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Abstract

Different alumina materials were elaborated in order to vary microstructural parameters (grain size, densification, porosity, inter-granular phase).
These ceramic materials were then characterized from the mechanical point of view (hardness, toughness, friction and wear) and dielectric
breakdown. The comparison of these various results shows that, for all these properties, the grain size and also, the nature of the secondary phases
and the microstructural parameters were the most significant.

Moreover, from the tribological point of view, the dielectric characteristic of materials (breakdown strength) has a fundamental role in the
creation of agglomerated wear debris (“third body”) and its properties: a finely agglomerated third body will be obtained for high breakdown
strength. Such third body will be able to protect the substrate and thus to reduce later wear. In the same logic a correspondence between breakdown

strength and toughness was established, thus confirming the existence of mechanical—-electrical correlation for non-conductive materials.

© 2009 Elsevier Ltd. All rights reserved.
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1. Introduction

Ceramics are potentially interesting for industrial applica-
tions under severe conditions of service. Their wear resistance
and their high melting point make them attractive. However,
their brittleness makes their use problematic, due to a possible
lack of reliability related to their fabrication, inducing structural
defects such as porosity, grain size and inter-granular phases.
The effect of these microstructural parameters on the mechani-
cal properties of alumina materials was studied for a long time,
sometimes with contradictory results. For example the fracture
strength slightly decreases as the grain size D, then falls bru-
tally beyond 120 um.! The fracture energy y (or toughness)
decreases as D increases, but other authors note the reverse. In
fact,? it seems that y increases as D for D < 100 pm, taking into
account the development of microcracks,>* then decreases for
D> 100 um because of the residual stresses.’ Hardness would
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increase slightly® as the grain size by an effect of inter-granular
embrittlement related to the alumina anisotropy.” A coupled
effect between grain size and porosity is often announced,?
the porosity effect being more obvious for the low grain sizes.
Let us note however that these results are often obtained on a
broad range of grain sizes and do not take account of the nature
of the inter-granular secondary phases. The zirconia effect on the
mechanical properties of alumina is widely known by its tough-
ening effect by microcracking and/or phase transformation,'%-!1
but the coupled effect of the other characteristics of alumina is
little studied.

The effect on dielectric breakdown is less studied but it is
complex. The effect of the grain size >3 and porosity!>1* is
obvious but it has been easier to observe grain boundary influ-
ence according to impurities contents and impurities type.'>1313
It has been determined that the presence of a secondary phase
has a strong impact on breakdown and the presence of fine inter-
granular zirconia can improve alumina breakdown strength. >

Wear of ceramics, analysed using the classical mechanical
properties (in particular hardness and toughness) is reported
through several experimental studies'2! connected with such
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Table 1

Composition and characteristics of alumina ceramic materials (wt %).

N° % Al;03 % Si0; % MgO % CaO % 71O 9% Additives (except zirconia) D% D50 (um) Dyor (um)
A 93.26 4.93 1.81 0.00 0.00 6.74 95.60 2.14 4.89
B 92.83 3.86 1.27 2.04 0.00 5.13 95.70 1.85 4.16
D 86.96 6.00 1.46 0.96 4.61 8.42 93.40 243 9.87
E 89.15 5.13 0.99 0.00 4.73 6.12 89.40 2.15 5.83
F 88.76 4.09 0.48 1.96 4.71 6.53 95.40 3.28 5.15
G 87.87 5.21 1.25 0.98 4.69 7.44 95.80 2.27 5.04
H 90.12 4.30 0.76 0.00 4.81 5.06 93.50 3.10 4.76
I 89.72 3.25 0.24 2.00 4.79 5.49 95.40 2.96 577

D%: Densification, measured starting from the composition of initials minerals, Dsg: average grain size measured by the intercept method on 500 grains, after
polishing and etching. Dpo,: diameter of pores measured starting from fracture topography to avoid the artefacts related to polishing (pull out of grains).

parameters as the grain size or the porosity. On the other
hand, phenomena, such as dielectric breakdown, transition
mode from mild wear to severe wear,'8 increase in the num-
ber of dislocations in brittle ceramics during indentation test*?
or before breakdown,?® remained misunderstood until taking
into account of the polarization property of non-conductive
materials, 12+13:17,23-25

