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bstract

he experimental evolutions of the Alumina dielectric strength versus thickness (127 �m to 2.54 mm), purity (92%, 96% and 99.5%) and crys-
allography (single or polycrystal) have been investigated. In order to find crucial information about the mechanism responsible for the dielectric
reakdown, optical and scanning electron micrograph observations have also been performed. Each breakdown channel was found to be terminated
y a crater from which matter has been extracted during the breakdown process. Investigations have been focused on the breakdown path, on the

volution of the crater size versus sample thickness and on the location of molten matter after breakdown. The results tend to confirm that the
ielectric breakdown of Alumina is probably originated from a mechanical failure induced by electromechanical forces acting during the voltage
pplication.

2010 Elsevier Ltd. All rights reserved.
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. Introduction

Since the past forty years, the knowledge of ceramic struc-
ure and its associated properties have been largely studied, at
east as much as that of polymers. Among them and due to
ts outstanding properties such as thermal (high thermal stabil-
ty, good thermal conduction), mechanical (high resistance to
brasion, high hardness), electrical (low electrical losses, low
lectrical conduction, high dielectric strength) and a relatively
oderate price, Alumina is being used in significant applica-

ions. In spite of these many attractive properties, one of the
rimary drawback is its brittle nature, characterized by a low
racture toughness. Indeed, Alumina is considered as a brittle
olid, i.e. cracks of atomic sharpness propagate essentially by
ond rupture. Numerous works have suggested that the dielectric
roperties of Alumina may be closely related to its mechanical

nes. The physical model which seems to be the most valuable
o explain the dielectric breakdown of Alumina is an electrome-
hanical one. However, the dielectric strength of such material

∗ Corresponding author. Tel.: +33 561556260; fax: +33 561556452.
E-mail address: david.malec@laplace.univ-tlse.fr (D. Malec).

2

2

p
d
i

955-2219/$ – see front matter © 2010 Elsevier Ltd. All rights reserved.
oi:10.1016/j.jeurceramsoc.2010.07.024
ghness

s not yet well understood. The dielectric breakdown mecha-
ism occurring in an electrical insulator has to be considered as
succession of different events. Complementary investigations

re consequently necessary to confirm if the mechanical failure
f Alumina may be really considered as the first stage of this
ulti-breakdown process.
The goal of this paper is to provide new information about

he dielectric breakdown mechanism of Alumina. After a brief
escription of the experimental setup for dielectric breakdown
easurement, the experimental results of dielectric strength ver-

us thickness and purity will be presented. Then broken samples
ill be carefully observed by both microscope and Scanning
lectron Micrograph to find crucial information about the dielec-

ric breakdown process.

. Experimental

.1. Materials under study
The dielectric breakdown of polycrystalline �-Alumina sam-
les having different purities (92%, 96% and 99.5%) and
ifferent thicknesses (127 �m to 2.54 mm) has been investigated
n this study. Laser Induced Breakdown Spectroscopy (LIBS)1

dx.doi.org/10.1016/j.jeurceramsoc.2010.07.024
mailto:david.malec@laplace.univ-tlse.fr
dx.doi.org/10.1016/j.jeurceramsoc.2010.07.024
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Table 1
wt% content of impurities (635 �m-thick Alumina samples).

92% 96% 99.5%

Mn: 1.61 Si: 1.10 B: 0.18
Si: 1.10 B: 0.86 Mg: 0.16
Fe: 1.06 Mg: 0.47 Ca: 0.15
Ti: 1.00 Ca: 0.21 Si: 0.13
B: 0.82 Na: 800 ppm Fe: 400 ppm
Ca: 0.30 Fe: 290 ppm Na: 300 ppm
Na: 0.12 Ti: 38 ppm Ba: 90 ppm
Mg: 425 ppm Ba: 30 ppm Y : 45 ppm
Ba: 180 ppm Zr: 20 ppm Cr: 40 ppm
Cr: 150 ppm Y: 20 ppm Mn: 20 ppm
Z
Y
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value, the corresponding 90% confidence bonds have been plot-
ted. Since a plane–spherical electrodes system has been used,
the breakdown field done is a sort of ‘apparent field’ (volt-
r: 60 ppm Cr: 20 ppm Ti: <20 ppm
: 30 ppm Mn: <20 ppm Zr: <20 ppm

as been used to estimate both nature and content of impurities
Table 1). Other structural characteristics of Alumina under test
ave been summarized in Table 2.

Since the dielectric breakdown of polycrystalline Alumina
epends on its grain dimensions,2 samples have been chosen
ith approximatively the same mean grain size.
All the samples have been tested as received (i.e. without

ny thermal or mechanical treatment). Initial Alumina substrates
ave been cut into samples having a section of 1 in. in order to
e tested in the measuring cell described in the next section.

