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bstract

ielectric breakdown constitutes an important limitation in the use of insulating materials under high-voltage since it can lead to the local fusion
nd sublimation of the insulator. The role of electrical charge transport and trapping in alumina ceramics on their resistance to this catastrophic
henomenon is studied in this work. In polycrystalline materials, the interfaces between the various phases play a main role because they constitute
otential sites for the trapping of electrical charges. The density and the nature of these interfaces can be controlled by the way of the microstructure
arameters. So, the aim of the present paper is to highlight the influence of average grain size and intergranular phase crystallization rate on the
bility of polycrystalline alumina materials to resist to dielectric breakdown. Thus, it is shown that the control of the process conditions (sintering
ids content, powder grain size and thermal cycle) makes it possible to change not only the density (by the average grain size) but also the nature

by the crystallization or not of anorthite) of the grain boundaries. On one hand, at room temperature a high density of interfaces, due to low
rain size and highly crystallized intergranular phase, leads to a high dielectric strength. On the other hand, at higher temperature (250 ◦C), the
resence of vitreous intergranular phase makes it possible to delay breakdown. That behaviour is explained thanks to charge transport and trapping
haracterizations.

2009 Elsevier Ltd. All rights reserved.
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centage of the three different phases observed after sintering:
Al2O3, MgAl2O4 and CaAl2Si2O8; it is assumed that all of the
available oxides derived from the additives is consumed to form
the different phases (only a little CaO leftover: it can be noted

Table 1
Starting powder characteristics.

Milling time (min) Max (�m)a d10 (�m)b d90 (�m)c

0 3.1 1.1 6.1
15 3.0 1.1 6.3
30 2.5 0.9 4.7
References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

. Introduction

Ceramic insulator materials are widely used for high-voltage
pplications. One of the main limitations in this kind of use is
he risk of dielectric breakdown that leads to the irreversible
egradation of the material. Breakdown phenomenon can be
ttributed to the sudden and rough destabilisation of the charges
ccumulated in the material during e-injection. Indeed, when
harges are injected into an insulator by electronic irradiation
r by applying an electric voltage, they and those generated by
lectron–hole pair creation can be trapped in specific sites. This
harge localisation induces a polarization and then a deforma-
ion of the lattice allowing the accumulation of a great amount of
nergy into the material.1 The sudden destabilisation of charges
y the way of an electrical, mechanical or thermal perturbation
ill lead to the release of the stored energy. Then it is reason-

ble to assume that the ability of a material to resist high-voltage
onditions without reaching breakdown is directly linked to its
harge trapping and scattering properties.2,3 Of course, these
roperties depend on the material microstructure4,5 and in par-
icular on the interfaces. Indeed, grain boundaries, i.e. interfaces
etween different phases, are numerous in ceramics and consti-
ute sites for the trapping of electric charges.6 In this paper, we
ropose some correlations between the elaboration conditions,
he microstructure (in terms of interface density and nature), the
harge trapping properties and the dielectric strength for liquid
hase sintering polycrystalline alumina materials.

In the first part of this study, relationships are estab-
ished between the process conditions and the final property:
ielectric breakdown resistance Eb, using a polynomial model.
our parameters were considered: powder grain size, sinter-

ng aids amount (CaO, SiO2, MgO) and sintering time and
emperature. Then, Eb obtained for a panel of materials are
xplained considering microstructure parameters, mainly grain
ize and intergranular phase. Charge transport measurements
re performed thanks to an instrumented Scanning Electron
icroscope (Induced Current Method and Scanning Electron
icroscopy Mirror Effect) in order to interpret those results.

inally some explanations on the reactions occurring in this
ystem during sintering are given, that permit the control of the
ntergranular crystallization in order to optimize the dielectric
trength.

. Materials and experimental procedure

.1. Material processing

The starting powders were prepared from commercial alu-

ina powders mixed with various amounts of sintering aids

CaO, SiO2, MgO) in water. Because of proprietary constraints,
e will not name the exact mineral additives used but the

otal corresponding oxide amount. Their content was from 3.64

F

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 816

o 7.89 wt.% (with a constant MgO:CaO:SiO2 weight ratio
:1.35:2.65). In some cases, to reduce the average particle size,
he powder was also milled by attrition using 0.4 mm diam-
ter CeO2 stabilised zirconia balls for 15 or 30 min. On the
hole, thirty different materials were prepared. For material 29,
smaller grain sized alumina powder was used. Binders were

lso incorporated in the slurry. The powders were then spray-
ried. Table 1 presents the characteristics of these powders.

Pressed samples were obtained by uniaxial compression
nder 30 MPa in order to form pellets of 20 mm in diameter.
ebinding was performed at 600 ◦C for 2 h. Open air sinter-

ng was carried out within a temperature range from 1540 to
630 ◦C for various soaking times (from 45 up to 120 min). The
eating rate for the sintering treatment was 150 ◦C/h. The ini-
ial cooling rate was 78 ◦C/h which increased to 150 ◦C/h when
emperature fell below 1400 ◦C. Elaboration parameters for the
ifferent materials are summarized in Table 2.