Indeed, all the materials, in particular the insulators, dur-
ing contacts are subject to the developing of electrical charges
and the appearance of electric fields.?*?% In fact, during fric-
tion, excess electric charges are injected into an insulator. These
charges can diffuse in the material or can be trapped at sites
which, in ceramics, correspond to local or longer range structural
defects (point defects, grain boundaries, dislocation). Conse-
quently, polarization energy (5 eV/trapped charge) is stored in
the material and increases in friction coefficient are observed.?®
After a given time, polarization energy can be catastrophically
released inducing severe wear.!” In the case of alumina, the
grain boundaries are privileged sites of trapping and conse-
quently of brutal release of the polarization energy. This led
to the inter-granular character of the wear of polycrystalline
alumina by “breakdown” of the grain boundaries.!” Besides,
a certain analogy between breakdown?® and wear?’ is noted: in
both cases creation of dislocations occurs before the appearance
of the catastrophic effect (breakdown or wear), corresponding to
the release of the polarization energy in the zones where strong
localization of trapped charges appear, i.e. very often at the grain
boundaries.!’

The aim of this work consists in deducing a correlation, res-
olutely original, between electrical breakdown and mechanical
or tribological properties. In this way, these properties being
connected, as shown previously, individually to microstructure,
we studied, first of all, the role of the microstructure of selected
polycrystalline alumina materials on different properties of use
(hardness, toughness, friction, and breakdown).

2. Experimental procedure
2.1. Materials
The alumina ceramics, were fabricated by the Ecole

Nationale Supérieure des Mines de Saint-Etienne. The starting
material was alumina powder issued from the Bayer process

(dsp=1.5 wm) and different minerals that leads to oxides addi-
tives (Si0z, MgO, CaO, ZrO;). The powders were prepared
according to procedures using aqueous dispersion, adding of
organic binders (2% PVA: polyvinyl alcohol and —1% PEG:
polyethylene glycol), spray drying and cold uniaxial pressing
(30 MPa pressure). The samples are discs, approximately 2 cm
diameter and 3 mm thickness. Materials were liquid phase sin-
tered in air, between 1500 and 1600 °C for 1-2h, in order to
obtain various microstructures. The compositions of alumina
ceramics, along with other characteristics, are summarized in
Table 1. Thus, the samples have variable densifications, rela-
tively weak (D% < 95.7) for better highlighting the relation grain
size porosity, often announced in the literature.®° This porosity
is closed as the breakdown tests, performed in oil, will prove
it. We notice the presence of zirconia too, with nearly the same
content for six nuances. The addition of zirconia was selected to
highlight its role on the other intrinsic microstructural parame-
ters of alumina. The starting zirconia powders are monoclinic.
We checked, by diffractionX, that the zirconia remained mono-
clinic after sintering, in spite of the possible reactions with the
additives. The nature of the inter-granular phases is always dif-
ficult to know. However, we determined by X-rays diffraction,
on three nuances, the nature of the crystalline phases present
in the grain boundaries, associated with the vitreous phase
(Table 2).

2.2. Testing procedures

Before all characterizations, the samples were polished, using
SiC abrasive papers, and finally diamond pastes (6, 3 and 1 wm).
Subsequently, the samples are put in an acetone bath for ultra-
sonic cleaning. The Vickers’s hardness was measured under an
applied load of 30 N using ZWICK apparatus.

The fracture toughness values Kjc were determined by the
indentation method, under applied load of 100 N for 30s. The

Table 2
Nature of the secondary phases present in studied ceramics.

Ceramics Secondary crystalline phases
B Spinel, corundum, anorthite,

corundum, Spinel, anorthite, cordierite, gehlenite.
H Spinel, corundum, cordierite.
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fracture toughness Kic is calculated using Liang’s relationship>’

Hya'’? { E®\ % /o c/18a—1.51
K1c=() (5) (1)
o Hy a
4y —0.5)*
a=14 1—8(”17) )
—V

With: E=Young’s modulus (390 GPa); V=
Poisson’s ratio (0.27); @&=3 for alumina; Hvy = Vicker’s
microhardness. 2a diagonal of indentation; 2c¢ total length of
cracking.