.2. Experimental setup

The experimental setup used for the dielectric breakdown
easurements is classically composed of a high voltage trans-

ormer driven by a motorized autotransformer. A current probe
etects any dielectric breakdown occurring in the sample
n order to switch-off the high voltage (current threshold:
0 mA rms).

The measuring cell is detailed in Fig. 1. The first electrode is
lane (diameter: 15 mm) while the second one may be either the
ame plane electrode or a half-spherical electrode with a cali-
rated small radius (0.6 �m). These electrodes are stainless steel.

his electrodes system is immersed in insulating perfluorinated

iquid in order to prevent any flashover or partial discharges (PD)
n the sample surface. This has been verified for samples hav-
ng thicknesses lower than 2.54 mm. For thicker samples, the

able 2
ain characteristics of Alumina under test.

lumina content (wt%) 92 96 99.5
olour Black White White
oughness Ra (nm) 475 300 325
ean grain size (�m) 3–7 4–7 2–5
ensity (g/cm3) 3.72 3.75 3.90
lexural strength (MPa) 365 400 440
lastic modulus Y (GPa) 310 331 379
ompressive strength (MPa) 2380 2520 2600
racture toughness (MPa m1/2) 3.05 3.98 4.9
TE (25–200 ◦C) 10−6/◦C 6.4 6.4 6.4
hermal conductivity (W/m K) at 20 ◦C 13 26 31
elative permittivity 10.5 9.5 10

F
t
9

Fig. 1. Dielectric breakdown measuring cell.

esulting breakdown is probably modified by the PD occurring
n between the spherical electrode and the sample surface.

All the measurements have been performed at room temper-
ture (RT: 20 ◦C).

. Results

.1. Experimental results of breakdown strength

The experimental results of dielectric strength obtained
ith a plane–spherical system of electrodes are reported in
igs. 2 and 3. These results are statistical values obtained
rom 20 different breakdowns (two samples per breakdown
alue) according to IEEE Std-930. Results were analyzed by
he two parameters Weibull’s distribution. For each breakdown
ig. 2. Dielectric strength (rms, RT, sine 50 Hz, ∂V/∂t = 1.6 kV/s) of polycrys-
alline Alumina samples versus thickness. Lower curve: 96% purity; upper curve:
9.5% purity.
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Fig. 5. Cross-section of a dielectric breakdown channel of a 1.016 mm-thick
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ig. 3. Dielectric strength of 635 �m-thick polycrystalline Alumina samples
ersus purity (rms, RT, sine 50 Hz; ∂V/∂t = 1.6 kV/s).

ge/thickness) because the electrical field distribution in the
ample is not uniform.

As expected,3–6 the electrical breakdown field (Eb) of Alu-
ina is strongly dependent on the sample thickness (d) and

ollows the well known relationship:

b = Ad−n

The fit analysis of Fig. 2 leads to the following expressions
field in kV/mm and thickness in �m):

lumina 96% : Eb = 569d−0.51

lumina 99.5% : Eb = 992d−0.57

oth A and n parameters are found to be purity dependent.
Fig. 3 indicates that the electrical breakdown field is also

ependent on the purity: the higher the purity, the higher the
reakdown field.

.2. Optical and SEM observations

All the breakdown channels have been inspected using a
icroscope. Irregular breakdown channels have been observed
nd each one is terminated by a ‘crater’ at the surface of the
ample (Figs. 4 and 5). These observations are in good agree-
ent with previous works.4,7,8 A statistical analysis has shown

hat the size of the crater is much more important on one of the

Fig. 4. Schematic structure of a dielectric breakdown channel.
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6% polycrystalline Alumina sample (Scanning Electron Micrograph).

hannel terminations.5 On most of the samples, only one crater
an be distinguished (i.e. the second crater do not exist or has
imensions close to the puncture channel ones). For plane–plane
lectrodes, this larger crater is located indifferently on either
ne surface or on the other one, while for cylindrical–plane
lectrodes, it is always located at the point where the half-
pherical electrode is touching the sample surface.5 These results
emonstrate that the bigger crater takes place on the electrode
here the interface field is the higher (plane–spherical elec-

rodes) or where an initiating defect may be found (plane–plane
lectrodes).

This crater is obviously related to the breakdown (or pre-
reakdown) process. Indeed, even if some voids exist in between
he surface of the ceramic and the electrodes, the energy of par-
ial discharges which may occur during the AC ramp application
s not sufficiently high to create such a damage. Moreover, as the
amples to be tested are immersed in a high electrical insulat-
ng liquid, the probability for partial discharges to occur is low,
specially for the thin specimen broken at the lowest voltages
here craters are however visible.
To verify whether the energy stored in both power supply

nd high voltage cable and released during breakdown is not
esponsible of this crater, a resistor with a high value (50 M�)
as been introduced between the half-spherical electrode and the
igh voltage cable. We have then verified that, even if the current
riginated from the power supply is strongly limited during the
reakdown process, a crater is however observed. These craters
re consequently due to an event occurring during the breakdown
rocess inside the sample and not induced by the release of any
xternal stored energy. A meticulous observation of numerous
raters has revealed that internal mechanical forces (betrayed by
racks: see the arrows in Fig. 6) are responsible of such matter
jection from the sample. In the example of Fig. 6, a part of
he stressed matter has been able to withstand such mechanical

orces and consequently only a part of it has been extracted from
he sample.
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ig. 6. Upside view of a crater partially emptied on a 1.016 mm-thick 96%
lumina sample (Scanning Electron Micrograph).

. Discussion

.1. General considerations

Optical observations of post-mortem polycrystalline Alu-
ina samples detailed in the next section indicate that
echanical forces occur just before or during the dielectric

reakdown process. The mechanical origin of the dielectric
reakdown of Alumina may naturally be suggested. Elec-
romechanical forces acting in the sample during the voltage
pplication would lead to the propagation of a crack, following
n explosive event. The toughness (ability of a material con-
aining cracks to resist to fracture) of polycrystalline Alumina
as been found to be directly related to its dielectric strength
see Table 2 and Fig. 3): the higher the toughness (i.e. the
igher the purity), the higher the dielectric strength. In such
ypothesis, polycrystalline Alumina should exhibit an intergran-
lar fracture, whereas in single crystal Alumina (i.e. Sapphire)
he fracture should propagate along favoured cleavage planes.9
ndeed, in a polycrystalline ceramic the grains are crystallo-
raphically misoriented with respect to their neighbours. The
rain boundaries are especially weak because of the stringent
irectionality and charge requirements of covalent-ionic bonds.

c
c
b

ig. 8. Cleavage plane (1) and dielectric breakdown channel (2) in a Sapphire 2.54 m
ielectric breakdown; right: top view of another dielectric breakdown.
ig. 7. Molten matter expulsed from the dielectric breakdown channel and
bservable at the rim of the crater of a 1.016 mm-thick polycrystalline Alumina
ample (Scanning Electron Micrograph).

onsequently, there is a strong probability for cracks to propa-
ate around instead of through grains. On the contrary, for single
rystal showing cleavage tendencies, a crack propagates through
ne cleavage plane or several cleavage planes linked by cleav-
ge steps. Observations done on both polycrystalline and single
rystal Alumina samples confirm this hypothesis. In polycrys-
alline Alumina, it is obviously not possible to visualize the crack
ath in grain boundary because of local melting and flow of
atter to form the breakdown channel. Nevertheless, dielectric

reakdown channels show tortuous paths, sometimes with severe
isturbances, as observable in intergranular mechanical fracture
f Alumina.10 Moreover, if the dielectric breakdown path pref-
rentially takes place in the grain boundaries, where impurities
nd additives are concentrated, molten matter, expulsed from
he breakdown channel because of the high pressure (see Fig. 7),
hould present a high concentration of these impurities and addi-
ives. This has been precisely verified using a chemical analysis
ESD).7

In single crystal Alumina (Sapphire), cleavage planes are

learly visible after dielectric breakdown tests. In Fig. 8, two
leavage planes crossing the dielectric breakdown channels can
e observed. In Sapphire, the velocity of moving cracks on cleav-

m-thick sample (Scanning Electron Micrograph). Left: cross-section view of a
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Table 3
Relationship between toughness and dielectric strength of Sapphire and poly-
crystalline Alumina (dielectric strength: rms, RT, sine 50 Hz; ∂V/∂t = 1.6 kV/s).