.2. Characterizations

.2.1. Structural characterizations
The density of the sintered samples was measured by the

ater-immersion method (Archimedes). Microstructures were
tudied by Scanning Electron Microscopy (JEOL JSM840) and
ransmission Electron Microscopy (PHILIPS CM200). The
verage grain size was obtained by the intercept method on SEM
icrographs of polished surfaces which were thermally etched

0 min at 1460 ◦C. The porosity was evaluated by back-scattered
lectron micrograph analysis performed on fracture faces. Inter-
ranular phase composition was analysed by X-ray diffraction.
uantifications from XRD patterns are based on the peaks sur-

ace areas: (1 0 4) peak for the quantification of �-alumina,
3 1 1) peak for spinel MgAl2O4 and (0 4 0), (2 0 −4) and (0 0 4)
eaks (without deconvolution) for anorthite phase CaAl2Si208,
hich were the detected phases in the sintered samples. Consid-

ring the initial composition for the four oxides (Al2O3, CaO,
gO and SiO2), it is possible to theoretically calculate the per-
ine alumina 1.7 0.7 6.7

a Diameter for the highest number of grains.
b 10% of grains in number have a lower diameter.
c 90% of grains in number have a lower diameter.
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Table 2
Elaboration parameters, microstructural parameters and dielectric strength Eb at 25 ◦C of the materials prepared for this study ((*) use of fine alumina, see Table 1).

Reference Milling
time (min)

Sintering
additives
(%)

Sintering conditions Intergranular crystallization rate (%) Glass
coefficient �α

Average grain
diameter (�m)

Porosity
(%)

Eb (25 ◦C)
(kV/mm)

Time (min) T (◦C) Xanorthite Xspinel

1 15 4.13 90 1585 0 77.4 6.4 2.1 4.4 14.3 ± 0.4
2 15 5.10 90 1585 0 78.9 8.0 2.3 3.1 14.5 ± 0.8
3 15 3.14 90 1585 0 73.0 4.8 2.1 3.7 14.3 ± 0.6
4 15 4.62 135 1585 0 60.7 8.0 3.4 3.0 14.3 ± 0.4
5 15 3.64 45 1585 – – – 1.9 3.0 14.2 ± 0.9
6 15 4.62 45 1585 – – – 2.1 3.3 14.2 ± 0.9
7 15 3.62 135 1585 – – – 2.5 3.7 14.3 ± 0.6
8 15 4.62 105 1630 0 80.9 7.1 4.4 3.0 13.7 ± 0.5
9 15 3.64 75 1540 – – – 1.8 5.3 12.0 ± 2.6

10 15 4.62 75 1540 – – – 1.8 5.6 13.3 ± 0.8
11 15 4.13 120 1540 90.7 100.0 0.5 1.8 4.9 14.0 ± 0.9
12 15 3.64 105 1630 0 62.5 6.0 3.6 2.9 13.6 ± 0.6
13 15 4.13 60 1630 0 96.8 5.8 3.2 3.7 13.9 ± 0.5
14 30 4.62 105 1600 – – – 3.0 2.8 13.5 ± 0.4
15 0 3.64 75 1570 – – – 1.7 3.6 13.9 ± 0.4
16 0 4.62 75 1570 – – – 2.3 3.8 14.0 ± 0.6
17 0 4.13 120 1570 0 87.1 6.1 2.1 4.3 14.3 ± 0.6
18 0 4.13 90 1615 0 71.0 6.6 2.4 3.6 14.7 ± 0.9
19 30 3.64 105 1600 0 66.2 5.9 2.6 3.1 14.7 ± 0.7
20 30 4.13 60 1600 45.4 67.7 4.3 2.4 3.4 14.1 ± 0.6
21 30 4.13 90 1555 76.9 100.0 1.2 1.7 3.6 14.4 ± 0.9
22 0 4.13 90 1540 80.9 93.5 1.3 1.9 – 14.1 ± 1.2
23 0 4.13 90 1585 0 90.3 6.0 2.1 – 14.7 ± 0.5
24 0 4.13 90 1630 0 100.0 5.2 2.6 – 14.6 ± 0.6
25 15 7.89 90 1540 – – – 1.8 4.6 12.2 ± 0.8
2
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6 15 7.89 90 1585 66.1 79.7
7 15 7.89 90 1630 – –
9 * 4.13 90 1585 0 74.2

hat the phase CaAl12O9 could appear from the initial composi-
ions in agreement with the quaternary Al2O3–MgO–CaO–SiO2
iagram; but this phase has never been detected by XRD, so it
as not taken into account in the calculations). The compari-

on between theoretical and experimental values evaluates the
mount of vitreous phase in the intergranular phase. Then a glass
oefficient�α is obtained that gives comparative information for
he different materials. For more details on this method please
efer to.7

α = Mth
anorthite + Mth

spinel

Mth
alumina

− MXRD
anorthite + MXRD

spinel

MXRD
alumina

(1)

ith Mth
phase the theoretical mass fraction of the considered phase

educed from the initial oxide content and MXRD
phase the mass

raction measured by X-ray diffraction.
The sintering additive contents are not the same in the

ifferent materials. Therefore, in order to compare them, a crys-
allization rate Xphase was calculated for each intergranular phase
y dividing the actual measurement of mass fraction determined
y X-ray diffraction by its theoretical value,
phase = MXRD
phase

Mth
phase

100 (2)
w
t
c

5.9 2.2 3.3 14.9 ± 0.9
– 2.9 3.7 14.5 ± 0.8
6.5 1.8 3.1 15.1 ± 0.8

he total crystallization rate Xtotal was also calculated.

total = Mth
anorthiteXanorthite + Mth

spinelXspinel

Mth
anorthite + Mth

spinel

(3)

he intergranular phases were also characterized by EDX for
ome TEM observations.

