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Abstract: Annealing and firing in wet hydrogen are widely used steps in the processing 
alumina–ceramic insulators that may affect their dielectric breakdown strengths (DBS). In this study, 
the effects of annealing (at 1300 ℃ for 7 h) and firing in wet hydrogen on the DBS of alumina 
ceramics (all sintered at 1650 ℃) were studied, and the underlying mechanisms were analyzed by 
material characterizations. Annealing reduced the DBS of the 95% alumina ceramics due to the 
inter-granular phase crystallization, and the reduction in the DBS could be correlated to the reduction 
in mechanical strength. In contrast, annealing improved the DBS of the 99% alumina ceramic without 
intergranular phase transformation. Firing in wet hydrogen at 1500 ℃ caused the DBS increment, 
which can be ascribed to the reduction in the concentrations of point defects and electrical carriers. 
Keywords: alumina ceramic; dielectric breakdown strength (DBS); inter-granular phase crystallization; 

firing in wet hydrogen 

 

1  Introduction 

The alumina ceramics are commonly used as insulation 
materials, mainly because of their low prices, capacity 
to be easily shaped, high flexural strengths, good stability 
at high temperatures, low dielectric loss, and their high 
dielectric breakdown strengths (DBS). Annealing and 
firing in wet hydrogen are widely carried out in 
processing alumina–ceramic insulators. For example, 
alumina–ceramic insulators are always required to be 
annealed at a temperature lower than the sintering 
temperature to burn away any possible contaminations 
on their surfaces and diminish the residual stress  
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introduced by the grinding. The alumina–ceramic 
insulators are heated in wet hydrogen at a high 
temperature when sealed with the metal electrodes [1]. 
Annealing and firing in wet hydrogen may induce 
some reactions in alumina ceramics, which may affect 
the DBS. 

Annealing could induce an inter-granular phase 
transformation in alumina ceramics. Chemical impurities 
in raw alumina powders cannot be eliminated, and some 
chemical impurities are intentionally added in order to 
optimize the performances of alumina ceramics and 
promote sintering. Some of the chemical impurities 
have very low solubilities in the alumina lattice. Park 
and Yoon [2] found that the solubility limit of Ca in the 
alumina lattice was only about 20 ppm, while the 
solubility limit of Si in the alumina lattice was several  
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hundreds of ppm. The excessive chemical impurities 
always segregate at the grain boundaries, and sometimes 
exist in the form of liquid phases during sintering [3,4]. 
Powell-Dogan et al. [5–7] reported that most of the 
sintering aids (MgO, SiO2, CaO) were present at the grain 
boundaries as continuous amorphous or glassy phases 
in a 96% alumina ceramic, and that the inter-granular 
amorphous phases would crystallize when the alumina 
ceramic was annealed at a relatively modest temperature. 
The inter-granular phase crystallization induced by 
annealing may change the DBS of alumina ceramics. 
Liebault et al. [8] reported that annealing at 1200 ℃ 
improved the DBS of two alumina ceramics with 
5%–8% sintering aids, and they reasoned that the 
crystalline phases developed on the surface were more 
able to trap electrical carriers to prohibit the dielectric 
breakdown (DB). However, though Touzin et al. [9] 
argued that a high content of crystalline anorthite did 
not favor the DBS of alumina ceramics at room 
temperature, they did not provide any evidence to 
support their argument. As no more reports on the 
effect of inter-granular phase crystallization on the 
DBS of alumina ceramics were found, this issue 
remains controversial. 

When the alumina ceramics are processed in a different 
atmosphere, their electrical conductivities can change 
due to the varying concentrations of point defects. Pappis 
and kingery [10] found that the electrical conductivity 
of alumina increased at both high and low oxygen 
pressures, and they reasoned that the concentrations of 
electrical carriers changed with the oxygen pressure as 
a result of the changing concentrations of point defects. 
Miranzo et al. [11] reported that sintering in a CO/CO2 
atmosphere improved the electrical conductivity of an 
alumina ceramic at 600 ℃ by five orders of magnitude. 
The DB and surface flashover were both correlated to 
the transport of electrical carriers [12]. Jaitly et al. [13] 
reported that firing in wet hydrogen reduced the 
surface flashover voltages of alumina ceramics, and 
improved the surface electrical resistances. However, 
the effect of firing in wet hydrogen on the DBS of 
alumina ceramics has not been reported. 