2a

—
-

2c
The friction tests were performed at room temperature using
a pin on disk reciprocating tribometer.?® The reciprocating
motion is ensured by a crank-connecting rod system. The ampli-
tude of the movement was 5mm. The pin is a ball (12mm
diameter—99.5% alumina) and the dimensions of the plane
are 20mm x 15 mm x 3 mm. The normal load of 1 or 6 daN

Table 3
Values of various measured characteristics of alumina.

is applied directly to the pin. The friction coefficient ; was con-
tinuously recorded as a function of the number of cycles via a
computer. The wear volumes of different ceramics were eval-
uated by measuring the depth and the width of the worn track
using a profilometer. To determine the wear mechanisms and
surface damaging processes, the worn surfaces were examined
using a scanning electron microscope (SEM).

To measure the breakdown strength, the experimental device
includes a generator delivering an 50 Hz alternating current.'>!3
The sample was placed between the two electrodes of the gener-
ator which are immersed in a medium (NITRO10GB-NYNAS
transformer oil) whose resistance to dielectric breakdown was
higher than that of the tested sample. Breakdown strength
(kV/mm) is the ratio of the generator breakdown voltage V.
(inkV) to the thickness e of the sample (in mm):

V. k
met (&)
p

Breakdown strength varies with the thickness of the sample.
It was thus necessary to make the following correction to the
value of E.°P, so that it reflected the resistance to the breakdown

of a 3 mm thickness as a standard of comparison!©:
k
Foz o, [ (V> )
3 mm

The average values as well as the standard deviations were
given for a minimum batch of 15 experimental values.

3. Experimental results
3.1. Microstructural observations

The SEM microstructural observations carried out on the
samples before friction (Fig. 1), in general, show the same aspect

Ceramics Hy, GPa Kic MPam!”2 v, 1073 mm? (100 cycles) V5 1073 mm? (400 cycles) Time before stabilization of x (number of cycles)
A 12.6 6.3 £ 0.7 241 39.98 25

B 9.3 74 £ 0.5 1.65 12.91 10

D 94 8.4 + 0.6 11.9 85.93 10

E 9.6 74 +£04 0.62 34.79 25

F 11.5 9.96 + 0.3 4.24 12.09 12

G 9.6 87 +£0.38 1.80 69.5 25

H 11.4 85+ 0.7 3.40 74.19 8

1 10.7 9.6 £ 0.8 3.17 73.69 5

Ceramics E. kV/mm Standard deviation
A 14.1 0.4

B 13.9 0.8

D 14.0 0.7

E 13.0 1.5

F 14.9 0.7

G 13.5 0.5

H 14.4 0.4

1 13.3 0.7

Hy, microhardness; Kjc, toughness; Vi, wear volume after 100 friction cycles; V,, wear volume after 400 friction cycles, Time before stabilization of friction
coefficient ; Ec: Breakdown strength as well as the standard deviation.
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Fig. 1. Backscattered electron image, before friction, of various ceramics materials. Zirconia grains appear in white.
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Fig. 3. Evolution of the microhardness vs. densification D%.

for all the alumina ceramics. The porosities present on the sur-
face may be due to the manufacturing process, but they are also
due to polishing preparation. Zirconium oxide grains, appearing
in white in retrodiffused mode, are homogeneously distributed.

3.2. Mechanical characterizations

Mechanical and dielectric characteristics, detailed after, are
summarized in Table 3.

Ceramics A on 4200 cycles
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Fig. 5. Evolution of toughness vs. diameter of pores.

3.2.1. Microhardness

The values of microhardness (average of 6 indentations) are
noted in Table 3.

Fig. 2 illustrates the evolution of hardness as a function of
average grain size. It is obvious that microhardness increases
with increase in average grain diameter in particular beyond
2.5 pm, independently of densification. This result is in agree-
ment with literature’ and can be attributed to an embrittlement

Ceramics D on 4200 cycles
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0.3
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0.1

0 50
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100

Ceramics G on 4200 cycles
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0.3 fl

0.2

0.1

W
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Fig. 6. Some examples of the evolution of the friction coefficient vs. number of cycles.
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(b)

20 ym

F——— 10m

Fig. 7. Friction tracks for a load of 1 daN (SEM).Arrows indicate the friction direction. (a) After 100 cycles and (b) after 400 cycles.

effectinduced by grain boundaries, and the tendency of materials
with fine grains to become isotropically deformed. A significant
hardness increase is noted for ceramics A which moves clearly
away from the curve. This alumina contains neither CaO nor
Z1r05.