.2.2. Dielectric measurements
The ability of an insulator to resist dielectric breakdown is

efined by the breakdown strength Eb which is the maximum
lectrical field that can be applied without any degradation of
he material. Bulk breakdown tests were performed on cylindri-
al samples of 20 mm in diameter. As the breakdown strength
trongly depends on the sample thickness, all the samples were
onstructed to be uniform: to have the same thickness, approx-
mately 3 mm. Liébault4 determined the evolution law of Eb in
he range of 0.7–3.5 mm for this type of materials. So, each value
f Eb was calculated for a thickness of 3 mm exactly, from the
xpression:

b = Vb

√
t
, (4)
t 3

ith Vb the voltage measured when breakdown occurs (kV) and
the sample thickness (mm). Thus, all Eb values are strictly
omparable.
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Fig. 1. Experimental set-up for ICM and SEMME measurements.

The test procedure must be precise enough to reduce the
ispersion of Eb values. Specimens were tested directly after
intering to avoid acquiring surface impurities. Each sample was
lamped between two hemispherical electrodes. The entire sys-
em was bathed in transformer oil to avoid flashover phenomena.
fter immersion, the oil bath was stirred with a magnet for 1 min

o evacuate bubbles, and was then left untouched for another
inute in order to stabilise the sample environment, before the

oltage was applied. The dielectrimeter (Dieltest DTS-BAUR)
perated on alternative current (50 Hz) at room temperature.
he voltage rose at a rate of 1 kV/s until the insulator under-
ent catastrophic failure. Fifteen values of breakdown voltage
ere needed to have significant average breakdown strength Eb

kV/mm). These fifteen values were obtained by testing five
pecimens of each type at three separate locations for each
pecimen.

For high temperature measurements, a device, composed of
hermetically sealed quartz tube in which the sample is placed
etween two electrodes is used. The sample is a disc in which
he center has been grounded to less than 600 �m. Before each
est, the sample is heated to 350 ◦C in vacuum, and then cooled;
he tube is then filled with a dielectric gas (SF6). The rise in
oltage is then applied until dielectric breakdown.

.2.3. Charge transport and trapping characterizations
Electric charge transport and trapping properties have been

nvestigated thanks to the Induced Current Measurement (ICM)
nd Scanning Electron Microscopy Mirror Effect (SEMME)
ethods allow to characterize material behaviour under elec-

ronic irradiation.8–11 They give information on the ability of the
nsulator to carry and trap electric charges. These measurements
re performed with a scanning electron microscope equipped
ith a beam blanking unit which permits an accurate check of

he irradiation time, and a conductive cold-hot stage linked to the
round via a picoammeter. A schematic diagram of the exper-

mental arrangement is shown in Fig. 1. The first step of the
CM and SEMME experiments is the injection of electrons into
he sample during 100 ms. The impinging electron energy E0
30 keV) is so that the secondary emission yield stays at a value

t
i
b
p

Ceramic Society 30 (2010) 805–817

ower than one. Thus, the implanted charge is negative and it
roduces positive “influence” charges in all conductive pieces
f the SEM chamber (mainly in the holder). This “influence”
harge is responsible of a current ISC between the holder and
he ground (electrons conducted through the insulator to the
older are negligible). Injected charge induces an electric field
nto the material and produces a negative surface potential that
egulates the material behaviour toward the electron injection.
he induced current is very sensitive to the insulator behaviour
nd is a function of

the incident beam intensity I0 (I0 = 3000 pA);
the secondary electron emission intensity σEES·I0 that corre-
sponds to the electron emission from the insulator: impinging
electron backscattering and secondary electron emission;
the tertiary electron beam intensity ITE;
the unsteady displacement current of polarization and trapping
Ip;
the surface spreading and leakage current Is.

The intensity of the induced current, also named sample cur-
ent ISC, measured between the metallic sample holder and the
round is given by:

SC = (1 − σEES) · I0 + ITE = Ip + ITE + Is (5)

Following this stage of electron injection, the SEM beam
an be used as an electrostatic probe in the SEMME method.
he acceleration voltage of the impinging electrons Ei (from
00 eV up to few keV) is then weaker than the surface potential
0 (around −22 kV) induced by the charges stabilised during

he e-injection. It is then possible, if the amount of stabilised
harges is high enough, to observe a mirror effect. This effect
s caused by the deflection of the impinging electrons by the
otential field around the sample surface. The analysis of the
irror effect allows having access to the amount of stabilised

rapped charges Qt and the way they are distributed.

. Results and discussion

.1. Experimental design approach to establish elaboration
onditions—dielectric breakdown resistance relationships

This first part presents curves in the form of “response
urface” that describe a model of dielectric breakdown
trength Eb evolution according to the elaboration parameters.
his methodology12,13 makes abstraction initially of samples
icrostructure and makes it possible to apprehend the sensi-

ivity of this property Eb to the fluctuations of the elaboration
onditions. This methodology has also the advantage to lead to
panel of different materials for the continuation of the study.
ere, a simple empirical model was chosen: polynomial of the

econd order. The selected experimental design was of Doelhert

ype with four factors. This type of experimental design makes
t possible to model the evolution of a “response”, here dielectric
reakdown strength according to “variables”, here elaboration
arameters, thanks to a software called Nemrod®.14
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ig. 2. Response surface of Eb versus soaking conditions (temperature and
ime); others parameters are at there median values: attrition time 15 min, addi-
ives content: 4.13 wt.%.

