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Abstract
Mesoporous submicron α−Al2O3 green compacts were fabricated using slip casting of ultrafine
alumina powders. The pre-sintered samples were sintered in air atmosphere at 1300 °C, 1350 °C,
1400 °C, and 1500 °C to obtain a variety of grain morphologies namely submicron equiaxed and
micro rod structures. The resulting grain diameters lie between ∼270 nm and ∼1590 nm and total
porosity fraction between 0.05 % and 13 %. The room temperature flexural strength (σ)
evaluations and fractography analyses of sintered alumina samples were performed. It was
observed that the total porosity fraction dictates the flexural strength as compared to grain
diameter. Further, it was found that the flexural strength exhibited a decreasing trend for an
increase in the total porosity fraction, and proved to be a better effective parameter than open
porosity fraction. The fractography analyses suggest that samples sintered at 1300 °C and 1350
°C predominantly underwent intergranular fracture, while those sintered at 1400 °C and 1500 °C
underwent a mixture of intergranular and transgranular fracture.
Keywords: Flexural strength; Mesoporous alumina; Submicron; Transgranular fracture; Intergranular
fracture; Slip casting

1. Introduction
Alumina (Al2O3) is one of the most widely used and a well-studied advanced ceramic. The high
temperature and high chemical stability of Al2O3 as well as its strength retention at elevated
temperatures makes it an interesting material for many applications [1,2]. Porous ceramics offer
high surface area to volume ratio and are potentially interesting as catalyst carriers or filters for
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molten metals and provide high temperature insulation [1–3]. Further, porous alumina ceramics,
when infiltrated with a second phase material such as glass [4],[5], are often used in dental
prosthesis applications.
Flexural strength (σ) data of alumina materials are widely available, and depend on the pore
fraction [1], grain morphology [1],[6], purity, crystallographic orientation [7] and fabrication
techniques [8],[9],[10],[11],[12],[13]. Many research efforts were put forth to evaluate flexural
strength of equiaxed fully dense α−Al2O3 samples for varying grain sizes between 1 µm and 250
µm [6],[8]. A variety of fabrication routes such as hot pressing [8],[10],[11], hot isostatic
pressing [11], cold pressing followed by sintering [9] and slip casting followed by sintering
[12],[14],[15] were employed in those studies. Limited literature is available on the flexural
strength of non-equiaxed fully dense α−Al2O3 samples [9]. Although, it has been well established
that flexural strength increases with a decrease in the grain size [8],[9],[10],[11], very limited
literature is available on the flexural strength of fine grained fully dense α−Al2O3 samples [16].
Moreover, the flexural strength data of microcrystalline, microporous (pore sizes > 50 nm)
α−Al2O3 samples were reported by few researchers [1],[4],[14],[15] and quantitative relations
[17–20],[21] have been developed to predict strength as a function of total porosity fraction. In
addition, some works were carried out on highly porous fine grained (500 nm [1] and 700 nm
[14]) Al2O3 foams constituting 90 % to 94 % total porosity fraction [1]. These studies indicate
that a decrease in the pore size results in an increased flexural strength. However, there is no
literature available on the effect of mesoporous (pore sizes between 2 nm and 50 nm) network on
the flexural strength of α−Al2O3 samples. Therefore, the focus of the current study is to evaluate
the flexural strength of submicron alumina samples in conjunction with mesoporous structure and
perform fractography analyses.
Slip casting is often used and a cost effective technique to obtain bulk porous ceramics as well as
surface hierarchical micro and nano scale porosities [22],[23].This technique can be combined
with replication techniques to obtain surface, micro/nano features such as hierarchical porosities,
pillars, tear cavities, which can find applications in the field of tribology and wetting [22–24].
Alumina samples synthesized by slip casting were utilized for the fabrication of ceramic crowns
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[25]. In this study, we employed such a widely-used slip casting technique and a sintering
process to fabricate mesoporous submicron α−Al2O3 samples.
2. Experimental Details
2.1. Slip Casting and Sintering
Ultrafine α−Al2O3 powders (BMA 15, 99.9 % purity) were commercially obtained from
Baikowski, France and were used to synthesize mesoporous alumina samples. The as-received
α−Al2O3 powders from the supplier were agglomerated as can be seen in Figure 1a, and have
agglomerate diameters between 10 µm and 100 µm. A zoom in of an agglomerate in Figure 1a
reveals the presence of ultrafine grains. Alumina slurry of 25 vol. % solid fraction was prepared
and ultrasonicated with a probe to measure particle size distributions of the de-agglomerated
α−Al2O3 powders using a CPS disc centrifuge, CPS Instruments, Europe, The Netherlands. The
de-agglomerated particles (grains in this study), have a median particle diameter, dv50, between
130 nm and 150 nm (dv50 means 50 vol. % of particles have diameters ≤ 150 nm). The particles
have a narrow particle size distribution, and majority of the grain diameters lay between 90 nm
and 220 nm as published earlier [22].
As-received α−Al2O3 agglomerated powders were employed to prepare 25 vol. % solid fraction
containing alumina suspensions, followed by extensive de-agglomeration using an ultrasonic
probe, low energy milling with 1 mm diameter alumina beads. 1-Octanol, from Sigma-Aldrich,
Switzerland was utilized as a surfactant to help easy degassing of the alumina slurry. A
polyacrylic acid 65 wt. % solution (PAA, MW = 2000) obtained from Sigma-Aldrich,
Switzerland served as a dispersant in the alumina slurry preparation. The schematic presentation
of the slip casting process is presented in Figure 1b. The dispersed alumina slurry was poured
into impermeable Elastosil Polydimethylsiloxane (PDMS) molds to obtain cuboidal samples,
upon completion of the drying. The completely de-agglomerated α−Al2O3 suspension was dried
at 90 % relative humidity (RH) for 24 h and then at 45 % RH for the next 24 h, which finally
resulted in mesoporous α−Al2O3 green compacts. Complete details of slip casting procedure are
described elsewhere [22,23].
The α−Al2O3 green compacts were then pre-sintered in air at 600 °C at a heating rate of 1 K min-1
with a 1 h isothermal stage at 600 °C to remove the PAA dispersant and Octanol surfactant. The
pre-sintered samples were subsequently sintered in air at temperatures of 1300±10 °C, 1350±5
3