In this study, two 95% SiO2–CaO co-doped alumina 
ceramics were sintered, and then quenched to keep the 
inter-granular phases amorphous. Annealing was 
performed at a modest temperature for a long time to 
induce the crystallization of the amorphous inter-granular 
phases. The DBS was measured before and after 
annealing. For comparison, a 99% alumina ceramic  

was treated in the same way and the effect of annealing 
on the DBS without inter-granular phase transformation 
was analyzed. The aforementioned three alumina 
ceramics were all heated in wet hydrogen at a high 
temperature for a short time to investigate the effect of 
firing in wet hydrogen on the DBS of alumina ceramics. 
Densities, the roughness of the surfaces, reflectance 
spectra, crystalline phases, bending strengths, surface 
and fracture microstructures, chemical compositions, 
electrical conductivities, dielectric constants, and 
losses of the samples before and after treatments were 
characterized to study the mechanisms behind the 
effects. 

2  Experimental 

2. 1  Sample preparation 

Three alumina ceramics were named as “A95”, “B95”, 
and “A99”. The chemical composition of A95 was: 
94.7 wt% Al2O3, 2.62 wt% SiO2, 2.16 wt% CaO, 0.08 
wt% MgO, 0.09 wt% Na2O, and 0.05 wt% Fe2O3. A99 
contained more than 99 wt% Al2O3 with a little Y2O3. 
A95 and A99 sheets with a diameter of 30 mm were 
shaped by dry pressing in a tungsten–steel die with an 
axial pressure of 100 MPa, and then repressed by 
cold-isostatic pressing at 170 MPa. The chemical 
composition of B95 was: 94.5 wt% Al2O3, 2.2 wt% 
SiO2, and 3.3 wt% CaO. Sheets of B95 with a diameter 
of 40 mm were prepared by the low-pressure injection 
molding technique and the partial wick-debinding 
technique [14,15]. 

The green bodies were sintered in a muffle furnace 
heated by MoSi2 in air following the sintering 
temperature curve shown in Fig. 1. During the sintering, 
all the sheets were placed on the sintered 99% alumina 
plates, on which some 60 mesh corundum powder was 
sprinkled. The thicknesses of the as-sintered A99, A95, 
and B95 sheets were 2.51, 2.37, and 3.61 mm, 
respectively, and the diameters of the as-sintered A99, 
A95, and B95 sheets were about 25, 26, and 36 mm, 
respectively. All the as-sintered sheets were polished in 
vibrating alumina ceramic shivers at 1500 Hz for 1 h. 
The B95 sheets were machined into 1.98 mm-thick 
sheets by grinding both surfaces using a grind wheel of 
400 mesh diamond. 

After sintering, the temperature dropped to about 
1250 ℃ within 1 h, so it was believed that the liquid  
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Fig. 1  Sintering temperature curve, the annealing 
temperature curve, and the temperature curve of firing in 
wet hydrogen. 

 
phases in A95 and B95 during sintering were frozen 
into certain types of amorphous inter-granular phases. 
After sintering and polishing, five additional processes 
were carried out: surface grinding, annealing, firing in 
wet hydrogen, polishing, and quenching. Annealing 
was conducted in a muffle furnace heated by MoSi2 in 
air following the temperature curve in Fig. 1. Firing in 
wet hydrogen was conducted in a molybdenum-heating 
oven following the temperature curve in Fig. 1, and 
when the temperature was lower than 900 ℃, nitrogen 
was pumped into the oven, while wet hydrogen with a 
dew point of 30 ℃ was pumped into the oven when 
the temperature was higher than 900 ℃. Some of the 
annealed A99 sheets were polished by the aforementioned 
method for 2 h in order to analyze the effect of 
polishing on the DBS. A few of the annealed B95 
samples were heated to 1650 ℃ at a rate of 150 ℃/h, 
maintained at 1650 ℃ for 10 min, and then quenched 
to 1250 ℃ within 1 h in order to analyze the change 
in DBS when the inter-granular phase crystallization 
was eliminated. All the processed samples were 
washed in deionized water for 1 h by a supersonic 
washer, and then dried at 100 ℃ in a drying oven for 
24 h. The samples are identified by the names of the 
alumina ceramics and the order in which the additional 
processes used in their preparation were carried out. 
For example, “B95-G-A-Q” is the name of the B95 
sheets that were processed by surface grinding, annealing, 
and quenching, in that order. In the naming convention 
that was followed, “G”, “A”, “FWH”, “P”, and “Q” are 
abbreviations for surface grinding, annealing, firing in 
wet hydrogen, polishing, and quenching, respectively.  

The main properties of the raw materials and more 
information on the sample preparation can be found in 
the Electronic Supplementary Material (ESM). 

2. 2  Dielectric breakdown test and material 
characterizations 

The DB test was conducted at room temperature. A 
spherical-to-planar electrode set-up was used. The 
spherical electrode was a stainless steel ball with a 
diameter of 4.00 ± 0.005 mm. The planar electrode was 
a brass cylinder with a diameter of 4 mm that had a 
fillet with a radius of 0.5 mm at the rim. More details 
about the electrode set-up can be found in the ESM. 
During the DB test, the electrode set-up and the sample 
were immersed in insulation oil to avoid the surface 
flashover. Before use, the insulation oil was cleaned, 
degassed, and dried. An AC high voltage power supply 
of 50 Hz was used in the DB test, and the ramp rate 
was 1 kV/s. The DB voltage Vb was determined by 
measuring the abrupt increase in the current, following 
the specifications of ASTM Standard D149-97a [16]. 
The occurrence of a DB was accompanied by a sparkle 
and an explosion. The nominal DBS Eb (DBS for short 
in this paper) was calculated as: Eb = Vb/t, where t was 
the thickness of the sample (mm). For each condition, 
five sheets were used to measure the DBS, and four 
points on each sheet were selected for the measurement. 
After each DB test, the stainless steel ball was rolled a 
little to ensure that its surface in contact with the 
sample was fresh. Each stainless steel ball was used as 
the spherical electrode 20 times, and no influence of 
the use time on the measured values was found. It is 
worth mentioning that it is hard to get the real electric 
field strength when the DB of the alumina ceramic 
occurred by the simulation methods, because the DB of 
the insulation oil occurred prior to the DB of the 
alumina ceramics; this changed the dielectric constant 
and the distribution of space charges. More discussions 
on the DB test can be found in the ESM. 

The volume densities were measured using the 
Archimedes method in water at room temperature. 
Surface roughness (Sz) was measured by a measuring 
laser microscope. The crystalline phases were analyzed 
by X-ray diffraction (XRD, Cu Kα). Surface and 
fracture microstructures were examined by scanning 
electron microscope (SEM, back scattered electron), 
and the chemical compositions at certain points were 
analyzed by an energy dispersive spectrometer (EDS). 
A three-point method was used to measure the bending 
strengths of B95 samples, and the experimental procedure 
can be found in the ESM. Reflectance spectra of the 
wavelengths in the range of 200–2500 nm were 
measured using a UV–Vis–R spectrometer with an 
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integrating sphere. The frequency dependence of the 
dielectric constant and the dielectric loss was tested 
using a precision impedance analyzer from 1 kHz to 2 
MHz at room temperature, and gold coatings of 
diameter 13 mm were sputtered onto the samples. 
Chemical compositions of some samples were analyzed 
by X-ray photoelectron spectroscopy (XPS). The DC 
electrical conductivities at 3 kV were measured, and 
more details about these measurements can be found in 
the ESM. 

