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Abstract

Pulsed electric current sintering (PECS) was applied to obtain transparent ruby polycrystals. Al,03—Cr,O3 powder mixture was prepared by
drying an aqueous slurry consisting of Al,O3 and Cr(NO3); followed by PECS consolidation in vacuum at a sintering temperatures ranging from
1100 to 1300 °C with various heating rates between 2 and 100 °C/min and under an applied pressures from 40 to 100 MPa. Slow heating rate and
high-pressure lead to highly densified and transparent Cr-doped Al,O;5 polycrystals at sintering temperature of 1200 °C.

© 2010 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

The mineral corundum is a crystalline form of Al,O3. A pure
crystal of corundum is the second hardest natural mineral on the
earth known to mankind, transparent and perfectly colorless.
Small amounts of metallic elements such as chromium, iron,
titanium or vanadium can substitute for aluminum in the
corundum crystal structure, giving rise to many color
variations. Ruby, which is the red variety of corundum,
consists of Cr-doped Al,O5 as well as very fine traces of other
elements. With many favorable features such as high heat-
resistance, high mechanical strength and excellent chemical
stability, ruby is widely used in jewellery, mechanical parts like
wear surfaces and precision balls and optics as solid-state
lasers, lenses and prisms [1-4].

Pulsed electric current sintering (abbreviated as PECS) is a
newly developed pressure-sintering process, which is used to
consolidate ceramics, metals and their composites. This process
is commercially named as plasma activated sintering (PAS) or
spark plasma sintering (SPS). In the PECS process, a raw
powder is placed inside an electrically conductive die, the unit
is closed with two punches pressed uniaxially, and an electric
current is momentarily applied through the -electrically
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conductive die, in some cases, through the sample to heat
the specimen [5—39]. The PECS process to fabricate transparent
ceramics is being widely applied [26-36], especially in the
sintering of transparent Al,O3 [29-36]. In particular, it was
demonstrated that a low heating rate is efficient for
densification and transparency in PECS of Al,O5 [34-36].

However, there has been no report on sintering of colored
Al,O3 such as ruby by PECS. In the present study, an Al,O3—
Cr,03 powder mixture was prepared by drying an aqueous
slurry consisting of Al,O5 and Cr(NO3)3. The effects of heating
rate, applied pressure and sintering temperature were inves-
tigated on densification, grain growth and transparency of Cr-
doped Al,O3 polycrystals prepared by PECS.

2. Experimental procedure

Commercially available a-Al,O3 powder (99.99% purity,
TM-DAR, Taimei Chemicals Co. Ltd., Japan) and Cr(NO3);
(Nacalai Tesque Inc., Japan) as a source material of Cr,O3,
were used in the present study. For preparing the Al,03—Cr,03
powder mixture, an aqueous slurry consisting of o-Al,O3
powder and Cr(NO3); in distilled water was dried by dropping
it into a glassware pot heated at 350 °C. The Cr,O3
concentration in the final powder mixture was fixed to be
70 ppm in mass fraction. The Al,O3;—Cr,O3; powder mixture
was ground by dry-milling with an alumina mortar for 30 min.
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The sintering experiments were conducted by using Dr. Sinter
Model SPS-1050 (Sumitomo Coal Mining Co.). The pulse
pattern was set at 12/2 in ON/OFF time which means those 12
pulses of electric current (ON) go through the die/sample
followed by 2 pulses of no electric current (OFF) with the same
pulse duration of 3.3 ms for achieving minimum grain growth
[37-39]. The starting powder was placed into a high-density
graphite die (outer diameter of 30 mm, inner diameter of
15.4 mm and height of 30 mm) having a 1.8 mm in diameter
and 3 mm depth hole in the outside surface for temperature
monitoring. Graphite sheets of 0.1 mm thick were inserted
between the die/punch and the powder. Die temperature
(sintering temperature) was controlled by a preset heating
program and it was measured by an optical pyrometer focused
on the surface hole of the die during heating. The PECS was
conducted at the die temperatures ranging from 1100 to
1300 °C for 20 min with various heating rates from 2 to 100 °C/
min in vacuum. A uniaxial pressure was applied from 40 to
100 MPa. Similar to previous studies [6,8,37-39], the sample
temperature was measured by a type-R thermocouple, which
was inserted through a hole drilled in the punches. The sintered
samples were polished carefully like mirror surface using finer
diamond slurry grains (1 wm). The final thickness of all
samples was approximately 2.5 mm.

Bulk density of as-sintered sample was measured by the
liquid displacement technique with toluene. The relative
density was calculated from the measured bulk density to
the theoretical density. The microstructure of ruby polycrystals
was observed on the fractured surface by scanning electron
microscopy (SEM) after breaking the sintered sample. The
grain size of sintered bodies was determined by measuring the
average cross-section area per grain and spherical grain
assumption in the SEM images of the fractured surface. The
measured grain size was then multiplied by 1.126 to determine
the average grain size [40].

3. Results and discussion
3.1. Effects of applied pressure and heating rate

The relationship between the relative density of sintered
samples and the applied pressure is depicted in Fig. 1. The
relative density increases with increasing applied pressure. The
relative density of ruby polycrystals sintered with the slowest
heating rate was higher than that in the rapid heating rate under
the same applied pressure. By applying uniaxial pressure of
100 MPa, all the samples attained nearly complete densification
(over 99%). With an applied pressure of 80 MPa and higher,
fully densified samples would be already obtained at the
slowest heating rate. Pressure and heating rate appear to play
the predominant role in densification.

Fig. 2 presents SEM images of fractured surface of ruby
polycrystals sintered under various conditions. With an applied
pressure of 40 MPa, the microstructure of all sintered samples
exhibit number of pores at grain boundary junction and small
grain size. Increasing pressure to 100 MPa, the sample with a
heating rate of 2 °C/min is completely densified. Less pores and
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Fig. 1. Relationship between the relative density, d, and the applied pressure, P,
for ruby polycrystals sintered at 1200 °C.

finer grains formed after sintering under higher pressure and
slow heating rate. The pressure/heating rate and average grain
size relationship is shown in Fig. 3. Applied pressure appears to
weakly affect the average grain size while the heating rate
significantly affected the average grain size. The grain size of
ruby polycrystals with slower heating rate was smaller than the
ones formed by the rapid heating rate. The heating rate played a
greater role in grain growth than the applied pressure did.

As presented in Fig. 3, the grain size with rapid heating rate
was larger than those with a slower heating rate under the same
applied pressure. This could be explained by a difference in
temperature of the samples sintered in each heating rate. Fig. 4
shows the sample temperature as a function of the die
temperature for PECS of powder mixture at the heating rates of
2 and 100 °C/min. PECS with a rapid heating rate had a higher
sample temperature than that with a slow heating rate and it was
also higher than the die temperature. The sample with a rapid
heating rate has temperature about 50 °C higher than that of a
slow heating rate at 1200 °C of die temperature. At this
temperature, the difference of temperature in the samples using
a slow heating rate was reached to approximately 60 °C higher
in comparison to the die temperature. The difference in
temperature between a sample and the die in various heating
rates became larger as the die temperature increased. The result
suggested that a high sample temperature results in a large grain
size [37-39].

For the effect of the heating rate on the grain size, there have
been conflicting results. Some researchers reported that the
grain size of Al,O; decreased as the heating rate increased
[10,12,45]. Those reports mentioned a small grain size at rapid
heating for Al,O3, which was opposite to the results of the
present study and other studies [34,35,46]. The different types
of Al,O; powders and different sintering conditions may
provide a clue for understanding the conflicting results. To
explain the reason for larger grain size at the rapid heating rate,
Murayama and Shin argued that a high defect concentration
had been produced by rapid heating and associated rapid
plastic deformation during densification [46] that was
suggested to accelerate the grain growth during PECS
processing.
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Fig. 2. Microstructures of the fractured surface of ruby polycrystals sintered at 1200 °C: (a)—(c) a heating rate of 2 °C/min and the applied pressures of 40, 80 and
100 MPa; (d)—(f) a heating rate of 10 °C/min and the applied pressures of 40, 80 and 100 MPa and (g)—(i) a heating rate of 100 °C/min and the applied pressures of 40,

80 and 100 MPa, respectively.

3.2. Effects of sintering temperature

While a difference in temperature between the sample and the
die is often qualitatively acknowledged, the reported experi-
mental results are based on both temperatures. Fig. 5 shows the
relative density of sintered bodies as a function of the die
temperature for ruby polycrystals sintered with various heating
rate and under an applied pressure of 100 MPa. The relative
density increased as the die temperature increased. At the same
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Fig. 3. Relationship between the average grain size, D, and the applied
pressure, P, for ruby polycrystals sintered at 1200 °C. The error bars show
maximum and minimum values.

die temperature, the comparison indicated that PECS with a slow
heating rate achieved a higher density than that with a rapid
heating rate. As the result, the complete densification of ruby
polycrystals was obtained when the die temperature was above
1200 °C for all heating rates. In the densification of ruby
polycrystals, it was clear that PECS with a high die temperature
and a slow heating rate offered a more significant densification
than that with a low die temperature and a rapid heating rate.
SEM images of fractured surfaces of ruby polycrystals
sintered with various heating rate at difference sintering
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Fig. 4. Sample temperature, T, as a function of the die temperature, 7, for ruby
polycrystals sintered under an applied pressure of 100 MPa.
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Fig. 5. Relationship between the relative density, d, and the die temperature, 7,
for ruby polycrystals sintered under an applied pressure of 100 MPa.

temperature are presented in Fig. 6. In the case of a die
temperature of 1100 °C, there exist a number of pores inside the
samples with a low relative density for various heating rates
(Fig. 6(a) and (d)). The average grain size of these samples was
still as fine as the particle size of the Al,03;—Cr,O3 powder
mixture. Larger grains were found in the ruby polycrystals
sintered at a higher die temperature. At the die temperature of
1300 °C, rapid grain growth occurred (Fig. 6(c) and (f)). The
average grain size increases with increasing die temperature for
various heating rates is shown in Fig. 7. The results indicate that
the average grain size of a rapid heating rate was larger than that
of a slow heating rate at the same die temperature. This
difference is clearly seen at a higher die temperature. For the
ruby polycrystals sintered at 1300 °C, the average grain size
was 4-5 times larger than that of the sample sintered at a lower
sintering temperature. Thus, changes in the heating rate gave
rise to differences in microstructures of ruby polycrystals
sintered at the same die temperature. The larger grain size may
indicate a higher temperature or higher grain boundary mobility
inside the sample. The die temperature showed a major effect
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Fig. 7. Relationship between the average grain size, D, and the die temperature,
T4, of ruby polycrystals sintered under an applied pressure of 100 MPa. The
error bars show maximum and minimum values.

on densification and grain growth of ruby polycrystals sintered
by PECS processing.

The dependence of the sample temperature on the relative
density and the grain growth for various heating rates is shown
in Fig. 8(a) and (b), respectively. An increase in the relative
density with an increasing sample temperature can be observed.
The increase in the density appeared to be minor when the
sample temperature is higher than 1300 °C regardless of the
heating rate. Besides, when the sample temperature increased,
the relative density of ruby polycrystals sintered by a slow
heating rate is higher than those achieved by a rapid heating
rate, as shown in Fig. 8(a). The difference appeared to decrease
as the sample temperature increased. Obviously, the experi-
mental condition of a high sample temperature and a slow
heating rate gave more advantages than a low sample
temperature and a rapid heating rate in the densification of
ruby polycrystals. Both the heating rate and the sample
temperature had effects on densification. However, the grain
growth was independent of the heating rate though the sample

Fig. 6. Microstructures of the fractured surface of ruby polycrystals sintered under an applied pressure of 100 MPa: (a)—(c) a heating rate of 2 °C/min and the die
temperatures of 1100 °C, 1200 °C and 1300 °C; (d)—(f) a heating rate of 100 °C/min and the die temperatures of 1100 °C, 1200 °C and 1300 °C, respectively.
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Fig. 8. Sample temperature, 7, dependence of the (a) relative density, d; and (b) average grain size, D, of the ruby polycrystals sintered under an applied pressure of

100 MPa. The error bars show maximum and minimum values.

temperature was the same. As presented in Fig. 8(b), a further
increase in the sample temperature resulted in a further increase
in the average grain size even at different heating rates. The
grain growth became significant when the sample temperature
was above 1350 °C.

3.3. Transparency

Fig. 9 shows the sample images of ruby polycrystals
sintered by PECS. As mentioned above, a higher applied
pressure and a slower heating rate resulted in a complete
densification and small grain size. The transparency of ruby
polycrystals could be affected by both the relative density and

N\ Pa E[

the grain size. Since the transparency is inversely proportional
to the grain size and is directly proportional to the density [29—
32,41-44], the transparency of the ruby polycrystals was
intensified when the pressure increased and the heating rate
decreased. The ruby polycrystals with low density had lower
apparent transparency than the dense ones. In addition, not
only the effects of density but also the grain size influenced the
transparency of ruby polycrystals. When increasing the
pressure and simultaneously decreasing the heating rate, the
appearance of ruby polycrystals changed gradually from
opaque to highly transparent. The excellent transparency of
ruby polycrystals was obtained at a sintering temperature of
1200 °C with a heating rate of 2 °C/min and under an applied
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Fig. 9. Images of ruby polycrystals sintered at 1200 °C: (a)—(c) a heating rate of 2 °C/min and the applied pressures of 40, 80 and 100 MPa; (d)—(f) a heating rate of
10 °C/min and the applied pressures of 40, 80 and 100 MPa and (g)—(i) a heating rate of 100 °C/min and the applied pressures of 40, 80 and 100 MPa, respectively. All
the samples are placed directly on the text.
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Fig. 10. Images of ruby polycrystals sintered with a heating rate of 2 °C/min and under an applied pressure of 100 MPa: (a) 1100 °C in sintering temperature, (b)

1200 °C and (c) 1300 °C. All the samples are placed directly on the text.

pressure of 100 MPa (Fig. 9(c)). The transparency of ruby
polycrystals is easily evaluated by the naked eyes.

The appearance of ruby polycrystals sintered with a heating
rate of 2 °C/min and under an applied pressure of 100 MPa at
various sintering temperature is shown in Fig. 10. The ruby
polycrystalline material sintered at 1200 °C (Fig. 10(b)) shows
a clearer underlying image than the ones sintered at 1100 °C
(Fig. 10(a)). This is due to an increase in the densification of the
sample, as mentioned in the previous section. At a sintering
temperature of 1300 °C (Fig. 10(c)), the ruby polycrystals
changed from transparent to translucent. This phenomenon can
be explained by pore growth caused by rapid grain growth
occurred inside the sample [33,36,42].

4. Conclusions

PECS of transparent Cr-doped Al,O; was investigated.
Highly densified Cr-doped Al,O; polycrystalline material was
successfully obtained by using PECS processing. In this study,
the applied pressure weakly influenced grain growth, but its
effect on the densification has been significant. At the same die
temperature, the heating rate affected sample temperature,
densification and grain growth of the ruby polycrystals.
However, at the same sample temperature, the grain growth
was independent of the heating rate. The densification and the
grain growth affected the transparency of the sintered sample.
The sintered ruby polycrystals at a sintering temperature of
1200 °C with a slow heating rate, e.g. 2 °C/min and a high
applied unixial pressure, e.g. 100 MPa, showed excellent
transparency which was easily visible by the naked eyes. Owing
to grain growth, the ruby polycrystals sintered at 1300 °C
changed from transparent to translucent.
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