°C, 1400±5 °C, and 1500±5 °C in a tubular furnace at 10 K min-1 heating rate, followed by a 1h
isothermal stage at the highest temperature to achieve relative densities between 87 % and 99.5
%. Alumina green compacts with dimensions of 56×9×7 mm3 finally shrank to approx. 50×8×6
mm3, post sintering. The apparent total density and open porosity of at least 10 samples from
each of the sintering batches were estimated using Archimedes principle with water as the
suspending and impregnating liquid medium at 23±2 °C and 35±10 % RH. Water impregnates
into open porous network and the dry weight, wet weight and immersed weights of the sample
are measured. Mathematically, the open porosity fraction and the relative density values are
estimated using Equations (1) and (2), respectively [26]. The reader may also refer to supporting
information for the derivations of the Equations (1) and (2). The total porosity and closed
porosity fractions are eventually estimated using the open porosity fraction and relative density
values. Similarly, the apparent density of pre-sintered samples was measured using isopropanol
as the suspending liquid medium.
𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂 𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 (𝑂𝑂𝑂𝑂, 𝑖𝑖𝑖𝑖 %) =
𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 (%) =

𝑤𝑤𝑤𝑤𝑤𝑤 𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤ℎ𝑡𝑡 − 𝑑𝑑𝑑𝑑𝑑𝑑 𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤ℎ𝑡𝑡
× 100
𝑤𝑤𝑤𝑤𝑤𝑤 𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤ℎ𝑡𝑡 − 𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤ℎ𝑡𝑡

𝑑𝑑𝑑𝑑𝑑𝑑 𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤ℎ𝑡𝑡 × 𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑
× 100
(𝑤𝑤𝑤𝑤𝑤𝑤 𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤ℎ𝑡𝑡 − 𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤ℎ𝑡𝑡) × 𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑

(1)

(2)

2.2. Microstructural Characterizations
Alumina samples were characterized with a Hitachi S4800 high resolution scanning electron
microscope (HRSEM) in secondary electron (SE) mode with 1.5-5 keV and 10 μA to obtain the
grain and pore morphology at all the processing stages and also to carry out fractography
analyses. The pore size distributions of cylindrical shaped (3 g weight) porous alumina samples
were determined using a Hg intrusion porosimeter (Pascal 440, Germany).
2.3. 4-Point Bending Experiments and Sample Preparation
The 4-point bending technique is well-established to evaluate the flexural strength of ceramics,
[27] and therefore was chosen in the current study. The flexural strength values of >50 alumina
samples, at least 10 samples from each of the sintering temperatures (1300 °C, 1350 °C, 1400 °C
and 1500 °C), were measured with 4-point bending setup as shown in Figure 1c. It was extremely
4

tedious and time consuming to carry out grinding experiments, thereby Weibull distribution
could not be performed. The sample preparation was in accordance with the ASTM C1161−13
standard [27], wherein all the sides of sintered samples were ground with diamond wheels in
parallel to the length direction. Subsequently, all the edges of the samples were chamfered to
0.12±0.03 mm length at 45±5°. Eventually, the recommended dimensions as per the ASTM
C1161−13 standard [27] were achieved i.e. minimum length of 45 mm and up to 50 mm, width
(w) of 4±0.13 mm and thickness (t) of 3±0.13 mm. The samples were subsequently ultrasonicated
in ethanol for 30 mins to remove any loosely adhered particles as a result of grinding process and
eventually dried in oven at 150 °C for 5 h. The flatness measurements were performed on each
side of all the samples using a white light AltiProbe Optic® profilometer and are less than 15 µm
across ∼50 mm length of the samples as recommended by ASTM C1161−13 standard [27]. The
arithmetic mean roughness (Ra) values of sintered samples were also measured with the same
profilometer according to the standard DIN EN ISO 4287, ASME B46.1. A total of 9
measurements from 3 samples representing each of the sintering temperatures were performed.
The measured Ra values are 0.32±0.07 µm, 0.22±0.05 µm, 0.34±0.18 µm and 0.23±0.05 µm for
1350 °C, 1400 °C, 1450 °C and 1500 °C sintered samples respectively. The four-point bending
tests were carried out using 40/20 mm load geometry at room temperature (23±2 °C) and 60 %
RH, with a cross-head displacement speed of 0.5 mm/min on a universal testing machine: Zwick
Z005, Germany. An increasing normal load is applied in a typical 4-point bending experiment,
until the sample fractures. The average time till the fracture was ∼10 s. Load versus time data is
recorded and the highest load at which the sample fractures is used to calculate the flexural
strength of alumina samples.
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Figure 1. (a) Low and high magnification SEM images of as-received α−Al2O3 powders from the supplier
showing several agglomerates, which contain ultrafine grains, (b) schematic presentation of slip casting
equipment, and (c) a picture of the 4-point bending experimental setup.

3. Results and Discussion
It is known that the porosity fraction [17–20], the average pore size [14] and distributions [1], the
grain morphology [8],[9],[10], the sample fabrication procedure [11], and the sample surface
finish prior to bending experiments [5,9,27,28] are the critical influencing factors in determining
the flexural strength of brittle ceramics. In this study, the sample fabrication procedure and the
sample surface finish were kept constant. The total porosity fraction, pore sizes and grain
morphology are the main varied parameters. In this section, the microstructural characteristics,
the flexural strength data and the fractography analyses of alumina samples will be presented as
function of sintering temperatures, porosity fraction and grain morphology. Further, the evaluated
flexural strength will be compared with collected literature data.
3.1. Microstructural Characterizations
A representative SEM image of mesoporous α−Al2O3 pre-sintered samples is shown in Figure 2a.
They possess ultrafine equiaxed grains and have ~60 % relative density. The pre-sintered
compacts have also the same grain size distribution as that of de-agglomerated powders, i.e.
possessing a narrow size distribution and average grain diameter of 150±25 nm.
6

