosity of the sintered samples were
evaluated by the Archimedes method.

The phase composition of the ball-milled powders and the
sintered specimens was determined by X-ray diffraction (XRD)
using CuKa radiation operating at 40 kV and 300 mA. The
microstructural observations were conducted by scanning
electron microscopy (SEM) (Joel, JSM-6500F, Japan). The
surfaces of the specimens were polished with diamond slurries
of 15,9, 6, 3, 1 and 0.25 pm particle sizes.

Vickers hardness (Hv) and fracture toughness (Kjc) of the
obtained ceramics were evaluated with a Vickers indentation
machine (Akashi AVK-A, Japan): at least six indents under 5 kg
of load were performed on each material. The fracture
toughness (Kic) was calculated by the following equation
[36,37]:

EN'? p
KIC:S(E) —C3/2

where E is the elastic modulus (240 GPa for zircon), H is the
Vickers hardness, P is the indentation test load, C is the
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Fig. 1. Schematic diagram of SPS apparatus.

averaged indentation crack length and finally § is a material-
dependent constant that was assumed to be 0.018.

3. Results and discussion

Fig. 2A shows the SEM image of the as received zircon
powder, sharp edges and grain sizes between 3 or 4 wm and
0.1 pwm are evidenced. Fig. 2B and C shows the powder after 60
and 120 min of HEBM respectively. After the milling process,
the particles were more rounded and no significant change in
the particle size was detected. After 120 min milling, the mean
particle size seems larger than the one treated for 60 min. This
phenomenon was attributed to agglomeration and cementation
occurring during long milling periods. Thus, intermediate
milling treatment of 60 min was selected for the powder
consolidation.

Fig. 3 shows the apparent particle size distribution of the
powders after 60 and 120 min of HEBM (Z60 and Z120
respectively). And these are compared with the as received
powder (Z0). Although no significant particle size change was
observed, itis clearly shown in this figure that Z0 and Z60 present
equivalent particle size distributions, with the only difference in
the amount of particles with apparent size below 0.5 wm: the as

received material presented around 5% while the milled powders
presented less than 2% of this fine fraction.

On the other hand, the Z120 PSD is slightly higher than the
other two analyzed powders, showing that in the long term pre-
treatment an agglomeration process was initiated: that is the
principal reason why this treatment was discarded.

Fig. 4 compares the XRD patterns of the powders before
and after the HEBM. Regardless the milling time, all the
observed diffraction peaks belong(s) to the zircon phase. As
expected, by extending the HEBM time, the diffraction peaks
broadening occurred (inset Fig. 4). No amorphization
occurred. The grains shape after the HEBM shows significant
changes in the morphology if compared with the original
powder.

3.1. SPS sintering

The 60 min milled zircon powder was heated at the high
heating rate of 100 °C/min up to preset sintering temperatures
ranging between 1200 °C and 1500 °C. The 100 MPa pressure
was raised after the beginning of the holding time. The pressure
was applied gradually at the rate of 3 MPa/s for all the samples.
Depending on the sintering temperatures 1200 °C, 1300 °C,

Fig. 2. SEM image of the zircon powders; (A) starting powder, (B) zircon powder after 60 min of HEBM and (C) zircon powder after 120 min of HEBM.
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Fig. 3. Apparent particle size distribution of the zircon powders before and after
different HEBM pretreatments.

1400 °C and 1500 °C the samples were named as S12, S13, S14
and S15 respectively.

The as received zircon powder was sintered under the
identical temperature and pressure conditions. However, we
could not achieve a satisfactory level of compaction for
quantitative analysis. The resulting compacts lacked of
sinterization, and lost integrity after the SPS treatment. Hence,
no further characterization was carried out on the unmilled
powders; the HEBM pretreatment was effective to obtain dense
and additive-free zircon ceramics.

The effect of the sintering temperature on the final density
and the apparent porosity is plotted in Fig. 5. As expected, the
density increased with the temperature. The density of sample
S14, sintered at 1400 °C, approaching the theoretical density of
zircon (i.e. porosity was less than 1%). The S15 (1500 °C)
density was slightly lower: this was attributed to the zircon
dissociation as described in Section 3.2.

The nearly fully dense ceramic obtained without sintering
additives by HEMB followed by low temperature SPS represents
an outstanding achievement in the processing of zircon ceramic
regarding (i) the manufacturing of the fully dense material
without phase decomposition and (ii) the low sintering
temperature and short holding time. In fact, by employing
conventional sintering methods, fully dense zircon cannot be
obtained at a temperature as low as 1400 °C [2,4-8,10]. Shi et al.
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Fig. 4. XRD patterns of the zircon powder before and after different HEBM
pretreatments.
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Fig. 5. Density and apparent porosity as a function of the sintering temperature
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[6,15] obtained fully dense zircon material by hot pressing at
1600 °C for 1 hunder25 MPa. However residual open porosity of
5% was achieved without full densification by pressure less
sintering [5].

3.2. Phases composition

Fig. 6 shows the diffraction patterns of the sintered
materials (the patterns were vertically shifted for easy
comparison). The only crystalline phase that can be detected
in the S12, S13 and S14 materials is zircon. However, S15
contains zircon, and monoclinic zirconia (Badeyellite). The
inset of Fig. 5 shows the main diffraction peaks of monoclinic
phase, the tetragonal zirconia peak at 26 ~ 30° was barely
detected as well. At 1500 °C the partial dissociation of the
zircon into zirconia and silica explains the decrease in the
density as shown in Fig. 4. The zircon dissociation occurs at
1675 °C [22], however, as mentioned the presence of
impurities lower the dissociation temperature. The electric
field generated by the SPS did not influence the dissociation
process since the zircon material behaved essentially as an
electric insulator during the sintering. Consequently, the zircon
decomposition at 1500 °C was mainly attributed to the
impurities contained in the starting powders.
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Fig. 6. XRD patterns of the sintered samples.
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In order to avoid the zircon dissociation by lowering the
sintering temperature, the influence of the holding time was
also investigated. The samples S13-30 and S13-60 holding time
were 30 and 60 min respectively. Fig. 7 shows the holding time
effect on the density/porosity of sintered samples at 1300 °C.
No zirconia was detected by XRD or by SEM. By extending the
dwell time to 10, 30, 60 min the porosity decreased down to 8.3
and 0.2% respectively.

Fig. 8A—C shows the typical SEM micrographs the samples
S14, S15 and S13-60 respectively. The polished surface of S14
and S13-30 samples was thermal etched at 1200 °C for 1 hin an
electric kiln.

Even if some close porosity (dark area) can be observed in
Fig. 8A, the sample S14 appeared highly densified. The grain
size was comparable the starting milled powders (<3 pm) and
no significant grain growth was observed. The rounded
morphology, induced by HEBM to the powders was also
maintained after sintering.

Fig. 8B shows the typical microstructure of the sample S15.
Highly dense bulk zircon ceramic was achieved; however, the
thermal dissociation of some zircon grains occurred. The white
zirconia area can be observed in the gray zircon matrix. The
zirconia resulting from the dissociation did not have a defined
shape and its size was comparable to the zircon grains. The
zirconia was preferentially dissociated at the zircon—zircon
interfaces where the impurities accumulated during the high
temperature processing [22,23]. The other product of zircon
dissociation, the silica, can be observed in the increment of the

«10k 10 um

Table 1
Effect of SPS processing parameters on the hardness (Hv) and the fracture
toughness (Kic) of zircon materials.

Sample Temperature Dwell time Hv (GPa) Kic

(°C) (min) (MPa m~%)
Maximum temperature effect
S12 1200 10 3.30+£0.03 -
S13 1300 10 5.55+0.04 -
S14 1400 10 13.67 £ 0.09 33+£02
S15 1500 10 11.39 + 0.08 36+0.2
Dwell time effect
S13 1300 10 5.60 + 0.04 -
S13-30 1300 30 12.20 £+ 0.20 25+0.2
S13-60 1300 60 13.90 £+ 0.50 22402

thickness of the zircon boundaries (dark gray, in Fig. 8B).
Certain amount of m-ZrO, was detected by XRD (Fig. 6) but
the silica was not detected. The local EDAX analysis confirmed
the identification of the three regions (zircon, zirconia and
glassy grain boundary).