3  Results and discussion 

3. 1  Dielectric breakdown strengths of all the samples 

Figure 2 displays the measured DBS data sorted in 
ascending order and their Weibull distribution fitting. 
Annealing improved the DBS of the 99% alumina as 
shown in Fig. 2(a), while it reduced the DBS of 95% 
alumina ceramics, as shown in Figs. 2(b) and 2(c). 
Quenching improved the DBS of B95-G-A to a higher  

 

level that was even higher than the DBS of B95-G, as 
shown in Fig. 2(c). Firing in wet hydrogen improved 
the DBS of alumina ceramics. For the ground samples, 
A99-G had the highest DBS compared to A95-G and 
B95-G, as shown in Figs. 2(c) and 2(d). Polishing did 
not reduce the average DBS of A99-A, but it increased 
the standard deviation as shown in Fig. 2(a). It should 
be mentioned that the measured DBS data of the 95% 
alumina ceramics after annealing could not be well 
fitted to the Weibull distribution, as shown in Figs. 2(b) 
and 2(c), and this was different from the previous 
reports, in which the DBS data could be fitted to the 
Weibull distribution well [17,18]. Although it seems 
that the large values of the data of A95-A and B95-G-A 
damage the fitting to the Weibull distribution, the 
remaining data cannot be fitted to the Weibull distribution 
well if the large values are excluded. Although much 
research work has been done on the distribution of the 
DBS data, what influences the distribution of the DBS 
data of alumina ceramics is still unclear. 

Annealing and firing in wet hydrogen had almost no  
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Fig. 2  Measured DBS Eb data sorted in ascending order and the Weibull distribution fitting (lines): the cumulative probability 
corresponding to the i-th value sorted in ascending order is equal to (i – 0.3)/(n + 0.4), where n is the total number of the values. 
The inset data Ēb is the average value of Eb with the standard deviation. 
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effects on the densities (Table 1). Therefore, the effects 
of annealing and firing in wet hydrogen on the DBS of 
alumina ceramics could not be ascribed to the effects 
on the densities. No evident relationship between Sz 
(ESM) and the DBS was found. The effects of annealing 
and firing in wet hydrogen on the DBS of the three 
alumina ceramics were also not attributed to the effects 
on the dielectric constants and losses (ESM). 

3. 2  Analyses of the underlying mechanisms behind 
the effects of annealing 

Annealing had no effects on the phases of A99, while it 
made the glassy phase in the 95% alumina ceramics 
crystallize into gehlenite (2CaO·3SiO2·2Al2O3) and 
anorthite (CaO·2SiO2·2Al2O3). Quenching diminished 
the inter-granular phase crystallization, as shown by 
the XRD patterns in Fig. 3. Our results were consistent 
with the results from the work completed by Powell- 
Dogan et al. [5–7]. The inter-granular crystalline phases 
in 95% alumina ceramics were flake-like and rich in Si 
and Ca that were eliminated by the quenching, as 
shown by the SEM images and EDS results in Fig. 4. It 
should be mentioned that Si and Ca existed on the 
surface of A95 and B95-G-A-Q, although there were 
no flake-like structures on the surface of annealed 95% 
alumina ceramics. The existence of Si and Ca on the  
 

Table 1  Densities of the alumina ceramics before and 
after treatments                          (g/cm3) 

Condition 
Sample As-sintered Annealed Fired in wet 

hydrogen 

A99 3.921 ± 0.038 3.919 ± 0.042 3.926 ± 0.029

A95 3.714 ± 0.084 3.711 ± 0.053 3.715 ± 0.075

B95-G 3.668 ± 0.047 3.663 ± 0.039 3.665 ± 0.051

 

 
 

Fig. 3  XRD patterns of 95% alumina ceramics before 
and after annealing and quenching. 

surfaces of A95 and B95-G-A-Q was proven by the 
XPS spectra shown in Fig. 5, in which, the peaks 
corresponding to Si and Ca could be detected. 
Considering that the detection depth of XPS is only 
several nanometers, it can be concluded that Si and Ca 
always existed on the surface of the 95% alumina 
ceramics before and after annealing and quenching. 
Surface grinding crushed the grains on the surface, and 
the fragments on the surface coarsened into small grains, 
as shown in Fig. 4. XRD and EDS showed that the 
bright spots in A99 were yttrogarnet (Y3Al5O12) (ESM). 
Firing in wet hydrogen had no effects on the phases 
and the microstructures of all the three alumina ceramics 
except for the slight healing of the ground surface of 
B95-G. More XRD patterns and SEM images are 
shown in the ESM. 

Comparing the results in Figs. 2–4, it can be concluded 
that it might be the inter-granular phase crystallization 
that reduced the DBS of the 95% alumina ceramics after 
annealing, and hence it is better to avoid the inter- 
granular phase crystallization when the alumina–ceramic 
insulators are annealed. The result in this study was 
consistent with the results from the work of Touzin et al. 
[9] which argued that an alumina ceramic with more 
crystalline inter-granular phases had a lower DBS than 
the alumina ceramic with more glassy inter-granular 
phases. The result in this study contradicted Ref. [8]. 
Liebault et al. [8] did not analyze the phases in those 
two alumina ceramics before and after annealing; therefore, 
whether inter-granular phase crystallization had occurred 
in their experiment is unclear. Further, it was not 
appropriate to state that inter-granular phase crystallization 
improved the DBS of the alumina ceramics. 

The model of DB based on mechanical properties 
[19,20] is capable of explaining why the inter-granular 
phase crystallization decreased the DBS of the 95% 
alumina ceramics. The inter-granular phase crystallization 
in alumina ceramics was found to result in a remarkable 
improvement in the toughness and to lessen the 
mechanical strengths [21,22]. Tomaszewski [21] 
attributed the reduction to the micro-cracks generated 
by the mismatch between the alumina matrix and the 
crystalline inter-granular phases. Jouini et al. [23] found 
that the microcracks induced by pre-stress led to a 
reduction in the DBS of an alumina ceramic. Annealing 
decreased the bending strength of B95, while the 
quenching which followed annealing recaptured the 
bending strength, as shown in Fig. 6. The micro-cracks 
generated by the inter-granular phase crystallization  
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Fig. 4  SEM (back scattered electron) images: the chemical compositions at three points were analyzed by EDS. 
 

 
 

Fig. 5  XPS spectra of the 95% alumina ceramics before 
and after annealing and quenching. 

 
improved the propagation of the DB channel and 
reduced the DBS of the 95% alumina ceramics. 

However, the shape parameters of the Weibull 
distribution fitting in the DB test were much higher 
than the corresponding shape parameters of Weibull 
distribution fitting in the bending strength measurement, 
as listed in Table 2, and this difference was also  
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Fig. 6  Measured bending strength σb data of B95 
samples sorted in ascending order and the Weibull 
distribution fitting (lines). The inset data σ̄b is the average 
value of σb with the standard deviation. 
 

discovered by Neusel et al. [18]. Additionally, the 
Weibull distribution fitting of the measured bending 
strength data of B95-A was much better than the Weibull 
distribution fitting of the measured DBS data of 
B95-G-A. This can be observed by comparing Fig. 2(c)  
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Table 2  Shape parameters of the Weibull distribution fitting in the dielectric breakdown test and the bending strength 
measurement of B95 samples 

Sample in dielectric breakdown test B95-G B95-G-A B95-G-A-Q 

Shape parameter (95% confidence) 22.63 (16.58–30.88) 23.84 (17.78–31.98) 16.25 (11.62–22.73) 

Sample in bending strength measurement B95 B95-A B95-A-Q 

Shape parameter (95% confidence) 12.64 (9.03–17.72) 14.59 (10.40–20.47) 10.90 (7.84–15.16) 

 
with Fig. 6. As a result, the correlation between the DB 
and the mechanical fracture is not so simply through 
the identical defects, but may be attributed to the fact 
that DB and mechanical fracture are both dependent on 
the energetics of the mechanically strained lattice [12]. 
The strained lattice has a higher energy level, and is 
easier to be broken than the non-strained lattice. In the 
DB process, when high electric field is applied, the 
incident electron excites the electrons from the valance 
band to the conduction band at the strained lattice easier 
than at the non-strained lattice, so the happening of the 
avalanche DB is more likely in the alumina ceramics 
full of strained lattice. Much more attention should be 
focused on studying this straining mechanism. 

The result that the DBS of B95-G-A-Q was higher 
than the DBS of B95-G may be attributed to the small 
grains on the surface generated by the coarsening of the 
fragments as shown in Fig. 4. This is because it was 
widely found that the DBS of ceramics decreased with 
the increasing grain size [9,19,24]. Because of tight 
industrial tolerances, the alumina ceramics which are 
sealed to metal need to be ground after sintering [25]. 
High temperature quenching can be used to improve 
their DBS after the grinding. 

It is interesting that annealing improved the DBS of 
A99. No obvious changes were found in the material 
characterizations of A99 before and after annealing. The 
phenomenon could not be attributed to the elimination 
of defects on the surface, because polishing did not 
reduce the DBS of A99-AT. More work is needed to 
find the mechanism behind the effect of annealing on 
the DBS of A99. 

3. 4  Analyses on the underlying mechanisms 
behind the effects of firing in wet hydrogen 

The improvement of firing in wet hydrogen on the DBS 
of alumina ceramics can be attributed to the reduction 
in the concentrations of point defects and electrical 
carriers. DB is always associated with electrical carriers 
and their transport [26]. At room temperature, the 
electrical conductivity is dominant in alumina [27]. For  

the perfect alumina crystal, the electrical carriers are 
mainly the electrons in the conduction band and the 
holes in the valence band that are generated by the 
thermal excitation. When the electric field is high, space 
charge limited conduction is the dominant conduction 
mechanism [28,29]. In the thermal DB theory and the 
avalanche DB theory, the large current induced by the 
strong electric field can lead to more excited electrical 
carriers and subsequently the DB. In the recent 
Schneider's Griffith type energy release rate model for 
the DB, the conduction mechanism at the tip of 
filament is also critical to the DB process [30,31]. The 
improvement of firing in wet hydrogen on the DBS of 
alumina ceramics might be associated with the reduction 
in the concentrations of electrical carriers due to the 
effects of ambient atmosphere on the chemical equilibria 
of point defects in the alumina ceramics. 

Optical characterization is always used to investigate 
the point defects in the material. In our experiment, 
firing in wet hydrogen improved reflectance of the three 
alumina ceramics in the UV region, as shown in Fig. 7, 
and the result was consistent with the result of Atlas 
and Firestone [32]. Firing in wet hydrogen improved 
the reflectance of the three alumina ceramics in UV 
region, while it reduced their reflectance in Vis–IR 
region, making them look darker. Atlas and Firestone 
[32] attributed the increase in the reflectance in the UV 
region to the partial elimination of aluminum vacancies. 
Besides, another proposition is reasonable: the increase 
in the reflectance in the UV region is attributed to the 
partial elimination of interstitial oxygen. Lagerlöf and 
Grimes [33] argued that the interstitial oxygen is the 
dominant point defect in the pure alumina, and 
Kozakiewicz et al. [34] found that the interstitial 
oxygen increased the absorbance of alumina in the UV 
region. In any case, the increase in the reflectance in the 
UV region indicates the reduction in the concentration 
of point defects. The reduction in the concentration of 
point defects inevitably brings the reduction in the 
concentration of electrical carriers, which reduces the 
electrical conductivity. 

Firing in wet hydrogen indeed reduced the electrical  
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Fig. 7  Reflectance spectra of the alumina ceramics 
before and after firing in wet hydrogen. 
 

conductivities of A99 and A95 (ESM), and the result 
was consistent with the result of Pappis and Kingery 
[10]. The water added into the hydrogen suppressed 
the generation of electrons (more discussion on the 
chemical reactions can be found in the ESM). Firing in 
wet hydrogen improved the DBS of alumina ceramics. 
On one hand, the alumina ceramics fired in wet hydrogen 
have a lower concentration of point defects, and under 
the high electrical field, the concentration of the electrical 
carriers excited by the incident electrical carriers is 
lower. On the other hand, the alumina ceramics fired in 
wet hydrogen have a lower concentration of electrical 
carriers, and that means the concentration of the 
incident electrical carriers is lower, leading to a lower 
concentration of excited electrical carriers under the 
high electric field. Some other researchers have improved 
the DBS of inorganic dielectric materials by reducing 
the concentrations of the point defects. Huang et al. [35] 
improved the DBS of the Al2O3–SiO2–TiO2 ceramics 
by doping Ni2O3, and they attributed the improvement 
to inhibiting the oxygen vacancies because of the 
reaction 1/2Ni2O3 → NiO + 1/2O2. Yao et al. [36] 
improved the DBS of the Al2O3 film by doping TiO2, 
and they attributed the improvement to the decrease in 
the oxygen vacancies due to the doping. Much more 
work on the effect of point defects on the DBS of 
alumina ceramics is needed. 