Four variables are considered, the “levels” are the follow-
ng (the levels are the values of the parameters imposed by the
xperimental design):

sintering aids contents considering the total oxides wt.%
(CaO + MgO + SiO2), 5 levels: 3.14; 3.64; 4.13; 4.62; 5.10%,
attrition time, 3 levels: 0, 15 and 30 min,
sintering soaking time, 7 levels: 45; 60; 75; 90; 105; 120,
135 min,
sintering soaking temperature, 7 levels: 1540; 1555; 1570;
1585; 1600; 1615; 1640 ◦C.

The Doëhlert experimental design is described in Table 3:
ach row corresponds to an experiment, while each column cor-
esponds to a variable (except the last one where the response
b at 25 ◦C obtained for each experiment is reported).

Before the establishment of the curves, the validity of the
odel was verified: values of residue (difference between exper-

mental and computed values according to the model) make it
ossible to validate the model, because they vary in the range
.001–0.47 kV/mm. Indeed, these residues are comparable with
he values of standard deviation. The residues are higher on the
oard than inside the field. It is thus necessary to consider the
esults given by the model beyond the limits of the field carefully.

The response surface (Fig. 2) shows a plateau of dielectric
reakdown strength values. The two zones of low values of Eb
orrespond to conditions where one can encounter problems of
intering. In the zone of low temperature and short soaking,
ensification could be still not achieved, whereas in the zone of
igh temperature—long soaking times, there could be a risk of
rain coarsening.
Eb is not very sensitive to the sintering aids content whereas
he attrition duration seems to have more influence (Fig. 3): in
he case of a non-milled powder, the highest values of rigidity are
btained for short times and high sintering temperatures whereas

t

3
o

ig. 3. Response surface of Eb versus attrition time and sintering aids content;
ther parameters are at their median values: soaking temperature: 1585 ◦C, and
ime: 90 min.

n the case of a milled powder (30 min), it is for long soaking
imes and low temperatures that the materials present the best
esistance to dielectric breakdown at room temperature.

This analysis shows that the sintering parameters are those
hich have the greatest influence on dielectric breakdown

trength and that light fluctuations of the additives contents or
ttrition milling of the powder have less incidence. Beyond this
rst analysis, a finer understanding of the role of the microstruc-

ure on dielectric breakdown strength appears necessary in order
o point out the influence of porosity, grain size and intergranu-
ar phase. Indeed, the plateau observed in Fig. 3 could be due to
alance effects of these parameters.

.2. Dielectric breakdown strength—microstructure
arameters relationships

In order to establish relationships between microstructure
arameters and dielectric breakdown strength, the panel of mate-
ial was completed and samples were analysed; results are
resented in Table 2.

.2.1. At room temperature

.2.1.1. Effect of porosity. As shown by Liébault,15 for sintered
lumina materials, a porosity rate below 5% has no significant
ffect on breakdown strength. In this work, since almost all the
intered materials present a porosity around 3–4%, we ignore
orosity as a parameter on the breakdown strength. The three
amples that present a higher porosity rate (>4.5%) correspond

o low Eb values; this is in agreement with Liébault’s results.

.2.1.2. Effect of grain size. During sintering, the different
xides react together to form intergranular phase. These reac-
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Table 3
Doëhlert experimental design and dielectric breakdown resistance Eb at 25 ◦C.

Experiment no. Attrition milling time (min) Additives (wt. %) Sintering conditions Eb (kV/mm)

Soaking time (min) Soaking temperature (◦C)

1 15 4.13 90 1585 14.3 ± 0.4
2 15 5.10 90 1585 14.5 ± 0.8
3 15 3.14 90 1585 14.3 ± 0.6
4 15 4.62 135 1585 14.3 ± 0.4
5 15 3.64 45 1585 14.2 ± 0.9
6 15 4.62 45 1585 14.2 ± 0.9
7 15 3.64 135 1585 14.3 ± 0.6
8 15 4.62 105 1630 13.7 ± 0.5
9 15 3.64 75 1540 12.0 ± 2.6

10 15 4.62 75 1540 13.3 ± 0.8
11 15 4.13 120 1540 14.0 ± 0.9
12 15 3.64 105 1630 13.6 ± 0.6
13 15 4.13 60 1630 13.9 ± 0.5
14 30 4.62 105 1600 13.5 ± 0.4
15 0 3.64 75 1570 13.9 ± 0.4
16 0 4.62 75 1570 14.0 ± 0.6
17 0 4.13 120 1570 14.3 ± 0.6
18 0 4.13 90 1615 14.7 ± 0.9
19 30 3.64 105 1600 14.7 ± 0.7
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for a given grain size, materials which present simultaneously
a vitreous phase and various crystallized phases could be the
richest in interfaces. Those containing more anorthite crystals
are poorer in interfaces (the TEM analysis showed that anorthite
0 30 4.13
1 30 4.13

ions will be detailed in Section 2.3 : spinel (MgAl2O4) and
northite (CaAl2Si2O8) are formed at grain boundaries after sin-
ering. Focusing on the crystallization rate mentioned in Table 2,
hree classes of materials are distinguished according to the glass
oefficient �α which is directly linked to the amount of vitreous
hase inside the grain boundaries. These materials present:

a highly crystallized intergranular phase (�α < 5),
an intermediately crystallized intergranular phase
(5 < �α < 7),
a preferentially vitreous secondary phase (�α > 7).