They were subsequently sintered to obtain samples with varying pore fraction and grain
morphology. The sintering temperatures (Tsint) were 1300 °C, 1350 °C, 1400 °C, and 1500 °C,
which correspond to ~0.68 Tm, ~0.7 Tm, ~0.72 Tm, and ~0.76 Tm respectively, where Tm is melting
point of α−Al2O3 and equal to 2050 °C. The average relative density (%) values of the sintered
alumina samples are presented as a function of sintering temperature in Figure 3a. It can be
observed that the density increased from 93±2.6 % to 97±2 % with an increase in sintering
temperature from 1300 °C to 1400 °C.
Although the standard deviation in average density values is only 2.6 % for samples sintered at
1300 °C, the absolute values range between 87 % and 96 % (not shown). Similarly, for those
sintered at 1350 °C and 1400 °C, the relative density values lie between 90 % and 97.5 %; and
94.5 % and 99.5 %, respectively. Full densification could be attained at just 1400 °C (0.72 Tm),
smaller than that of microcrystalline Al2O3 powders [11], due to the large surface energy of
ultrafine alumina particles available during sintering and a high initial green compact density
(~60 %) prior to sintering processes in our study, as compared to that of loose Al2O3 powders in
literature [11]. This is because the green compact densities in the pressureless slip casting process
are a resultant of fabrication process parameters such as slurry viscosity, solid weight content in
the slurry, and initial grain sizes of the powders, their grain size distributions and the extent of
slurry dispersion.[29–32] Eventually, higher sintered densities can be attained with higher green
compact densities for same sintering temperatures as also reported for α−Al2O3 [29,30,32].
Alternatively, lower sintering temperatures are sufficient for highly compact green bodies to
achieve full densification as compared to that of low density green bodies or loose powders
which is also valid for α−Al2O3 [29,30,32]. For the samples sintered at a higher temperature of
1500 °C, the attained average relative density values are 97.97±0.86 %, suggesting not much
increase in the relative density values as compared to that of 1400 °C sintered samples (Figure
3a).
The representative 2D SEM cross-sectional images of sintered samples at each sintering
temperature are presented in Figure 2(b-e). Evidently from this figure, for samples sintered at ≤
1400 °C, the grains are equiaxed and sub-micron, while those sintered at 1500 °C constitute rod
shaped micron-scale grains due to anisotropic grain growth. The grain morphology of samples
sintered at 1450 °C and 1475 °C were also investigated resulting in rod shaped grains (not shown
7

