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bstract

oday, the high quality level required by new applications of glass, imposes the use of high zirconia refractories (HZ). These are designed to
perate in extreme condition and also require control of the making process. Elaborated by a fused cast process followed by a controlled cooling
tep, these materials exhibit specific thermo mechanical properties related to a microstructure containing monoclinic zirconia dendrites embedded
nto a silica–alumina glassy phase.

The present paper deals with the understanding of damage phenomena at a low scale during the cooling process after cast-fusion. Mechanical
haracterizations at high temperature are carried out to identify the chronology of the microdamage. Microstructure observations using SEM and

BSD complete thermal experiments and allow to identify main characteristics of microdamage mechanisms. This work was conducted in the

ramework of a French national research program “NOREV”, aiming to build numerical tools to optimize the casting process of such materials.
 2012 Elsevier Ltd. All rights reserved.
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.  Introduction

Fused-cast refractory materials are widely used in glass fur-
aces to prevent from corrosion effects of the melting glass.
uch a quality is especially due to the low opened porosity
f these materials. First generations of these products were
lumina–zirconia–silica compounds (in proportions located in

he eutectic domain), which appear to be well adapted for soda-
ime products.1 Since three decades, other compositions have
een developed to answer to special needs for the casted glass

∗ Corresponding author at: Groupe d’Etude des Matériaux Hétérogènes
GEMH), Centre européen de la Céramique (CEC), 12 rue Atlantis, 87068
imoges Cedex, France. Tel.: +33 5 87 50 25 60.

∗∗ Corresponding authors.
E-mail addresses: cedric.Patapy@Epfl.Ch (C. Patapy),

arc.huger@unilim.fr (M. Huger), thierry.chotard@unilim.fr (T. Chotard).

f
f
i
t
i
z
m
i
a
o

955-2219/$ – see front matter © 2012 Elsevier Ltd. All rights reserved.
ttp://dx.doi.org/10.1016/j.jeurceramsoc.2012.04.043
nd the process. Thereby, products with a high content of zir-
onia (>92 wt%) have been improved for the manufacturing of
pecial technical glasses (for LCD screens, lead crystal, .  .  .)
nd very corrosive glasses (boron-silicate glasses, . . .).2 If the
mprovement added by such a technology is clearly identi-
ed today in glass manufacturing campaigns, it remains some
ifficulties to obtain easily large refractory blocks after the
used-casting process. In fact, the elaboration consists in cooling
rom 2400 ◦C to room temperature a material which solidifies
n a two-phased structure (zirconia and a glassy phase), each of
hese phases having different thermal expansions and thus creat-
ng thermal mismatches. Moreover, during the cooling process,
irconia transforms successively through cubic, tetragonal and

onoclinic form, with tetragonal and monoclinic forms exhibit-

ng anisotropy in thermal expansion along their crystallographic
xes. The resulting complex microstructure is made of numer-
us different crystallographic domains called variants. Finally,

http://www.sciencedirect.com/science/journal/09552219
dx.doi.org/10.1016/j.jeurceramsoc.2012.04.043
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ig. 1. SEM observations of the microstructure with zirconia grains in gray and
ttack (b) and 3D microstructure of a fused-cast refractory material with a high

nd maybe the most critical effect, the shift from the tetrago-
al to the monoclinic structure is responsible for a large volume
xpansion (typically 4%).
This effect explains the inability to produce sintered mate-
ials containing undoped zirconia. The material obtained after
he fusion cast process presents some microcracks due to the

(
d
o

lassy phase in black (a), of the dendritic structure of zirconia revealed after HF
nt of zirconia observed by X-Ray tomography (c).3

tress relaxation during the cooling process. The manufactur-
ng process must be rigorously controlled, in particular the
ooling rate after fusion, in order to limit mechanical stresses

source of possible damage) induced by important thermal gra-
ients and the martensitic tetragonal–monoclinic transformation
f zirconia.3
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This paper aims to identify the nature and the way of
icrocracking occurrence during the cooling process. Elastic

roperties, closely related to the occurrence of microdam-
ge, are studied with two different methods operating at high
emperature: an ultrasonic and a tensile test device. These
hermo-mechanical data are completed with thermal expan-
ion and acoustic emission analysis. They allow to investigate
ccurately the influence of the cooling process on microstruc-
ure changes. All of these treatments are performed down from
500 ◦C (after a first heating), and will be discussed in correla-
ion with microstructure observations at room temperature using
EM and Electron BackScattering Diffraction.

. Materials

The studied material is a fused-cast refractory containing
4 wt% of ZrO2 monoclinic crystals and 6 wt% of a borosili-
ate glassy phase (80 wt% SiO2, 13 wt% Al2O3, 7 wt% B2O3).
t exhibits a 3D microstructure with dendrites of zirconia embed-
ed into a glassy phase. This microstructure is typical of metallic
lloys obtained by a foundry process (lingots) (Fig. 1).

This particular organization for a ceramic material, explains
oth the high resistance against corrosion and the abil-
ty to resist mechanically to the transformation of zirconia
etragonal–monoclinic at around 1000 ◦C. In fact, the glassy
hase accommodates the large volume expansion (4%) of zir-
onia crystals during the transition.

Materials are typically obtained under the form of large
locks (1 m3). They are obtained by a melting process in arc fur-
aces followed by a controlled cooling step in molds. Finally,
he block is gradually put in temperature of service for glass

anufacturing. In the present paper, authors will only focus on
he study of cooling stages of the casting process. Microstructure
eatures, which are associated to the cooling, are very complex.
ig. 2a and b illustrates the different steps of microstructure
volution and the corresponding phase diagram ZrO2–SiO2.4

endrites of zirconia initially grow under the form of the cubic
tructure (C) with primary and secondary ramifications (tree
tructure) and probably transforms into tetragonal domains (T) at
round 2300 ◦C. Down to 1700 ◦C, the mixing is not supposed
o be fully solid, and nucleation-growth of zirconia dendrites
robably goes on in this temperature range. