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Abstract 
High-alumina (Al2O3) ceramics are an important, but sometimes overlooked industrial material. 

Two 92% alumina spray-dried granules, which contained different sintering aid compositions, were 
studied. The two alumina granules, called MT and JP, were die compacted to form bend bars and heated 
at temperatures from 200℃ to 1600℃. The effect of the sintering aid composition on the shrinkage, 
density, and fracture strength of samples were investigated. It was found that MT samples had a lower 
density than the JP samples up to 1100℃, due to a greater weight loss following binder removal.  
However, between 1200℃ to 1600℃, the MT samples had higher density (95.45%. vs. 94.40%), 
shrinkage (18.1% vs. 14.4%), and fracture strength (315 MPa vs. 264 MPa) than the JP samples, due to 
a 100℃ lower onset of liquid phase sintering. An analysis using glass formation principles determined 
that the MT sintering aid contained more glass network modifiers and property modifiers, which likely 
reduced the sintering liquid formation temperature and viscosity. 

 

1. Introduction 
 
The manufacturing of advanced engineering ceramics by die 

pressing of spray-dried granules is widely used in industry [1,2]. 
For the case of spray-dried alumina (Al2O3), it is known that many 
factors, including the compaction pressure and granule strength [3], 
internal and external friction [4,5], as well as the part geometry and 
sintering temperature [6] can influence the shrinkage and densification 
of the compacted green body. From the work of Somton et al. [7], 
it was found that an increase of compaction pressure resulted in a 
decreased sintering shrinkage for a 92% alumina. While an increase 
of the organic binder content in the spray-dried granules increased 
the sintering shrinkage, due to increased porosity from the binder 
removal. The role of sintering aids on the shrinkage and densification 
behavior of the 92% alumina was not examined in that work. However, 
a more complete assessment of the shrinkage and densification 
characteristics of a ceramic is often necessary to better control the 
final dimensions of sintered parts.  

The use of sintering aids in alumina is essential for achieving the 
desired microstructural features, such as grain size and distribution, 
grain boundary characteristics and porosity content. Many different 
sintering aids have been researched for alumina, such as CaO, SiO2, 
MgO, Y2O3, La2O3, etc. [8]. Ding et al. [9] used kaolinite and calcium 
carbonate as sources of SiO2 and CaO for sintering of a 95% alumina. 
An increase of volume shrinkage up to 39% and a compressive 
strength of 1323 MPa were found. Liu et al. [10] found that an increase 
of TiO2 from 0% to 1% increased the linear sintering shrinkage of 

a 95% alumina from 4.83% to 16.65% and also increased the flexural 
strength. High-purity (~99% Al2O3) engineering aluminas often utilize 
a very small amount of a single oxide that functions as a solid state 
sintering aid. This is in contrast to the so called high-aluminas (~85% 
to 95% Al2O3) that typically use a larger amount of industrial minerals, 
that provide multiple oxides which function together to effectively 
liquid phase sinter the alumina [11].  

While the high-purity engineering aluminas have many exceptional 
properties, they are typically more expensive to manufacture, due to 
stringent purity and processing requirements. The high-aluminas 
though, can offer acceptable properties at a lower cost, due to less 
stringent manufacturing requirements. These high-aluminas have been 
used in industrial wear and electrical applications [11,12]. This research, 
guided by glass formation principles, studied the effect of sintering aid 
composition of two spray-dried 92% high-alumina granules on the 
shrinkage, densification and fracture strength, as a function of sintering 
temperature. 

 
2.  Experimental 

 
The sources of the 92% alumina granules used in this study were 

an in-house (MTEC) production granule called as MT here, and a 
commercially available granule supplied by Y.S. Company (Japan), 
called as JP here. The MT granules are intended as a lower cost, domestic 
alternative to the imported JP granules, while having comparable 
properties. The average sizes of the MT and JP granules were 66 µm 
and 54 µm in D [4,3], respectively, as measured by laser diffraction 
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particle size analysis (Malvern Mastersizer). The MT granules contains 
8 wt% PVA binder system (Ghosenol, GL-05, Japan) and 8 wt% of 
mineral sintering additives, while the JP granules contains 5 wt% 
PVA binder system and 8 wt% of mineral sintering additives. Details 
on the MT granule preparation has been detailed previously [13]. 
The greater PVA binder content of the MT granules is for improved 
green body strength of compacted parts. The MT and JP granules 
contain alumina powders with an average particle size of less than 
1 μm. The chemical compositions of the granules were characterized 
using X-ray fluorescence (XRF) and the results reported as the 
stoichiometric oxides.  

The granules were uniaxially die pressed with a constant pressure 
of 133 MPa to produce rectangular, bend bar specimens with dimensions 
of 4 mm × 6 mm × 34 mm. Five specimens were produced for each 
condition tested. The samples were heated in air in a box furnace, at 
temperatures from 200℃ to 1600℃, using a heating rate of 100℃∙h‒1, 
with a hold time of 2 h. The test temperature range was divided from 
200℃ to 1000℃ and from 1100℃ to 1600℃ and are referred to here 
as the pre-sintering and sintering temperatures, respectively.  

The pre-sintered and sintered samples were measured for weight 
loss and dimensional shrinkage. The bulk density was calculated using 
the measured weight and dimensions of the samples. The bulk density 
and porosity were also measured using Archimedes’ method for the 
samples sintered at 1000℃ and above according to ASTM C373 [14]. 
The flexural strengths of the samples were measured in three-point 
bending with a universal testing machine (UTM: Instron 8872) with 
a span of 20 mm and loading rate of 0.05 mm∙min‒1. The micro-
structures of the fracture surfaces of the samples were observed by 
scanning electron microscopy (SEM: Hitachi S-3400) at a magnification 
of 1000x. The phase content of sintered samples was characterized 
using X-ray diffraction (XRD) from 10 to 90°. 

 
3.  Results and discussion 

 
3.1  Granule chemistry  

 
The chemical compositions of the MT and JP granules, as determined 

by XRF, are shown in Table 1. The results are reported as the assumed 
stoichiometric oxide of the detected metal element. Both the MT and 
JP columns summed to 100.0%, which showed the oxide assumption 
to be valid. It was found that the Al2O3 content in the MT and JP 
granules were very close to the stated 92% purity level, at 92.4% and 
92.1%, respectively. There were slight differences between the MT 
and JP granules for several oxides, such as Na2O, Fe2O3, and MgO. 
However, there were two larger differences between the SiO2 and 
CaO content in the MT and JP granules. The MT granules had SiO2 and 
CaO contents of 3.8% and 2.6%, respectively, while the JP granules 
had a majority of SiO2 at 6.1% and a small amount of CaO at 0.6%. 

The XRF results were generally consistent with the previously 
reported [7] mineral additives used in these granules. For the MT 
granules, they were wollastonite (CaSiO3), celsian (BaO·Al2O3·2SiO2), 
and clay (Al2O3·2SiO2·2H2O), while for the JP granules, they were 
calcium carbonate (CaO·CO2), talc (3MgO·4SiO2·H2O) and clay 
(Al2O3·2SiO2·2H2O). In the MT granules, the MgO, Na2O and Fe2O3 
were incidental additions, while Na2O and Fe2O3 were likewise 
incidental additions in the JP granules. Their exact origin was not 

investigated, but they are common accessory mineral and/or ion 
impurities found in industrial minerals, such as clay [15,16]. 

For the sintering of Al2O3 containing a minor SiO2 phase, the 
SiO2 is expected to create a glassy liquid phase, which results in the 
liquid phase sintering of the Al2O3 [17]. The silica (SiO2) phase can be 
augmented and modified in high-alumina ceramics with the addition 
of materials such as clay, wollastonite and talc, to create calcium and 
magnesium aluminosilicate liquids, which produce stronger and more 
refractory high-aluminas [11]. The barium in the celsian of the MT 
granule functions as a flux similar to calcium and magnesium, as it is 
also an alkaline earth element, but it can offer a different set of thermal 
and mechanical properties to the glassy phase [18]. In MT granules, 
the celsian is used for thermal expansion matching. The exact minerals 
used, besides for reasons of chemistry and properties, may also be 
selected for beneficial contributions to the compaction behavior, 
such as with talc and clay [11,16]. These mineral additions to the SiO2, 
can be thought of as contributing oxides to the initial SiO2 liquid 
phase much in the same way that they would to an ordinary silicate 
glass. It would therefore be beneficial to estimate the composition 
of the starting glassy liquid phase created from the sintering aids, to 
provide some insight into the liquid phase sintering process.  

From the chemical compositions of the MT and JP granules, shown 
in Table 1, the minor oxides were used to calculate the starting liquid 
phase, i.e. glass composition, as shown in Table 2. The Al2O3 and ‘Other’ 
content were ignored in the calculation. The calculated compositions 
for the MT and JP liquid phases showed a number of key differences 
between them. In ordinary silicate glasses, the various oxides can be 
divided into different categories based on their role in the glass structure 
[19,20]. SiO2 is a glass or network former and increasing its content 
increases the glass melt viscosity. Na2O is a network modifier and it 
creates weak, non-bridging sodium–oxygen bonds, which reduce the 
viscosity and acts as a flux during melting. CaO is an intermediary or 
property modifier, and while it also creates non-bridging calcium–oxygen 
bonds, they are moderately strong and decrease viscosity when replacing 
SiO2 or increase viscosity when replacing Na2O. In greater amounts, 
some property modifiers can also act as weak fluxes. The MgO and BaO 
function similarly to CaO in a glass. Fe2O3 can act as either a network 
former or modifier depending on the content [21], and in this small 
amount is likely acting as a network modifier, similar to the Na2O.  

It can be seen in Table 2, that the calculated glass composition 
from the MT sintering aids is approximately 50% network former 
and 50% network modifier and property modifier, while for the 
JP sintering aids it is approximately 78% network former and 22% 
network modifier and property modifier. Based on these compositions, 
the MT sintering aids could be expected to produce a liquid phase at 
a lower temperature, due to the greater Na2O and Fe2O3 content and 
to produce a lower viscosity liquid phase due to the greater combined 
network modifier and property modifier content. The JP sintering aids 
could be expected to form a liquid phase at a higher temperature and 
produce a higher viscosity liquid phase due to the smaller combined 
amount of network and property modifiers. This is with the assumption 
that the liquid phases are physically and chemically homogenous, 
as well as chemically stable. It is also with the understanding that 
the primary alumina particle sizes are comparable between MT and 
JP granules, as the liquid phase sintering rate can be affected by the 
particle size, in addition to the liquid phase chemistry.  
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Table 1. Chemical compositions of the MT and JP granules as determined 
by XRF. 
 
Oxide MT granule [wt%] JP granule [wt%] 
Al2O3 92.4 92.1 
SiO2 3.8 6.1 
CaO 2.6 0.6 
MgO 0.4 0.9 
Na2O 0.4 0.1 
Fe2O3 0.1 0.1 
BaO 0.2 0.0 
Other 0.1 0.1 
Sum 100.0 100.0 
 
Table 2. Calculated glass composition of the liquid phase for the MT and JP 
granules. 
 
Oxide MT glass [wt%] JP glass [wt%] 
SiO2 50.67 78.21 
CaO 34.67 7.69 
MgO 5.33 11.54 
Na2O 5.33 1.28 
Fe2O3 1.33 1.28 
BaO 2.67 0.00 
Sum 100.00 100.00 

  
3.2 Sintered sample phase content 

 
The XRD results for MT and JP samples sintered at 1600℃, are 

shown in Figure 1. For the MT sample, Figure 1 (top), the pattern was 
matched with corundum (α-Al2O3) (ICDD PDF# 00-042-1468) and 
a minor amount of wollastonite (CaSiO3) (ICDD PDF# 00-027-0088). 
The wollastonite phase was likely from undissolved wollastonite 
added to MT granules. For the JP sample, Figure 1 (bottom) the pattern 
was matched with corundum (α -Al2O3) (ICDD PDF# 00-042-1468) 
and minor amounts of quartz (α-SiO2) (ICDD PDF# 01-077-1062) 
and cordierite (Mg2Al4Si5O18) (ICDD PDF# 00-060-0061). The quartz 
was likely from undissolved particles contained as an accessory phase 
in the mineral sintering additives, such as the clay [15,16]. The very 
minor amount of cordierite was likely formed from the liquid phase.  

The XRD patterns in Figure 1 showed that the sintering additives 
in the MT sample, celsian and clay, were completely dissolved, while 
the wollastonite was nearly completely dissolved during sintering. 
For the JP sample, the sintering additives, calcium carbonate, talc and 
clay, were completely dissolved during sintering. The small amount 
of solidified liquid phase in the MT and JP samples, approximately 
10 vol% to 12 vol%, would not be expected to generate a large amorphous 
hump in the XRD patterns, but could be responsible for the slightly 
elevated background signal seen at low theta angles from ~10° to 30° 
[22]. The XRD patterns also showed that the solidified liquid phase 
remained nearly completely amorphous during solidification, with 
only the previously mentioned minor amount of wollastonite in the 
MT sample and the minor amounts of quartz and cordierite in the JP 
sample. The XRD results supported a glass analysis approach to the 
sintering liquid.  

 
3.3 Densification behavior 

 
Plots of the average weight loss and linear shrinkage as a function 

of temperature, for the MT and JP samples, are shown in Figure 2. 

The weight loss had standard deviations of approximately ±0.05% 
and ±0.11% for MT and JP samples, respectively, while the shrinkage 
had standard deviations of approximately ±0.08% and ±0.04% for 
MT and JP samples, respectively. The small values of the standard 
deviation result in bars that are generally obscured by the point markers 
in Figure 2. The small standard deviations indicated good sample and 
measurement reproducibility. It was found that the MT samples had 
a greater weight loss and shrinkage than the JP samples for the entire 
temperature range of 200℃ to 1600℃. The MT samples from 200℃ 
to 1000℃ had a maximum shrinkage of 0.7% which was slightly greater 
than the 0.3% maximum shrinkage of the JP samples in the same 
temperature range. The weight loss, due primarily to binder removal 
from the granules, did not strongly affect the shrinkage in the pre-
sintering temperature range up to 1000℃. During sintering, beyond 
1000℃, the MT samples shrank rapidly from 1.7% at 1100℃ to 16.5% 
at 1400℃ and reached a maximum shrinkage of 18.1% at 1600℃. 
The JP samples shrank from 0.6% at 1100℃ to 4.0% at 1300℃. 
After that, the JP samples shrank rapidly to 13.7% at 1500℃ and 
reached a maximum shrinkage of 14.4% at 1600℃.  

 

        

Figure 1. XRD patterns of MT (top) and JP (bottom) samples sintered at 1600℃. 
The peaks are identified as A = alumina, C = cordierite, Q = quartz and W = 
wollastonite. 

 

 

Figure 2. Plots of weight loss and linear shrinkage vs. temperature for the MT 
and JP samples. 
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The weight loss due to binder removal, as well as sintering aid 
decomposition processes, resulted in the creation of porosity in the 
samples. At pre-sintering temperatures, there was little thermal energy 
to contribute to the shrinkage process, such that the porosity was 
reduced very little. However, at the higher sintering temperatures, 
the creation of a liquid phase would be expected to rapidly fill the 
porosity and contribute to shrinkage. A point for point comparison of 
the MT and JP samples in the sintering temperature range showed that 
the MT samples experienced a more rapid shrinkage onset at 1100℃ 
and a greater total amount of shrinkage. This indicated the creation of 
a liquid phase with a lower viscosity and/or in a greater volume in the 
MT samples than in the JP samples. This result concurred with the 
previous assessment based on the calculated glass compositions. 

Plots of the average bulk density of the MT and JP samples, as a 
function of temperature, are shown in Figure 3. The standard deviations 
of the calculated and Archimedes bulk densities were very small, 
approximately ±0.01 g∙cm‒3, and are not readily visible in Figure 3, 
due to point marker obscuration. The starting green density of the MT 
sample was 2.28 g∙cm‒3, which was lower than the 2.42 g∙cm‒3 green 
density of the JP sample. This was mostly due to a greater content of 
PVA binder (ρ = 1.2 g∙cm‒3) in the MT sample than the JP sample, 
as confirmed by the weight loss in Figure 2. There was a reduction 
in density for both MT and JP samples that began in the temperature 
range of 200°C to 400°C, due to the large weight loss combined with 
only a minimal amount of sample shrinkage, i.e. decreased volume. 
The MT samples had a 5.3% density reduction which was slightly 
greater than the 4.2% density reduction of the JP samples, due to the 
slightly greater weight loss of the MT over the JP samples. The MT 
and JP sample densities remained stable until 1000℃, as both their 
weight loss and volumes were largely unchanged. The MT sample 
density increased from 2.20 g∙cm‒3 at 1100℃ to 2.54 g∙cm‒3 at 1200℃ 
before it rapidly increased to 3.55 g∙cm‒3 at 1400℃ and reached a 
maximum density of 3.72 g∙cm‒3 at 1600℃. The JP sample density 
increased slightly from 2.33 g∙cm‒3 at 1100℃ to 2.42 g∙cm‒3 at 1200℃ 
and then increased moderately to 3.08 g∙cm‒3 at 1400℃ and reached 
a maximum density of 3.62 g∙cm‒3 at 1600°C. In the sintering temperature 
region, the rapid liquid phase formation in the MT samples allowed 
for quicker densification compared with the JP samples, with comparable 
densities of MT and JP samples being shifted by approximately 100℃. 
Again, this result agreed with the previous glass composition assessment. 

The density plots in Figure 3 for the MT and JP samples were 
well correlated with the measured shrinkage curves seen in Figure 2, 
especially in the sintering temperature region between 1100℃ and 
1600℃. The final density of 3.72 g∙cm‒3 for the MT sample at 1600℃ 
was greater than the final JP sample density of 3.62 g∙cm‒3, due in 
part to the greater shrinkage of MT compared with JP.  

Lastly, the average bulk densities of the MT and JP samples were 
also determined using Archimedes method, as shown in Figure 3. 
The Archimedes method was not used for samples in the pre-sintering 
temperature region due to their mechanical weakness in the binder 
removed state before significant sintering had occurred. The bulk 
density, as measured by Archimedes, agreed well with the bulk density 
that was calculated from the mass and dimensional measurements of 
the MT and JP samples. The Archimedes measurements confirmed 
the validity of the bulk density calculations. 

 

 

Figure 3. Plots of bulk density vs. temperature for the MT and JP samples.  
 
Using an additivity relationship method of Huggins and Sun [23], 

the densities were calculated for the MT and JP glass compositions 
shown in Table 2. It was assumed that all of the oxide phases, with 
the exception of Al2O3, were incorporated into the glasses. From the 
glass compositions, the densities were calculated to be 2. g∙cm‒3 and 
2.458 g∙cm‒3 for MT and JP glasses, respectively. The density of fused 
silica (100% SiO2) glass is 2.20 g∙cm‒3 and the addition of both network 
and property modifiers, such as Na2O and CaO, increases the density 
[19,20]. The density of the MT glass was greater than the JP glass due 
primarily to the large CaO content.  

With the calculated theoretical densities of the MT and JP 
glasses, and an Al2O3 theoretical density of 3.99 g∙cm‒3, the theoretical 
densities (ρth) of the MT and JP samples were calculated according to 
Equation (1) as, 

 
ρth = VGρG+VAρA (1) 

 
where VG and VA are the volume fractions and ρG and ρA are the 

theoretical densities of the glasses (G) and alumina (A), respectively. 
These calculations assumed that the glassy phase remained amorphous 
and did not crystallize. Based on the XRD results shown in Figure 1, 
this was a reasonable assumption. The MT sample contained 89.7 vol% 
Al2O3 and 10.3 vol% glass. The estimated theoretical density of the 
MT sample was calculated to be 3.871 g∙cm‒3. The JP sample contained 
87.9 vol% Al2O3 and 12.1 vol% glass. The estimated theoretical density 
of the JP sample was calculated to be 3.805 g∙cm‒3. While the theoretical 
densities of the MT and JP glasses are different, the theoretical densities 
of the MT and JP samples are more similar due to the large amount 
of alumina. The MT sample had a slightly greater calculated theoretical 
density, but the theoretical density of JP sample was still within 2% 
of it.  

Using the calculated theoretical densities of the MT and JP 
samples, the percent of theoretical density (%ρth) was calculated at 
1100℃, 1200℃, 1400℃ and 1600℃, as shown in Table 3. The 
%ρth was calculated according to Equation (2) as, 

 
%ρth = ρb

ρth
× 100 (2) 
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Table 3. Various calculated density values for the sintered MT and JP samples.  
 
Calculated value MT JP 
Glass phase density [g∙cm‒3] 2.831 2.458 
Sample theoretical density [g∙cm‒3] 3.871 3.805 

%Theoretical Density [%] 

1600℃ 95.45 94.40 
1400℃ 91.85 80.80 
1200℃ 65.27 62.93 
1100℃ 56.59 60.71 

 

 

Figure 4. Plots of open and closed porosity, as well as bulk density, for MT 
samples as a function of temperature. 

 

 

Figure 5. Plots of open and closed porosity, as well as bulk density, for JP samples 
as a function of temperature. 

 
where ρb and ρth are the bulk and theoretical densities, respectively. 

At 1100℃, the %ρth of MT was 56.59%, and JP had a slightly higher 
%ρth of 60.71%. At 1200℃, the %ρth values crossed and MT had 
a %ρth of 65.27%, which was slightly greater than the %ρth of 62.93% 
for JP. At 1400℃, the %ρth of MT rapidly increased to 91.85% while 
for JP it was a more moderate 80.80%. The increase of the %ρth 
values of the MT and JP samples matched their respective density 
trend lines as seen in Figure 3. This was due to the similarity of the 
theoretical densities of MT and JP samples. At 1600℃ the maximum 
%ρth was 95.45% for the MT sample and 94.40% for the JP sample. 

The MT sample achieved a slightly greater sintered density than the 
JP sample, on a percentage basis. The calculated theoretical densities 
of MT and JP samples were both in reasonable agreement with reported 
densities of various high-aluminas in the 92% purity range [11,24,25]. 

Archimedes method [14] was used to determine the bulk (ρb) 
and apparent density (ρa), as well as the percent open porosity (%PO) 
of the MT and JP samples. Using that data, the percent closed porosity 
(%PC) content was calculated according to Equation (3) as,  

 

%PC = ρb �
1
ρa
− 1

ρth
�× 100 (3) 

 
where ρb, ρa, and ρth are the bulk, apparent and theoretical 

densities, respectively.  
Plots of the average bulk density, as well as the open and closed 

porosities of the MT and JP samples from 1000℃ to 1600℃, are 
shown in Figure 4-5, respectively. As the standard deviations of the 
density measurements were small, calculations using the density also 
had small standard deviations, approximately ±0.2% to ±0.5%, and 
are not readily visible in Figures 4-5 due to point marker obscuration. 
The MT and JP samples both displayed the same general trends. The 
bulk density and open porosity were inverses of each other. When the 
bulk density was low, it was due to a greater amount of open porosity, 
as would be expected for compacted powder green bodies. Both MT 
and JP samples had a larger amount of open rather than closed porosity 
at the sintering temperatures from 1000℃ to approximately 1400℃ 
for the MT samples and from 1000℃ to approximately 1500℃ for 
the JP samples. The temperatures of 1400℃ and 1500℃ for MT and 
JP samples respectively, were the transition from more open to more 
closed porosity. The few percent of porosity that remained in both 
the MT and JP samples was closed porosity. The measurable open 
porosity was completely eliminated, which indicated a high degree 
of vitrification of the samples. 

The slope changes at the transition temperatures of the bulk 
density curves of the MT and JP samples, seen Figure 4-5, indicated 
that the densification rate slowed down. This was potentially due to 
the negative contribution to sintering by air-filled closed pores, a result 
of the sintering atmosphere [26]. It was observed by Coble [27] that 
solid state sintered alumina failed to reach full density when sintered 
it air. It was attributed to the lack of nitrogen solubility (Air is ~78% 
N2) in the alumina. More recently it was also shown that alumina 
sintered with 10 vol% and 20 vol% of a calcium aluminosilicate glass 
also failed to reach full density when sintered in air [28]. This was 
attributed to pressurization of the air trapped in the closed porosity, 
again a side effect of poor nitrogen solubility in both the alumina and 
the glass phases. In both cases, full density could be achieved by 
sintering in vacuum or with an atmosphere containing a soluble gas, 
such as hydrogen. 

 
3.4 Flexural strength  

 
Figure 6 shows plots of the average flexural strengths of the MT 

and JP samples as a function of temperature. Both the MT and JP 
samples had low strengths of approximately 1 MPa to 7 MPa in the 
pre-sintering temperature range. This would be expected as only 
a small amount of particle necking would take place at these relatively 
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low temperatures. When the temperature was increased above 1000℃ 
though, the MT samples had a rapid increase of strength from 12 MPa 
at 1100℃ to 308 MPa at 1500℃ and then a slight increase of strength 
to 315 MPa at 1600℃. The JP samples had an increase of strength 
from 8 MPa at 1100℃ to 32 MPa at 1300℃, followed by a rapid 
increase of strength to 264 MPa at 1600℃. The flexural strength values 
of the MT and JP samples at 1600℃ are in line with the reported values 
for various 92% purity aluminas [11,24,25]. The standard deviations 
of the strength measurements were reasonably small, approximately 
±8% and ±12% of the average strength values at each temperature, 
for MT and JP samples, respectively. 

The flexural strength increases in the sintering temperature range 
were a direct result of the density increases, i.e. porosity reduction 
due to sintering, in the MT and JP samples. It is well known that the 
presence of microstructural porosity in ceramics decreases flexural 
strength. As the MT samples were denser, as a percentage of the 
theoretical density, than the JP samples at a given temperature, the 
MT sample strengths were therefore also greater. There can be other 
factors influencing the flexural strength though, such as grain size, but 
they were not explored here. It is also pointed out that the MT strength 
curve appeared to begin plateauing at 1600℃ and a further increase 
in sintering temperature may not yield further significant gains in 
strength. However, the JP strength curve appeared to still be increasing 
and may benefit from an increased sintering temperature. This can be 
understood when the JP glass composition, shown in Table 2, is 
considered. The decreased amount of network and property modifiers 
would make the JP liquid phase more refractory and it would therefore 
have a greater liquid phase viscosity at the same temperature when 
compared with the MT glass composition. This increased viscosity 
would hinder particle rearrangement and densification. 

 
3.5 Sintered microstructure 

 
SEM images of the fracture surfaces of the MT and JP flexural 

strength samples sintered from 1000℃ to 1600℃ are shown in Figure 7. 
At 1000℃, both the MT and JP samples clearly showed the exterior 
surfaces of the deformed spray-dried granule relics, with little indication 
of neighboring granules having been bonded together due to sintering. 
At 1200℃, the MT sample showed some areas of fracture at the granule 
relic contact points, which indicated an amount of granule necking 
had occurred. The JP fracture surface had no visible indication of granule 
necking. For both MT and JP samples, at sintering temperatures of 
1000℃ and 1200℃, the fracture surfaces appeared predominantly 
inter-granule in nature, i.e. the fracture path was between the exterior 
surfaces of the spray-dried granule relics. At 1400℃ and 1600℃ 
though, the fracture surfaces were largely intra-granule in nature, i.e. 
the fracture path cut through the granule relics, rather than in between 
them as previously observed at 1000℃ and 1200℃. 

In the MT and JP samples sintered at 1000℃ and 1200℃ there 
was also seen a large amount of open, inter-granule porosity as well, 
i.e. pores between the granule relics. At 1400℃, the amount of inter-
granule porosity was greatly reduced in the MT sample, while the JP 
sample still displayed large pores between the granules. In the JP 
sample at 1400℃, a large amount of intra-granule porosity was also 
seen, i.e. pores within the granule relics. At 1600℃, both MT and JP 
samples appeared fairly well sintered, with the visible porosity being 

closed, inter-granule porosity. These larger, inter-granule pores are 
characteristic of spray-dried granule compacts and could be removed 
in several ways, including increased sintering temperature and/or time, 
or with an increased compaction pressure.  
 

 

Figure 6. Plots of flexural strength vs. temperature for the MT and JP samples.  
 

 

Figure 7. SEM images of the fracture surfaces of MT and JP samples sintered 
at 1000℃, 1200℃, 1400℃, and 1600℃. 
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The microstructures observed in Figure 7 were consistent with 
the shrinkage, density and fracture strength results. The MT samples 
sintered to a lower porosity than the JP samples, which resulted in 
increased shrinkage, density and fracture strength. The chemistry of 
the liquid sintering phase, when viewed as a glass, also supported these 
results. The increased network and property modifier content within 
the mineral sintering aids of the MT samples created an appreciable 
liquid phase at a temperature approximately 100℃ lower than the JP 
samples. This is seen in the SEM images as less porosity in the MT 
samples than the JP samples for the same temperature. 

 
4. Conclusions 

 
The influence of the sintering aid chemical composition on the 

shrinkage, densification, and flexural strength of die pressed 92% 
alumina, from two different granule sources, has been studied. The 
conclusions were as follows: 

The greater binder content of the MT granules resulted in lower 
green and pre-sintered densities, as well as higher weight loss, than 
the JP granules. This occurred from room temperature to 1100℃.  

The porosity created by the binder removal was not reduced at 
pre-sintering temperatures below 1000℃. The porosity was reduced, 
i.e. the shrinkage increased, in the sintering temperature range due to 
the onset of liquid phase sintering.  

The greater shrinkage of MT samples in the sintering range was 
due to the sintering aid selection. When viewed as a glass composition, 
the MT samples had a greater network and property modifier content, 
which created a sintering liquid at a 100℃ lower temperature. The JP 
samples had a more refractory glass composition, due to the sintering 
aid selection.  

The greater shrinkage of the MT samples resulted in higher density 
and strength than the JP samples, for the same sintering temperature. 
Observing the fracture surfaces confirmed that the MT samples had 
improved particle necking at pre-sintering temperatures and reduced 
porosity at sintering temperatures compared to the JP samples. 

The application of glass formation principles and glass theoretical 
density calculations, when combined with simple porosity calculations, 
can be a useful tool for the analysis of liquid phase sintered alumina 
ceramics. This is with the understanding that not all assumptions made 
may be valid. 
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