Toughness
(MPa m1/2)

Dielectric strength
(kV/mm)

Sapphire 2.54 mm-thick 3a 9.02
Alumina 99.5% 2.54 mm-thick 5a 11.37 (extrapolated

a
f
t
b
c
b
i
p
p

s
t
a
i
(
m
h
r
w
m
e
t
b
f
m
i
c
T
‘
m
t
i
a

4

t
m
t
l
s
r
r
t
b

I
c
a
fi
s
c
O
a
c
t
o
a
h
h
a

b
a
c
c
c
N
e
d
l

l
n
c
a
a
b
o
b
t
l
a
p
b
i
a
b
s
d
c
s
c
a
c

4
A

from Fig. 2)

a Data from supplier.

ge planes has been found to be higher than those obtained
or polycrystalline Alumina.11 Consequently, the corresponding
oughness of Sapphire is lower than Alumina one. In Table 3,
oth toughness and dielectric strength of Sapphire and pure poly-
rystalline Alumina have been compared. As shown in this table,
oth mechanical and dielectric properties are in good agreement,
.e. the higher the toughness, the higher the dielectric strength, as
reviously shown with polycrystalline Alumina having different
urities.

Another relationship between mechanical and dielectric
trength of Alumina may be found in Ref.2 In order to increase
he mechanical strength of Alumina, zirconium dioxide has been
dded in Alumina powder before sintering. Alumina + ZrO2 is
ndeed used in biomedical applications (prostheses) to increase
by a factor 1.5–2) the resistance to crack propagation.12 The
echanical breakdown of Alumina occurs when an initial crack

as been able to propagate through intergranular areas. At
oom temperature ZrO2 has a monoclinic crystalline structure,
hereas above 860 ◦C its structure is tetragonal. The transfor-
ation from tetragonal to monolitic structure induces a volume

xpansion. During sintering (about 1200 ◦C), Zirconium got a
etragonal phase. During the cooling process, Zirconium grains
locked between neighbouring Alumina grains cannot change
rom a tetragonal to a monoclinic phase. Nevertheless, under a
echanical load, if any crack tends to propagate through an

ntergranular path, voids between Alumina grains allow zir-
onium to change from a tetragonal to a monolitic structure.
hen, the corresponding Zirconium volume expansion act as a

crack blocker’, increasing thus the mechanical strength of Alu-
ina and particularly its resistance to crack growth. In the same

ime, the dielectric strength of such reinforced-Alumina has been
ncreased, proving the relationship between their mechanical
nd dielectric behaviors.

.2. Dielectric breakdown modelling

The experimental correlation between mechanical and dielec-
ric strengths of Alumina being clearly demonstrated, the

odelling of the dielectric breakdown is logically considered
o be initiated by a mechanical fracture. Fracture mechanisms,
eading to the concept of fracture toughness, have been firstly
tudied by Griffith,13 whose works have inspired numerous

esearchers. Mechanical induced dielectric breakdown occur-
ing during aging or during a dielectric strength test indicates
hat the mechanical breakdown takes place when the work done
y the mechanical forces exceeds the crack propagation energy.

o
d
b

eramic Society 30 (2010) 3117–3123 3121

n this breakdown modelling, the propagation of a mechanical
rack is considered to be strongly dependent on the electric field
t the tip of the crack. During aging (i.e. under a low applied
eld) the local electric field at the tip is reduced by the injected
pace charge (field limiting space charge). Consequently the
rack propagates slowly from one electrode to the other one.14

n the contrary, during dielectric breakdown test (i.e. when the
pplied voltage is continuously increasing)15 and under special
onditions (i.e. a little field moderation in particular regions of
he sample), the energy for the formation and the propagation
f the filamentary crack may be quickly reached. Indeed, under
high electric applied field, the charge injection is obviously

igher than under a low applied field but injected charges get a
igher mobility and the electric field at the tip is not as reduced
s under low applied field.

In polycrystalline ceramic materials, we suggest that grain
oundary regions may act as these particular regions. In that case,
high field may exist at the tip of the crack and one might expect
arriers injection and impact-ionization phenomena during the
rack propagation time. Impact-ionization induced lumines-
ence might be recorded in order to verify such hypothesis.
evertheless, if a crack propagates through the sample, fracto-

mission (i.e. ejection of electrons and particles from cracks
uring fast fracture in brittle solids9) should also take place,
eading to light emission as well.

In the case of elastic fracture under a constant mechanical
oad, a well known theory called linear elastic fracture mecha-
ism has been developed.9 The concept of fracture mechanics
an also be applied to the problem of dielectric breakdown. An
pplied electric field will cause a dielectric breakdown while an
pplied mechanical load will causes a mechanical fracture. In
oth cases, the failure process may be connected to the presence
f an initiating microcrack. The nature of the cohesive bonding
etween atoms in the ceramic material will define the resis-
ance to the growth of this microcrack. Therefore, an analogous
inear dielectric breakdown, based on a Griffith-like energy bal-
nce theory applied to a single conducting microcrack has been
roposed.16 The length of the initial defect from which the crack
egins to grow is a crucial data.17 Nevertheless, using the crit-
cal defect size obtained by mechanical tests does not provide
good agreement between measured and calculated dielectric

reakdown fields.18 Moreover, a recent experimental study has
hown that the size of initial cracks existing at the sample surface
o not affect the dielectric strength of Alumina.19 These results
learly indicate that a simplified modelling cannot provide a
atisfactorily result. However, post-mortem optical observations
arried out on broken samples could provide useful information
bout the origin of the dielectric breakdown of Alumina and
onfirm that it is anyhow related to its mechanical properties.