This classification differentiates the effects due to the inter-
ace density (average grain diameter) and those due to the
nterface nature (intergranular phase composition).

Fig. 4 shows the breakdown strength Eb as a function of the
verage grain diameter at room temperature for the intermediate
rystallization rate, for which the number of samples is high.

This figure shows that the breakdown strength decreases
hen the average grain size increases. These results can be

nterpreted in term of interface density. Indeed, the increase in
verage grain diameter which is detrimental to the dielectric
reakdown resistance is directly linked to interface density. The
igher the average grain size, the lower the interface density, and
o the lower the dielectric breakdown resistance.

.2.1.3. Effect of intergranular phase. The average Eb for the
hree classes of material defined above are compared, for mate-

ials with comparable grain size (from 2 to 2.5 �m):

highly crystallized intergranular phase (�α < 5):
Eb = 14.2 kV/mm,

F
s

60 1600 14.1 ± 0.6
90 1555 14.4 ± 0.9

intermediately crystallized intergranular phase (5 < �α < 7):
Eb = 14.8 kV/mm,
preferentially vitreous secondary phase (�α > 7):
Eb = 14.5 kV/mm.

The influence of crystallized phase is not so obvious, but it
eems that a high content of anorthite does not favor breakdown
esistance at room temperature.

Indeed, the nature of the intergranular phase could also plays a
ole on the interface density and we can make the assumption that
ig. 4. Breakdown strength Eb at room temperature as a function of the grain
ize for materials presenting an intermediate crystallization rate (5 < �α < 7).
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ig. 5. TEM observations of (a) a vitreous triple point (white triangle) in mate
riple point (grey speckled) in material 26.

rystals are not mixed with glass, but fill the triple point, see
ig. 5b). The poorest materials in interfaces would be then those
hich present a very glass rich intergranular phase.

.2.2. At higher temperature (25 ◦C < T < 250 ◦C)
The dielectric breakdown strength Eb was measured at dif-

erent temperatures up to 250 ◦C for the materials 26 and 29.
hey were chosen because both attain the highest Ec at room

emperature (14.9 kV/mm for 26 and 15.1 kV/mm for 29). As
hown in Table 2, they present a similar grain size (2.2 �m for
6, 1.8 �m for 29) and glass ratio in the intergranular phase
5.9 for 26 and 6.4 for 29). Thanks to these analogous charac-
eristics, one can assume that the interface densities are nearly
he same for both materials. However, the nature of their inter-
aces is different: material 26 contains anorthite crystals, that
ead to alumina–anorthite and glass–anorthite interfaces which
o not exist in 29. The Eb progression versus temperature up to
50 ◦C (Fig. 6) shows that in the intermediate temperature range
50–120 ◦C) the values are slightly lower than those obtained at
oom temperature for both materials. For the upper tempera-
ures (250 ◦C), the two materials differ greatly: the resistance of

aterial 29 (presence of vitreous phase in grain boundaries)

s the same as that obtained at room temperature, while Eb
ecreases down to 9 kV/mm for material presenting anorthite
n the intergranular phase (26).

ig. 6. Breakdown strength versus temperature for materials 26 (with anorthite
rystals) and 29 (without anorthite crystals).
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(its composition is close to that of anorthite) and (b) an anorthite crystallized

This difference underlines the role of the composition of the
nterface on charge transport, and consequently on the dielectric
reakdown at high temperature.

.2.3. Charge transport measurements; how charge
ransport can explain breakdown strength resistance?

Trapped charge measurements with the SEMME method
n a selection of these alumina materials has been described
efore,16 these results are first briefly summarized in this part.
he SEMME permits to know a posteriori the amount of sta-
ilised trapped charge. But, for a better understanding of charge
rapping and transport, it is useful to complete these results by the
urves obtained thanks to the Induced Current Method, which
s a dynamic measurement during the e-injection. The results of
oth methods are then connected with the breakdown resistance
nd microstructures of alumina materials.

Choice of the materials 4, 1, 29 and 26: After sintering,
aterials 4, 1, 29 exhibit a mainly vitreous intergranular phase

intergranular phase crystallization rate lower than 30%) with
small amount of spinel phase (MgAl2O4, <3 wt.%). These

hree materials mainly differ by the average grain size which
ecreases for the materials as follow 4 > 1 > 29. In material 26
rain boundaries are quite different from those of the other
aterials since they are much more crystallized (intergranu-

ar phase crystallization rate greater than 70%) into anorthite
hase (CaAl2Si2O8, 6.4 wt.%) and spinel phase (MgAl2O4,
.7 wt.%). These microstructural parameters can be inter-
reted in terms of interface density and nature. Indeed, grain
oundaries lead to different kind of interfaces: alumina–glass,
lumina–anorthite and alumina–spinel. Thus, interface density
ncreases for the materials as follow 4 < 1 < 29. The interface
ature is almost the same for these three materials (essen-
ially alumina–glass). Because of its high secondary phase
rystallization rate, material 26 presents an additional type of
nterfaces: alumina–anorthite. Interface nature and density have

great influence on charge transport properties. Indeed, elec-
ric charge trapping in insulator materials can be attributed

o different kind of defects; point defects (vacancies, intersti-
ial sites . . .),17 linear defects (dislocations . . .) or interfaces
grain boundaries, interphases . . .). These defects induce per-
ittivity variation of the medium leading to the trapping of

harges.
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ig. 7. Stabilised trapped charge amount Qt as a function of the temperature for
he four materials 4, 1, 29 and 26—injected charge amount Qi = 300 Pc.