Fig. 8C shows the well defined grain boundary of dense
monophase zircon material obtained after 60 min of dwelling at
1300 °C under uniaxial pressure 100 MPa. This density level
cannot be achieved by conventional sintering techniques.

3.3. Hardness and fracture toughness

Hardness together with fracture toughness values are listed
in Table 1. As expected, the hardness values increased with
the sintering temperature, reaching maximum value for the
sample sintered 1400 °C. The hardness of sample S14 is about
40% higher than the values reported for zircon ceramics
obtained by HP at 1600 °C [6,15]. The sample S15, due to
zircon partial thermal dissociation and the formation of glassy
phase resulted in a decrease of the hardness. Due to the
difficulties in measuring the crack length on the porous
surface, the toughness was not evaluated in the case of S12
and S13. On the other hand the Kjc values obtained for both
S14 and S15 were higher than the one reported in literature for
pure zircon materials. The slightly higher toughness of
sample S15 compared to S14 can be addressed to the presence
of zirconia which enhances several toughening mechanisms
[24-26].
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Fig. 8. SEM micrographs of the obtained materials under 100 MPa uniaxial pressure; (A) S14 sample sintered at 1400 °C for 10 min. (B) S15 sample sintered at
1500 °C for 10 min (zircon dissociation is evidenced). (C) S13-60 sample sintered at 1300 °C for 60 min.
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Table 2
Comparison of material properties with the data reported in the literature.
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Method Maximum temperature; Relative Hv (GPa) Kic (MPam™ %) Dissociation
holding time; pressure density

Pressure less sintering without 1600 °C; 2-48 h; pressureless 95% - 2.2-2.8 Yes
sintering additives [5,7]

Pressure less sintering with 1500 °C; 1 h; pressureless 90-95% 11-12 — Yes
sintering additives [8,9]

Sintered from pure amorphous 1500 °C; 4 h; pressureless 99.7 - - Complete formation
Si02—zr02 [17]

Hot pressing of pure zircon 1600 °C; 1 h; 25 MPa 99.1 10 3.0 No
powders obtained by sol-gel
without sintering additives [6]

SPS of high energy milled 1400 °C; 10 min; 100 MPa ~99.5 11.4-13.7 3.6 No
commercial zircon powder
without sintering additives
[present study]

Finally, by comparing the samples S13-30 and S13-60 References

(sintered at 1300 °C for 30 and 60 min respectively) with
sample S14 (sintered at 1400 °C for 10 min), the low level of
porosity as shown in Fig. 7A and C corresponded to high
hardness. The grain size and the final density of both dense
monophasic materials S14 and S13-60 did not differ
significantly. However the fracture toughness evaluated by
the indentation technique presented a significant dependence on
the holding time and sintering temperature. Typically the
fracture toughness of zircon ceramics is ranged between 2.0 and
3.0 MPam % (Table 2). The Kjc for S13-60 is in the low
boundary of zircon materials, while the sample S14 exceeds the
upper limit of this region by 20%. A plausible explanation is
addressed to different kind of grain boundary interface
conditions between the zircon grains developed during the SPS.

Finally, in Table 2 a comparison between the different zircon
materials reported in the literature was done, showing the
merits of the material processed in the present study. While
resulting density is comparable with the best figures reported,
the hardness and fracture toughness achieved was higher than
any pure dense zircon material.

4. Conclusions

Dense zircon ceramics were successfully produced with
no additives from mechanically activated powders and spark
plasma sintering. The HEBM was an effective pre-treatment
for obtaining activated and crystalline zircon powders. Fully
dense materials were obtained at 1400 °C with a heating rate
of 100 °C/min and a 10 min soaking under 100 MPa uniaxial
pressure. In the materials processed at 1500 °C, zircon
dissociated in monoclinic zirconia and amorphous silica that
resulted in a decrease in the mechanical properties.

Dense materials were also obtained at 1300 °C with 60 min
dwell time. However, the mechanical properties were slightly
lower than those obtained at 1400 °C.

The SPS in combination with HEBM offers a unique route to
obtain pure fully dense zircon ceramic at low temperature
(1300-1400 °C) without thermal dissociation.
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