Fig. 3 shows that, for the low grain sizes (around 2 pm;
ceramics E, D, B and G) the microhardness (close to 9.5 GPa)
is independent of densification. The same conclusion can be
made for the grain sizes close to 3-3.2 wm (ceramics I, H, F),
with a hardness near 11 GPa. The hardening effect, beyond a
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grain size higher than approximately 2.5 pm, independently of
densification, is confirmed.

3.2.2. Fracture toughness

The results (30 s indentation time, average of 15 indentations)
are summarized in Table 3. The evolution of fracture toughness
with the average grain size (Fig. 4) shows an increase in the Kjc
as the grain size increases. By studying the variation of fracture
energy y (J/m?) as a function of the grain size, and by noting
that y = {(1 — V)2 /2E}Kic?, Simpson29 links this increase to
the development of microcracks. We notice that ceramic A is
out of the curve. This alumina has the highest value of hardness
and thus a stronger brittleness.

By plotting the toughness curve vs. pore diameter (Fig. 5),
we can note the existence of three curves corresponding to three
family types: without zirconia (A, B), without CaO (E, H) and the
other ceramics. For these three evolutions, toughness decreases
as the size of pores increases, this is coherent with the nature and
the critical defect size. Let us note that toughness is higher in
the case of ceramics containing zirconia, confirming the effect
of toughening. %11

3.3. Friction and wear

3.3.1. Friction coefficient

The evolution of the friction coefficient as a function of the
number of cycles is shown in Fig. 6. In all cases a progres-
sive increase in the friction coefficient up to a stable value is
observed. This evolution is due to microcracking in the surface
asperities, which leads to the generation of agglomerated wear
debris (“third body”16’18). The friction coefficient u character-
izing the faculty of the tribosystem to dissipate energy, then,
any storage of energy will be characterized by an increase in
w and conversely.?® The stabilization of the friction coefficient
is a result of an equilibrium situation with a constant quantity
of debris continuously formed in the contact. The difference
between the studied samples lies in the number of cycles neces-
sary for the stabilization of the friction coefficient (Table 3). It
is higher for samples A, E, and G (25 cycles) than for the other
samples (between 5 and 12 cycles).

3.3.2. Wear volume

The values of the wear volume obtained for 100 or 400 cycles
for a load of 1daN are summarized in Table 3. As shown in
Fig. 7a, for most of alumina materials, after 100 friction cycles,
friction tracks observed by SEM, showed the existence of a layer
of wear debris (third body). This layer tends to change its aspect,
either with stabilization of the third body (B, F) or with signif-
icant wear of ceramics (D, H, I). Effectively, after 400 friction
cycles, in the case of alumina B, E, F and A, another surface
morphology is observable (Fig. 7 b), the comparison with the
data of Table 3, gives information about the evolution of degra-
dation. Alumina B and F, which present a strong wear during
the first 100 friction cycles, show the weakest wear after 400
cycles. Consequently the third body layer constitutes a screen
and protects the sample from wear (Fig. 7b). However, alumina
D, H and I continue to wear out because the debris present in
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Fig. 8. Application of the mechanical analysis of fractures by indentation, cor-
relation with the wear rates measured in air for: (a) load of 1 daN and 400 cycles,
(b) load of 6 daN and 100 cycles and (c) load of 6 daN and 400 cycles.

the interface, without adhering, are abrasive and increase the
wear (Fig. 7b). For alumina G, the presence of debris (Fig. 7b)
does not protect the surface of the sample, and we can suppose
that their compact state maintains their abrasive capacity, which
results in an increase in wear.

3.3.3. Correlation between mechanical properties and wear

The Evans’s model®? has been used. It is based on the analy-
sis of fracture by indentation, and predicts the susceptibility of
a material to the propagation of cracks around an indentation,
linked to the quantity C¥2.P~!, proportional to (E/H)*> Kic~!
(C length of the cracks, P applied load, E Young’s modulus, H
microhardness and Kjc toughness).