.2.3.1. At room temperature. Dielectric breakdown strength
b as a function of the amount of trapped charge after elec-

ron bombardment Qt at room temperature was described in16

or different materials. At room temperature, all the tested
aterials exhibited high stabilised trapped charge amount Qt.
owever, this quantity depended on the considered material.

ndeed, the higher the interface density, the higher the trapped
harge amount Qt; this was obtained for material with low grain
ize, and/or a high amount of anorthite.

The relation between Eb and the Qt was also described and
t was shown that high stabilised charge is connected to high
esistance to dielectric breakdown: so the ability of materials to
tabilise a great amount of charge leads to an improvement of
he resistance to breakdown, probably because this great amount
f stored charges prevents further charge injection.

.2.3.2. At higher temperature. The evolution of the amount
f trapped charge Qt as a function of the temperature has been
easured by the SEMME method was also described in.16 The

esults, which are presented in Fig. 7 give information on the
epth of the different trapping sites for four materials.

As it can be seen on this figure, temperature has a great impact
n the charge trapping phenomenon. Indeed, an increase of the
emperature, even from 40 ◦C, leads to a huge decrease of the
mount of trapped charge stabilised after irradiation. At 60 ◦C,
aterial 26 is the only one that exhibits a stabilised trapped

harge amount different from zero. Beyond 80 ◦C, there is no
ore visible mirror effect for any materials, meaning that not

nough charges are strongly stabilised. The temperature increase
eads to the decrease of the effective depth of the traps. The com-
lexity of the grain boundary structure and composition of the
aterials considered in this work makes it difficult to establish

uantitative correlation between grain boundary properties and
he ability of the material to trap charges. However, it is possible
o point out qualitative correlation. Thus, traps due to the pres-
nce of anorthite crystals at grain boundaries seem to be deeper

han those due to the glassy phase. Indeed, material 26, which
iffers from the other materials by a more crystallized intergran-
lar phase (anorthite crystals), is the only one to still exhibit a
irror effect at 60 ◦C. On the contrary, the vitreous phase seems

b
r
r
t
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o improve the spreading of charges in the material when temper-
ture increases. This phenomenon can be attributed to the atomic
isorder introduced by this phase which creates localised elec-
ronic states at the edge of the conduction band. These localised
tates can lead to thermal activated conduction phenomena.18

The four materials were then tested with the ICM method
see Section 2.2.3) at different temperatures to better understand
he behaviour under charge injection. However previously to
ompare the various behaviours under e-injection, it is useful to
nderstand the general shape of the induced current ISC.

In order to interpret the ICM measurements, a numerical sim-
lation of the electron beam charging of insulators has been
erformed. In this simulation, tertiary electrons are not taken
nto account and leakage surface current is not integrated in the
ample current as it is the case in the ICM measurements. For
ore details on this simulation please refer to.19–21 In spite of

hese restrictions, the general form of the ICM curves can be
owever qualitatively interpreted and the charging regulation
echanism pointed out. Fig. 8a shows a typical simulated JSC

urrent density curve obtained on alumina at room tempera-
ure during electron injection and the simultaneous variation of
he surface potential. At the beginning of the electron injection,
he sample current is positive meaning that the injected charge
ecomes more and more negative. This negative charge gener-
tes a negative surface potential which deflects and decelerates
he electron beam. The surface potential increase leads to the
ncrease of the secondary electron emission rate and leakage
urrent. Thus, the total implanted charge increases less quickly.
hat corresponds to a decrease of the sample current. Then, the
urrent reaches the value of zero meaning that the total implanted
harge does not evolve further, the system has reached equilib-
ium between injection and evacuation of charges. In case of the
resence of a leakage current the steady-state current value will
ot be zero.

Fig. 8b shows the experimental currents versus injection time,
t 20, 40, 60 and 80 ◦C, for the material 29, and can be com-
ared with the simulated curve. The experimental curves present
igher values of current than those calculated from the numerical
imulation. This difference can be connected to additional cur-
ents included in the measured sample current ISC; these currents
re mainly due to tertiary electrons, which come from the colli-
ions of the secondary electrons on the walls of the microscope
hamber, then return on the sample surface. The quantitative
nalysis of the experimental curves is thus difficult, but qualita-
ive comparisons are possible: at 20 ◦C, the sample current ISC
ecreases during the whole injection process. At this tempera-
ure, the material durably traps charges and the negative slope
or the current until the end of injection is due to the increase of
he secondary electron emission; this strong emission rate can
e connected with a high surface potential.

The transition between a trapping behaviour and a diffusion
ne takes place between 20 and 40 ◦C. For the temperatures of
0 ◦C and upper, ISC curves take a different shape: they first fall

ecause of the building of a negative potential, then the slope is
eversed and the value of the sample current increases again. The
ise in the temperature leads to the increase in the evacuation of
he charges by material thanks to surface diffusion current.21 The
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ig. 8. Evolution of the sample current ISC as a function of irradiation time f
otential (a) and influence of the temperature on ISC experimental curves (b).

ateral diffusion of the charges due to the electrostatic repulsions
etween them,1 as well as the positive electric field in this zone
f material,20 lead to a spreading out of the electrons by the
urface of insulator. Thus, the increase of the temperature leads
o the increase of charge detrapping phenomena. As a result,
harges are more mobile and the surface current increases.