here), suggesting an anisotropic grain growth for sintering temperatures of > 1400 °C. The grain
sizes for equiaxed grains are taken as the maximum feret diameter while for anisotropic grains,
an equivalent grain size is considered. The equivalent grain size is defined as an equivalent 2D
grain diameter of a circular grain having the same cross-sectional area as that of an irregularly
shaped (elongated, in this study) grain obtained from 2D SEM images. The equivalent 2D
average grain diameters averaged over at least 300 grains for each sintering temperature are
plotted in Figure 3b.
By sintering at 1300 °C, both the grain growth and the bulk densification occurred. The estimated
average grain diameter in these samples is 300±70 nm, and exhibited an increase as compared to
that of pre-sintered samples (150±25 nm). Also, the grain size distribution has become slightly
wider, as evident from the increased coefficient of variance (mean/standard deviation) from 0.083
(pre-sintered) to 0.23 (1300 °C sintered batch). For samples sintered at 1350 °C and 1400 °C, the
estimated average grain sizes are 507±153 nm and 850±245 nm respectively, which indicates a
further grain growth. The grain size distributions in both these sintering batches have become
wider as compared to 1300 °C sintered batch. Further, the equivalent grain diameter in samples
sintered at 1500 °C is 1587±863 nm revealing micro-crystallinity. The aspect ratio of majority of
these rods is ~5. These rods have a broad size distribution as evident from Figure 2e and an
associated big standard deviation from average grain sizes (Figure 3b). Similar to our
observations, anisotropic grain coarsening in micron-grained (2 µm to 4 µm grain diameter)
α−Al2O3 samples was observed [9] at slightly higher sintering temperatures of ≥1550 °C. A large
scatter in the density values and grain sizes are a result of unavoidable process parameters such as
different powder lots, powder handling and the slip casting process itself.
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Figure 2. Representative grain morphology of Al2O3 samples (a) prior to sintering i.e. pre-sintered sample
and after sintering at (b) 1300 °C, (c) 1350 °C, (d) 1400 °C, and (e) 1500 °C respectively.
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Figure 3. (a) Average relative density values, and (b) equivalent grain sizes of sintered α−Al2O3 samples
plotted as a function of sintering temperature (°C). The samples sintered at ≤ 1400 °C, constitute equiaxed
submicron grains while, those sintered at 1500 °C constitute anisotropic micron-scale grains.
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In addition to the grain morphology, the porosity fraction, the average pore size and the
distributions of pores are essential to be determined. Rice R. W. et al., [17–20] suggested that an
increase in the total porosity fraction leads to an exponential decrease in the flexural strength of
brittle ceramics, while Ryshkewitch, E. [21] proposed open porosity fraction instead of total
porosity. Consequently, the open and closed porosity fraction of sintered alumina samples are
plotted as a function of sintering temperature in Figure 4a in logarithm10 scale. This explains why
the standard deviations are not symmetrical to the average values. The amount of open and closed
porosity in 1300 °C sintered batch are similar. While in 1350 °C, 1400 °C and 1500 °C sintered
batches, the closed porosity fraction is the major fraction. As expected, the open porosity fraction
majorly decreased with an increase in the sintering temperature. For instance, the open porosity
in 1300 °C sintered samples is 3.2±3.6 and decreases to 0.11±0.29 at 1500 °C. The standard
deviations of the porosity values in Figure 4 are a result of measurements from 10 different
samples, fabricated using different lots of powder, different sintering batches at different times of
the year. As a result, the absolute value of the error is larger than the absolute value of the
average porosity fraction value. Already for samples sintered at 1350 °C, the amount of open
porosity fraction is as small as 0.04±0.05 % and therefore, the pore size distribution data could be
obtained only for 1300 °C sintered samples. Hg intrusion porosimeter measurements were carried
out on at least 3 samples and average data is presented in Figure 4b. The estimated average pore
diameters are 18.1±5.5 nm, assuming cylindrical pores and employing Washburn’s equation [22].
The pore size distribution is narrow and reveals the presence of mesoporosity (diameters between
2 nm to 50 nm) in these samples.
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Figure 4. (a) The average values of the open porosity fraction and closed porosity fraction as a function of
sintering temperature in the log10 scale are presented. Note that the asymmetric standard deviation is due
to the logarithmic scale, and (b) the pore size distribution for 1300 °C sintered samples, measured using
Hg intrusion porosimeter as a function of pore diameter.

3.2. Flexural Strength Results
The flexural strength (σ) of ceramics, from 4-point bending experiments, can be estimated using
Equation 3 [27].
Flexural strength (𝜎𝜎) =

3𝐹𝐹𝐹𝐹
𝑏𝑏𝑡𝑡 2

(3)

where F is the maximum load at which the sample fractures, d, b and t are the distance between
the support roller and the load roller length (10 mm), width of the sample (4 mm) and thickness
(3 mm) of the sample respectively.
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The experimental flexural strength data of sintered alumina samples are plotted as a function of
their sintering temperatures, total porosity fraction, open porosity fraction and equivalent grain
diameter in Figure 5. In Figure 5a, flexural strength results are plotted for a total of 50 sintered
alumina samples to show the scatter for each sintering temperature. It can be observed that the
differences in average values are not significantly different for different sintering temperatures.
Hence, the average value and standard deviation are not presented in Figure 5a, but we discuss
the flexural strength data as a whole. The flexural strength ranged between 262 MPa and 561
MPa for varying sintering temperatures (Figure 5a). Apparently, 1400 °C sintered samples batch
exhibited slightly higher flexural strength values as compared to other sintering batches (Figure
5a). This is due to optimal grain diameters and porosity fraction as compared to others. In detail,
the average grain diameter of this 1400 °C sintered batch of samples is 750±245 nm (Figure 3b)
and the average total porosity fraction is 2.9±2 % (Figure 4a). However, 1500 °C sintered batch
constitutes, similar total porosity of 2.1±0.9 % (Figure 4a), while possessing a higher average
grain diameter of 1587±863 nm (Figure 3b). Consequently, the flexural strength in 1400 °C
sintered samples is slightly higher than that of 1500 °C sintered batch. This is in accordance with
literature, which suggests an increase in the flexural strength for a decrease in the grain diameter
[8,10,11,16,33–35]. On the other hand, although, the samples sintered at 1300 °C and 1350 °C
have smaller grain sizes than 1400 °C sintered batch, but possess higher total porosity fractions of
6.7±2.6 % and 5.2±2.6 % respectively, which resulted in smaller flexural strength values. This
indicates that the total porosity fraction plays a dominant role in governing the flexural strength
as compared to the average grain size in mesoporous submicron alumina.
Graphical representations of flexural strength data are shown in Figure 5(b-d) as a function of
total porosity fraction, open porosity fraction and equivalent grain diameters to verify if one of
them outperforms the other for dictating the strength. Interestingly, a decreasing trend for the
strength can be observed for an increase in the total porosity fraction (Figure 5b). However, no
special trend can be observed for the flexural strength as a function of open porosity (Figure 5c).
These observations indicate that total porosity fraction is a better parameter as compared to that
of open porosity fraction in dictating the strength and is in agreement with that described by Rice
R. W. et al., [17–20]. It is however, to be noted that the a high scatter in the strength values as a
function of total porosity fraction arise due to the fact that the grain sizes of all the samples vary
12

significantly and the effect of grain diameter is not de-convoluted. In Figure 5d, the flexural
strength of six selected samples with varying grain diameters are plotted. For instance, the
strength values of three samples possessing ∼280 nm grain diameters are 284 MPa, 402 MPa and
490 MPa. Clearly, the difference in strength arises due to difference in total porosity fraction
values which are 12.7 %, 4.9 % and 3.1 % respectively. Therefore, one must be cautious not to
see the virtual decreasing trend of strength with grain diameter as can be majorly seen in Figure
5d. From the above analysis, it is evident that total porosity fraction is a critical microstructural
characteristic as compared to grain diameter in dictating the flexural strength.
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Figure 5. The flexural strength data of 50 α−Al2O3 samples are plotted as a function of their
corresponding (a) sintering temperatures, (b) total porosity fraction, (c) open porosity fraction
and (c) equivalent grain size respectively.
The collected flexural strength data of α−Al2O3 samples from literature, with their corresponding
grain morphologies, pore morphologies and sample fabrication techniques are graphically
presented in Figure 6 for a comparison. The fabrication techniques employed in literature are hot
pressing (HP), hot isostatic pressing (HIP), cold pressing (CP), foaming (F) and slip casting
(SC) followed by sintering (S) [8],[9],[10],[11],[12]. In Figure 6a, it can be seen that, for the fully
dense alumina samples, the flexural strength decreased exponentially with an increase in the
grain size [8],[9],[10],[11]. It is evident that, in all those studies (see inset of Figure 6a), only
microcrystalline grains were used. Secondly, the grain shape in most of the studies is equiaxed,
except one study where elongated grains [9] are generated post sintering of hot isostatically
pressed samples. These elongated grains are similar to that observed in our 1500 °C sintered
samples, except that the rods in the literature [9] have smaller aspect ratios (~2−2.5).
Interestingly, the flexural strength values of 1500 °C samples is 367±43 MPa (Figure 5b) and
match closely with that reported in literature (400 MPa) [9].
Our flexural strength values are as high as 560 MPa or on an average 410±87 MPa for fully dense
sintered samples (Figure 5a). However, flexural strength of fully dense slip cast ultrafined
alumina samples was reported to be only 170 MPa (see Figure 6a) [12]. In another study, slip cast
95 % dense alumina (grain diameter=23 µm, closed pore diameters of ∼100 µm) was shown to
possess slightly improved strength of 220 MPa [15] (see Figure 6b). Although, same slip casting
process was employed in our work and that in literature [15], our strength values are 2.5 times
higher and mainly attributed to the difference in pore sizes. We have used samples containing
connected mesoporous network, in contrast to the bimodal pore sizes employed in literature [15],
out of which the largest pores are macro isolated pores (diameters of ∼100 µm). This is in
accordance with literature [14], which reported a 6 times decrease in the flexural strength (from
38 MPa to 6 MPa) of slip-cast pre-sintered and glass infiltrated alumina for increase in the
average pore sizes from 0.2 µm to 1 µm and for relatively broad pore size distributions, but
constituting comparable grain sizes. Additional contributing factors for improved strength are
submicron grain sizes in this work, and possible improved de-agglomeration steps in the slurry
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preparation of slip casting process. On the contrary, fully dense alumina samples comprising
equiaxed ultrafine grains (750±245 nm grain size) in the current study, demonstrate flexural
strength of 410±87 MPa and closely match with that of ~1 µm sized Al2O3 fabricated by hot
pressing, as reported in literature (460 MPa) [8],[10].
The literature obtained flexural strength data of porous alumina samples and foams, for varying
total porosity fraction and pore diameter, are presented in Figure 6b, where pore fraction varied
between 5 % and 94 %, and pore sizes between 90 nm and 500 µm. The grains are equiaxed and
grain diameters varied between 500 nm and 23 µm. It suggests that the effect of mesopores (pore
diameters between 2 nm and 50 nm) on the flexural strength of alumina samples was not reported
in the literature. Briefly, the flexural strength values varied between 1.94 MPa (for foams) and
220 MPa. In another study [35], it was demonstrated that flexural strength of amorphous
anodized microporous (pore diameter > 50 nm) alumina decreased from 182 MPa to 48 MPa for
an increase in the porosity from 22.7 % to 51.7 %, suggesting a decreasing trend for strength as a
function of porosity fraction, similar to our analysis. In a recent report [16], ultrafine 95 % dense
alumina (grain diameter of 150 nm) fabricated by sol-gel and sintering techniques, showed a
flexural strength of 420 MPa, which is in the same range as that of 1350 °C samples batch in the
current study. However, this article is not exhaustive because, the pore size data and
reproducibility of the flexural strength data were not reported. Henceforth, this data is not
presented in Figure 6.

Figure 6. Graphical summary of flexural strength data of α−Al2O3 samples collected from literature and
presented as a function of (a) grain diameter, for fully dense samples and (b) total pore fraction, giving
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details of pore diameters, wherever available. The notations used in the graphs are described as CP-Cold
Pressing, HP-Hot Pressing, HIP-Hot Isostatic Pressing, S-Sintering, SC-Slip Casting, F-Foaming and are
the employed fabrication techniques. The ref a, b, c, d, e, f, g, h and i are the references[8],
[9],[10],[11],[12],[1],[4],[14],[15] respectively.

The flexural strength values of 1400 °C sintered samples from this study are typically between
320 MPa and 560 MPa, and comparable to that of glass infiltrated micro-grained (diameter =
2.85 µm) alumina (490±90 MPa) [25]. Therefore, our results indicates that submicron alumina
samples possess much higher strength values as compared to microcrystalline alumina
composites and may be a replacement for clinical purposes by further optimization of grain
morphology.
3.3. Fractography Analyses
Fractography analyses were carried out to investigate the fractured surfaces immediately post 4point bending tests. It was observed that all samples were fractured into either 2 or 3 pieces. High
resolution SEM was performed on at least two samples from each sintering batch for
reproducibility. In Figure 7, the fractographs of alumina samples sintered at 1300 °C and 1350 °C
are presented. In Figure 7(a-b), overviews of several cracks at low and high magnifications are
shown. Typical crack lengths range between 1 µm and 800 µm. For samples sintered at 1300 °C,
the fractured surfaces mostly showed intergranular fracture, with negligible transgranular fracture
as evident from Figure 7(c-d). The deflection of cracks at the grain boundaries was observed at
several locations (Figure 7c), thus indicating intergranular fracture. The cracks present in these
samples have crack diameters ranging between 300 nm and 5 µm (Figure 7(c-d)). Further, there
are heterogeneous microstructured regions, which were revealed by fracture and shown in Figure
7(e-f). This microstructure comprises of a region which resembles more to a fully sintered and
monocrystalline flat part, and another region, comprising polycrystallites. Similarly, few selected
fractographs of sample sintered at 1350 °C are presented in Figure 7(g-i). Overview pictures of
fractured surfaces are showcased, and clear indication of intergranular fracture is observed. In
brief, 1300 °C and 1350 °C sintered samples fracture predominantly by intergranular fracture.
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Figure 7. (a-f) A series of SEM fractographs for samples sintered at 1300 °C, (c) A crack deflection can be
seen indicating intergranular fracture, (d) heterogeneous microstructures were revealed by fracture at
several locations. (g-i) A series of SEM fractographs for samples sintered at 1350 °C.