Fig. 8 represents the wear rate (mm3/mN) for a sliding dis-
tance of 400 cycles for an applied load of 1daN (Fig. 8a)
and for sliding distances of 100 (Fig. 8b) or 400 cycles
(Fig. 8c) respectively for an applied load of 6 daN, as a func-
tion of (E/Iﬂz/ 3.Kic~!. The wear rate for a strong load (6 daN)
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Fig. 9. Evolution of the breakdown strength vs. grains size.

decreases (Fig. 8b and c), when (E/H)z/ 5. Kic~! decreases. How-
ever, ceramics A and B, without zirconia are outside the curves.
This result is comparable with results of Trabelsi et al.'® which
observed that Evans’s model only is applicable for ceramics
with nearly the same composition. For the low loads (1 daN),
the correlation is bad (Fig. 8a).

3.4. Breakdown strength

Table 3 gives the values of breakdown strength and the stan-
dard deviations of the studied ceramics. Breakdown strength
strongly depends on the microstructure of the alumina. But,
as shown recently, the breakdown depends essentially on the
nature of the inter-granular phases: glass, anorthite and spinel
etc.?3 Those phases control the trapping and/or the diffusion
of the electric charges.> At room temperature, the breakdown
strength is improved when materials are able to stabilize a great
amount of electric charges. This behaviour is favoured for mate-
rials with microstructures containing many interfaces (i.e. many
interfacial phases) in the grain boundaries.>> The presence of
cordierite seem particularly favourable. Ceramics F and H con-
tain cordierite (Table 2) and have, a priori, a high interface
number, thus more traps what leads to a high breakdown strength
(14.9 and 14.4 kV/mm). In the case of ceramics B, in spite of the
high number of interfaces, the nature of inter-granular phases,
without cordierite, probably leads to other types of interfaces
which decrease breakdown strength (13.9 kV/mm). By compar-
ing these ceramics, it seems to be confirmed that the presence
of cordierite in grain boundaries is favourable to the breakdown
resistance.

3.4.1. Grain size

We can note that the breakdown strength varies according to
the type of addition and of the grain size (Fig. 9). Ceramics A
and B, without zirconia, are distinguished from the others with
a low grain size and average breakdown strength. The alumina-
zirconia materials follow a tendency of increase in rigidity with
the grain size, whereas the opposite tendency could be found in
the literature for alumina without zirconia.!>!3

It is possible that zirconia was better distributed on the joints
of large grains (F, H), thus increasing the number of sites of
trapping of charges. However, it is certain that, in parallel to
zirconia addition, the inter-granular phase changes as for the vit-
reous and crystallized phases taking into account the evolutions
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Fig. 10. Evolution of the breakdown strength vs. the total additive content
(except zirconia).

in additives (SiO,, CaO, MgO). Let us recall that the presence
of inter-granular crystalline phases leads to traps deeper than
those due to a vitreous phase and thus leads to higher breakdown
strength at room temperature. 21331

This is confirmed in Fig. 10, where no relation between the
breakdown strength and the total additive percentage (except
zirconia) is shown: it is the nature of the secondary phases and
not their quantity which influences breakdown strength. This
can explain why ceramic I presents a low breakdown strength
because of its low content in additive percentage (except zir-
conia) related to low content in SiO> and MgO, but a strong
percentage in CaO: its inter-granular phases must be differ-
ent from those of the other ceramics material which contain
zirconia).

3.4.2. Densification

We can note the absence of the influence of the densification
beyond 92.5%. However below this value, a fast decrease of E.
and a strong dispersion (Table 3), has been noted for ceramic E,
particularly porous (Fig. 11). Thus, the effect of porosity alone
is difficult to assess because the effect of the grain boundary is
predominant.'?!3

3.4.3. Analogy between dielectric breakdown and
toughness

Except for the ceramics A and B which do not contain zirco-
nia and so have a weak toughness, in case of ceramics E, D, H
and F, breakdown strength increases with increasing toughness
(Fig. 12), result in agreement with the Fothergill’s’* work. Let

| |
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S
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=
13 X
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Fig. 11. Evolution of the breakdown strength vs. densification.
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us notice a strong analogy with Fig. 9 (breakdown strength vs.
grain size) and Fig. 4 (toughness vs. grains size), the effect of
the grain size is thus a significant parameter between breakdown
strength and toughness (mechanical property/dielectric prop-
erty). Ceramic I is characterized by a low breakdown strength
and a high toughness, probably due to a favourable inter-granular
phase from the mechanical point of view but not from the dielec-
tric point of view.