.3. Mechanical origin of the dielectric breakdown of
lumina
The crucial question to be solved consists in wondering if the
bserved craters detailed in Section 2 are generated when the
ielectric breakdown takes place (i.e. they are induced by the
reakdown) or if they are involved themselves in the breakdown
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rocess (i.e. they may provide useful informations about the
reakdown mechanism). As previously mentioned, the craters
uild up are not be attributed to any external energy release and
as to be considered as originated from the breakdown mecha-
ism itself. Then, one might expect that during the breakdown
rocess, molten matter extracted from the breakdown channel
s quickly cooled when reaching the insulating bath. That fast
ooling may cause the fragmentation of the molten matter.20

he impacts of fragmented matter could initiate cracks on the
amples surface. These cracks may assist internal mechanical
orces to release the stored electrostatic energy, leading to the
raters build up. But, as clearly shown by optical observations,
o molten matter trace was found on the surfaces of extracted
atter from the craters: neither on not emptied craters (Fig. 6)

r on pieces of matter originated from the craters area. Since
olten matter may copiously be observed on the craters sur-

aces and not on the surface of matter extracted from them, one
ight assume that the explosive event leading to the craters build

p occurs before the dielectric breakdown. In such hypothesis,
he sizes of the resulting craters are then probably related to the
ielectric breakdown mechanism and not randomly distributed.
s suggested in Section 2, we consider in first approximation

hat the craters are supposed to have the shape of cones. A sta-
istical analysis of the craters size has been performed in order
o estimate if it obeys any law versus sample thickness. The
raters diameters have been estimated on the sample surface,
hile the craters depths have been measured as follows. After
reakdown, the neighbouring area of a crater gets weaker, allow-
ng, by exerting a pressure in the middle of it, to break the
ample in two parts. Sometimes, the mechanical rupture passes
hrough the dielectric breakdown channel (as shown in Fig. 5),
llowing the measurement of the crater depth. Crater diameter,
epth and volume (mean values) of 96% polycrystalline Alu-
ina have been reported in Fig. 9 versus samples thickness.
s clearly shown in that figure, and in spite of the low accu-

acy in the crater depth estimation, the evolution of the craters

izes versus thickness is obviously not random: the higher the
hickness, the higher the size of the crater. Moreover, the size
f the crater is found to be nonlinear versus thickness: this can

ig. 9. Evolution of the craters sizes versus polycrystalline 96% Alumina sample
hickness (RT, sine 50 Hz, plane–spherical electrodes, ∂V/∂t = 1.6 kV/s).

r

R
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e associated with the size effect of ceramic material: the thin-
er samples show a tendency to greater mechanical strength. In
ther words, the size of the carter, in which mechanical forces
ct during the voltage application, can be related to the mechan-
cal strength of the sample. This non-linearity is also found
ith Alumina dielectric strength, as indicated by the results of
ig. 2. Nevertheless, future investigations are necessary to com-
lete that first correlation between mechanical and dielectric
trengths. Among them, the estimation of the crater size versus
lumina purity, voltage rising rate and kind of electrodes should
rovide crucial information about the correlation between the
xtracted matter, related to the mechanical strength of Alumina,
nd its dielectric strength. Such investigations are actually in
rogress.

. Conclusions

The dielectric strength of polycrystalline �-Alumina samples
aving different thickness and purity has been measured. What-
ver the thickness and the purity, craters have been observed
t the vicinity of the breakdown channels. The mechanical
rigin of Alumina dielectric breakdown was often suggested
o explain the presence of such carters. In order to provide
ew information supporting this assumption, optical obser-
ations of these dielectric breakdowns have been carefully
erformed. These observations have revealed that the size of
6% Alumina samples craters versus thickness is not random
ut follows a nonlinear evolution. Moreover, molten matter orig-
nated from the breakdown channels, has only been copiously
bserved on the craters surface, suggesting that the explosive
vent leading to the extraction of matter occurs before the
ielectric breakdown. Finally, tortuous path and cleavage planes
bserved after dielectric breakdown respectively in polycrys-
alline and single crystal Alumina are in good agreement with
echanical cracks propagations occurring in such ceramic mate-

ials.
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