Subsequently, the SEM fractographs of alumina samples sintered at 1400 °C and 1500 °C are
presented in Figure 8. In 1400 °C sintered samples, the fractured surfaces possess numerous
cracks as shown in Figure 8a. Long cracks, typically between 50 µm and 1.5 mm were observed
in these samples as demonstrated in Figure 8(a, b-c, g). These cracks constitute crack diameters
between 1 µm to 10 µm (see Figure 8(b-d)). The fracture energy depends on the volume fraction
and the average grain size of alumina [25],[36–38]. This justifies the presence of bigger cracks in
these samples, as compared to those sintered at lower temperatures (1300 °C and 1350 °C). In
contrast to samples sintered at 1300 °C and 1350 °C, these samples exhibit both intergranular and
transgranular fracture modes (Figure 8(d-f)). A cross-section of transgranular cleavage is shown
in Figure 8e and a crack deflection at grain boundaries (or called intergranular fracture) is shown
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in Figure 8f. It is to be noted that transgranular fracture type was not observed for mesoporous
alumina samples sintered at 1300 °C and 1350 °C, because these samples possess weaker grain
boundaries as compared to the bulk grain and hence fractured majorly by intergranular fracture
type. The major strengthening mechanism in these samples is crack deflection at grain boundaries
and similar to that proposed by R. Guo et al. [39]. Similar fractographs were observed in glass
infiltrated alumina samples, which possessed rod shaped micro grains [25]. A combination of
intergranular and transgranular fracture modes were also reported in literature [8] in fine grained
(1-2 µm) hot pressed fully dense equiaxed alumina, and is consistent with our observations.

Figure 8. (a-f) A series of SEM fractographs for samples sintered at 1400 °C, are presented. In (a), an
overview of several cracks is presented. In (b-c), a single long crack with crack length of >1.36 mm is
shown by merging two SEM images. In (d) regions that underwent intergranular and transgranular fracture
types are shown and in (e) cross-section of a transgranular cleavage is presented while in (f), crack
deflection at the grain boundary is shown indicating intergranular fracture. (g-i) A series of SEM
fractographs for samples sintered at 1500 °C are presented.
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4. Conclusions
Slip casting process, followed by conventional sintering of ultrafine α−Al2O3 powders at 1300
°C, 1350 °C, 1400 °C and 1500 °C resulted in a variety of grain morphologies and pore fractions
with a mesoporous network. Sintered α−Al2O3 samples result in submicron equiaxed grains and
microcrystalline rod structures. The total pore fraction varied between 0.05 % and 13 %. The
room temperature 4-point bending experiments and fractography analyses have been performed
and the main conclusions are presented as follows:
1. Combinatorial influence of grain morphology and pore fraction on the flexural strength
has been investigated. Qualitative observations suggest that the total pore fraction seems
to be a dominant factor in governing the strength as compared to grain size.
2. Flexural strength data exhibited a decreasing trend for an increase in the total porosity
fraction and demonstrates that, total porosity fraction is a better microstructural parameter
as compared to open porosity.
3. Slightly high flexural strength values were observed for the 1400 °C sintered batch of
samples as compared to other sintering temperatures owing to ultrafine grains and least
porosity.
4. The best attained flexural strength values in this current study (410±87 MPa), are in the
same range of that of glass infiltrated alumina (490±90 MPa), that are used for prosthesis
purposes. Therefore, single phase ultrafine alumina may be explored to replace glass
infiltrated alumina.
5. The fractography analyses suggest that samples sintered at 1300 °C and 1350 °C
exhibited predominantly intergranular fracture. While, in samples sintered at 1400 °C and
1500 °C, the fracture mechanisms are a mixture of intergranular and transgranular
fracture modes. And, the crack deflection is a major strengthening mechanism in the latter
samples.
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