Fig. 9 makes it possible to compare for four temperatures
he influence of the microstructure on the establishment of a
teady-state evacuation current during the injection.

The curves carried out at 20 ◦C show, for all the materials,
charge trapping behaviour. Indeed, the current decreases dur-

ng the whole electron injection procedure as previously said
his strong emission rate can be connected with a high surface
otential.

From 40 ◦C, two behaviours can be distinguished. Thus,
aterials 1 and 26 continue to present typical curves of trapping

ehaviour whereas the curves corresponding to materials 4 and
9 indicate the appearance of a diffusion current (increase of the
nduced sample current during electron injection). At 60 ◦C, only
he ISC measured for the material 26 decreases during the whole
njection procedure, while those corresponding to the three other

aterials indicate a charge diffusion behaviour. At 80 ◦C, the
our curves correspond to a diffusion behaviour. These observa-
ions are in agreement with measurements of the trapped charge
mount performed by mirror effect method. The microstructure
nfluences the behaviour of materials in terms of charge trans-
ort and trapping. On the one hand, the material which adopts
charge diffusion behaviour at the highest temperature is the
aterial 26. This material presents a very crystallized intergran-

lar phase which enhances the trapping of charge. On the other
and, materials 4 and 29 adopt a charge diffusion behaviour at
ower temperature (40 ◦C). The microstructure of these materi-
ls is characterized by a very poorly crystallized intergranular
hase which makes the diffusion of charges much easier even at
elatively low temperatures.
These results are in agreement with the work of BRAGA22

ho studied charge injection and transport phenomena in insu-
ating materials subjected to a low energy electron beam (200 eV
o 30 keV) at room temperature. He thus showed that one could

t
p
w
a

material 29: simulated curve with the simultaneous variation of the surface

lassify insulators according to two categories considering their
apacity to release the generated charges: “trapping insulators”
hich are able to keep charges stabilised during long time and

he “conductive insulators” which more or less quickly release
harges according to their density and their mobility. It was thus
ighlighted, in the case of “conductive” insulators, the existence
f a steady-state current which makes it possible to control the
harge density in the material. The present work thus permits to
oint out on the one hand the influence of the microstructure, at
oom temperature, on the “trapping” or “conductive” character
by taking again the terms of BRAGA) of an insulator, and on the
ther hand the transition between these two characters when the
emperature increases with the establishment of a steady-state
urrent making it possible to evacuate charges via the insulator
urface.

By considering this classification, two breakdown resistance
echanisms, and the corresponding microstructure, depending

n the temperature can be highlighted. Up to 80 ◦C, the dielec-
ric strength is improved by high trapped charge stabilisation
bility. That is connected to high grain boundary density (fine
rain size) and crystallized intergranular phase. On the con-
rary, at higher temperature, the spreading of charges permits
o delay breakdown phenomenon. This behaviour is improved
y vitreous grain boundaries.

.3. Elaboration—microstructure parameters
elationships: how to obtain a microstructure favorable to
igh Eb?

From previous and present study, it is known that breakdown
esistance is improved when porosity is less than 5 vol.% and
rain size is low: it is well known that this is obtained by starting
rom fine grain alumina (ex: material 29), by the control of the
intering conditions (ex: temperature high enough to promote
ensification, but not too high to avoid grain coarsening) . . . In

his part, we will focus on the control of intergranular phases,
articularly the crystallization of anorthite at grain boundaries
hich influences strongly Eb at high temperature as described

bove.
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During the heating, CaO, MgO and SiO2 react together to
form an enstatite phase (MgO·SiO2) around 1100 ◦C, and prob-
ably some amorphous phases containing Ca. At 1325 ◦C, the
disappearance of this phase corresponds to the formation of the
Fig. 9. Evolution of the induced sample current ISC as a function of irr

As mentioned above, during sintering, the different oxides
Al2O3, CaO, MgO and SiO2) react together to form different
ntergranular phases. These phases can be formed either in solid
r in liquid phase during heating or cooling. X-ray diffraction
atterns show the presence of three crystallized phases: alumina
Al2O3), spinel (MgAl2O4) and anorthite (CaAl2Si2O8). More-
ver, it is certain that the different oxides also take part to the
ormation of a vitreous phase at the grain boundaries.

By using the method described in Section 2.2, crystalliza-
ion rate Xphase has been calculated for each intergranular phase.
esults are given in Table 2: the spinel phase is detected for all

ested materials. Its crystallization rate is always greater than
0% of the theoretical value and reaches 100% for some cases.
his indicates that the main part of MgO which comes from

he initial mineral additives leads to the formation of the spinel
hase MgAl2O4. However, the anorthite phase is detected only
n some materials (11, 20, 21, 22, 25, and 26). The glass coeffi-
ient �α which is function of the quantity of the vitreous phase
n grain boundaries varies greatly in magnitude (from 0.5 to
). Actually, materials 11, 21 and 22 present a very low coeffi-
ient �α, meaning that they contain a very small amount of
on-crystallized phase whereas materials 1, 2, 4, 8, 12, 17,
8, 23 and 29 are those which contain the great amount of
itreous phase. The crystallization rate of the anorthite phase
anorthite as a function of sintering temperature is presented in
ig. 10.