3.4.4. Analogy between dielectric breakdown and wear
During the first friction cycles (<100 cycles, 1 daN), we notice
that wear volume and breakdown strength increase in the same
way (Fig. 13). Indeed, strong breakdown strength at room tem-
perature can be related to strong capacity to trap charges at
interfaces localized in the grain boundaries. There is thus a
strong localization of polarization energy on the grain bound-
aries which, during relaxation of this energy under friction effect,
will release significant energy. This energy can lead to severe
wear, which is able to involve a multi-cracking of the alumina
grains which, with the secondary phases, can create a fine and
protective third body. For a softer relaxation (low breakdown
strength), the particles of wear will be larger and the third body
less stable. This is typical of ceramics F: characterized by a
strong breakdown strength associated with a strong initial wear.
The third body formed (Fig. 7) will then lead to the weakest
wear after 400 cycles. Ceramic I (low breakdown strength) and
especially ceramic D (strong porosity) do not follow the general
tendency for 100 cycles: in fact for this distance, these materials
are already in severe wear mode, controlled mainly by the nature
of the formed third body. This can be seen for all ceramics at
400 cycles (Fig. 14) where it is difficult to establish a relation-
ship between breakdown strength and wear volume, even if the
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Fig. 13. Variation of breakdown strength vs. toughness.
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Fig. 14. Evolution of breakdown strength vs. wear volume (V) for an applied
load of 1 daN, after 400 cycles.

general tendency leads to the correspondence: strong breakdown
strength involves weak wear. This can be explained by a protec-
tion of the alumina matrix by a stable and adhering third body:
the relaxation of polarization energy, therefore wear, occurs as
much less in the matrix as its breakdown strength is high.

In conclusion: the electrostatic phenomenon strongly influ-
ences the first steps of wear. The trapping of electric charges at
grain boundaries lead to brutal relaxation of polarization energy
being able to affect the microstructure of the third body: it can be
formed by fine debris in the case of strong trapping (high break-
down strength), and by larger debris in the case of weak trapping
(low breakdown strength). Another element which affects the
third body, will be related to the nature of the secondary phases:
this can explain weak wear at 400 cycles of ceramics B and F,
which have nearly the same additives content (except zirconia).

4. Conclusion

In this study, alumina ceramics were elaborated using the
same process and starting from the same products. Several com-
positions lead to vary not only microstructural parameters (grain
size, porosity. . .) but also the nature of the inter-granular phases.
Moreover, the addition of the same zirconia content permits to
see its good influence on not only mechanical but also dielectric
properties.

Two microstructural parameters especially significant were
put forward: the average grain size and the nature of secondary
phases. It is obvious that these two parameters are not inde-
pendent as well from the mechanical point of view as electrical
point of view. Porosity and densification have a weak influence
beyond 92% of densification.

On the other hand, the increase in the average grain size leads
to an increase in hardness, toughness and breakdown strength.
The latter characteristic is much related to the nature of the
inter-granular phases. One can suppose that the parameter most
relevant, but difficult to identify, would be the composition of
the secondary phases.

Wear is a complex phenomenon, able to unite together dielec-
tric and mechanical aspects. At the first steps of wear (low load,
short time), the dielectric phenomena seem to have a signifi-
cant role on the fracturing of alumina grains. If fracturing is
violent (corresponding to high breakdown strength), the debris
(fractured alumina grains and released inter-granular phases) can
form a finely agglomerated third body. The latter will be able to
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protect the substrates. At this stage, the mechanical parameters
(hardness, toughness or Evans’s factor) are not relevant.

For more severe conditions (time, load), the nature of the third
body (formed during the preceding step) plays an essential role:
finely agglomerated and adherent, it ensures the bearing screen
which avoids the wear of bulk alumina. A strong breakdown
strength will avoid the dielectric relaxation of alumina and thus
its wear.

However, this study highlighted the correspondence “break-
down strength—toughness”. It is not useless to note that
toughness, measured here by indentation, comprises prob-
lems of indenter-alumina friction associated with creation of
dislocations?? and then cracking just like the observations made
in dielectric breakdown.?
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