3. 5  Comparison among the dielectric breakdown 
strengths of A99-G, A95-G, and B95-G 

Generally, the DBS of alumina ceramics decrease with 
increasing porosities, which explains why A99-G had 
the highest DBS among the as-sintered and ground 
samples. This conclusion is reached because the 
porosities of A99, A95, and B95 were 1.5%, 4.8% and 
6.0%, respectively. The porosity is calculated as 1 – ρ/ρ0, 

where ρ and ρ0 are the actual density and the theoretical 
density, respectively, and the actual densities are listed 
in Table 2. The theoretical density of A99 is 3.98 g/cm3, 
and the theoretical density of A95 and B95 is about 
3.90 g/cm3. Nevertheless, different arguments on how 
much the increasing porosity reduced the DBS of 
alumina ceramics still exist. Liebault et al. [8] reported 
that the porosities below 5% had no effect on the DBS 
of ceramics, and Haddour et al. [37] reported that 
porosities had weak influence on the DBS of alumina 
ceramics beyond 92% densification. However, Neusel 
et al. [18] found that the increasing porosity still 
strongly reduced the DBS of an alumina ceramic even 
when it was below 5%. There must be some factors 
causing the differences among the results obtained by 
Refs. [8,18,37]. In our experiment, A99-G had a much 
lower porosity than the 95% alumina ceramics, and the 
DBS of A99-G was only 8% higher than the DBS of 
the ground alumina ceramics. However, the difference 
seems unnoticeable when it is compared with the 
differences reported by Ref. [18], in which the DBS of 
the alumina ceramic of 1.8% porosity was 38% higher 
than the DBS of the alumina ceramic of 6.3% porosity. 
Besides, the DBS of A95-G was almost equivalent to 
the DBS of B95-G, although A95-G had a lower porosity. 
The result in our experiment was more similar to the 
result of Ref. [37]. 

In our recent study, it was found that the DBS of 
alumina ceramics decreased with the increasing of 
pores in quantities and sizes [38]. In the study of Ref. 
[37], with the increasing of the addition of rice starch 
to the raw powder of alumina ceramics, the porosity 
and the sizes of pores both increased, so the addition of 
rice starch had a twofold effect on the DBS of alumina 
ceramics. However, the alumina ceramics investigated 
in the study of Ref. [37] were all sintered from 
compacted powder. Pores in alumina ceramics sintered 
from compacted powder are always small, and this 
might be the main reason why our result in this study 
and the result of Ref. [37] were different from the 
result of Ref. [18]. 

4  Conclusions 

In this study, effects of annealing and firing in wet 
hydrogen on the DBS of three alumina ceramics were 
studied. Annealing decreased the DBS of the 95% 
alumina ceramics, and improved the DBS of the 99% 
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alumina ceramic. Firing in wet hydrogen improved the 
DBS of alumina ceramics. The DBS data of the 
annealed 95% alumina ceramics cannot be fitted to the 
Weibull distribution well, and this was different from 
the previous reports. 

The inter-granular phase crystallization that reduced 
the DBS of the 95% alumina ceramics after annealing, 
and the micro-cracks generated by the mismatch between 
the alumina matrix and crystalline inter-granular phases 
can be used to explain the phenomenon that was proven 
by the measurement of bending strengths. However, the 
correlation between the DB and the mechanical fracture 
is not so simply through the identical defects such as 
the microcracks, and this argument was convincingly 
demonstrated by the comparison between the Weibull 
distribution fitting in the DB test and the Weibull 
distribution fitting in the bending strength measurement. 
No obvious changes were found in the material 
characterizations of A99 before and after annealing. 

For the ground 95% alumina ceramic, the DBS of the 
quenched samples was higher than the DBS of as-sintered 
samples, and the improvement due to quenching on the 
DBS may be attributed to small grains on the surface 
generated by the coarsening of fragments. 

The improvement of firing in wet hydrogen on the 
DBS of alumina ceramics can be attributed to the 
reduction in the concentrations of point defects and 
electrical carriers, which was convincingly demonstrated 
by the measurement of reflectance spectra and electrical 
conductivities.  
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