Except for materials 20 and 26, the anorthite crystallization

eems to be very dependent on the sintering temperature. Indeed,
p to 1555 ◦C the crystallization rate of anorthite is greater than
0% of the theoretical value. Beyond this temperature, this phase
s no longer detected. In order to understand the formation of the

F
t

n time for the four materials 4, 1, 29 and 26 at different temperatures.

ifferent crystallized phases and to interpret the evolution of the
ntergranular phase composition as a function of the elaboration
arameters, pellets of the powder containing 7.89% sintering
dditives (15 min attrition milling) were heated at different tem-
eratures for a short time (10 min). Then, they were quenched at
oom temperature, and characterized by X-ray diffraction. The
orresponding crystallization rate evolution of the spinel and
northite phases is given in Fig. 11.
ig. 10. Crystallization rate of anorthite Xanorthite as a function of the sintering
emperature.
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Fig. 11. Crystallization rate evolution of the spinel and anorthite phases during
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glassy phase.25,26 This is why the majority of materials sintered
he heating.

pinel (MgO·Al2O3) and anorthite (CaO·Al2O3·2SiO2) phases.
he crystallization of both phases keeps on increasing up to
375 ◦C and then stabilises at 1450 ◦C. Beyond 1550 ◦C, the
rystallization of the anorthite phase abruptly decreases while
he spinel phase stays constant. For all materials, the crystalliza-

ion rate in the spinel phase is greater than 60%. Moreover, it
s known that this phase has a very low solubility in the liquid
l2O3–CaO–SiO2.23 So it is reasonable to make the assumption

b
c
d

Fig. 12. Phase diagram of the ternary
Ceramic Society 30 (2010) 805–817 815

hat the liquid phase composition moves mainly in the ternary
iagram Al2O3–CaO–SiO2 (Fig. 12).

Indeed, as illustrated in Fig. 12, we can consider that the
omposition of the liquid moves along the line joining the alu-
ina pole to the point located on the SiO2–CaO line. This point

orresponds to the proportion of these two oxides in the start-
ng powders. The amount of Al2O3 in the intergranular phase
efore sintering is unknown. However, by considering the ini-
ial CaO/SiO2 ratio, the starting composition can be assumed
o be close to that of the anorthite. During the heating, due to
he fine Al2O3 grains dissolution in the liquid, the composition
f the intergranular phase moves along the line in direction of
he alumina pole. As afore mentioned, the formation of anor-
hite during the heating pointed out previously is in accordance
ith the ternary phase diagram. Notice in Fig. 12, that beyond
553 ◦C, the anorthite phase is completely melted. This explains
he decrease of the crystallization rate of the anorthite observed
t 1550 ◦C in Fig. 11. At this temperature, the secondary phase
s essentially liquid and can then dissolve fine alumina crys-
als. The composition of the intergranular phase continues to

ove into the ternary diagram in direction of the Al2O3 pole.
ecause of this enrichment in alumina, the liquid solidifies both
ia the precipitation of alumina as well as the formation of a
eyond the melting temperature of anorthite (1553 ◦C) does not
ontain any anorthite crystals but a vitreous phase. As it has been
escribed previously, two materials (20 and 26) show the pres-

system Al2O3–CaO–SiO2.24
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nce of anorthite phase within the intergranular phase although
hey have been sintered beyond 1550 ◦C. Material 20 is charac-
erized by a short soaking time (60 min) and material 26 by a
igh sintering additive content (7.89%). These conditions lead
o a weaker alumina enrichment of the intergranular phase and
hus a weaker displacement in the ternary diagram. In this case,
he liquid composition remains in the anorthite domain and crys-
allizes during the cooling. This assumption is confirmed by the
EM observations performed on materials 4 and 26 represented

n Fig. 5a and b.
In conclusion, many factors influence the formation of anor-

hite crystals in such a system: alumina grain size, additions
ontents, soaking time and temperature during sintering. Other
arameters have also an influence that is not described here:
ooling rate for example; and some annealing treatments after
intering permit also to modify the crystallization of anorthite
. .

. Conclusion

Alumina materials sintered with liquid phase thanks to sin-
ering aids containing SiO2, CaO and MgO present various
icrostructures in terms of porosity, grain size and nature of

he intergranular phase that depend on the elaboration process
raw alumina grain size, composition, sintering conditions . . .).
he dielectric breakdown strength Eb measurements for dif-

erent materials in this system make it possible to highlight
he great influence of the microstructure parameters. Those,
ike the grain size and the composition of intergranular phase
ave a direct impact on the density and the nature of inter-
aces. These influences of the microstructure can be linked
o the trapping-transport behaviour under e-injection described
bove.

The main results are:

at room temperature, one way to avoid breakdown is to pre-
vent charge injection, by a high trapping at the beginning of
the e-injection that leads to a high local potential that stop fur-
ther injection. That explains why the higher interface density,
and so the higher trap density leads to the higher dielectric
breakdown resistance Eb at room temperature;
on the contrary, at high temperature, we demonstrated that
breakdown resistance is stronger when charges can be evacu-
ated from the injection area. The presence of anorthite in the
intergranular phase is not favorable to Eb at high temperature.
This can be explained by the e-injection study which showed
that the presence of anorthite leads to deeper traps and so
to a trapping behaviour even at high temperature. Moreover,
the charge evacuation is enhanced by highly vitreous grain
boundaries.
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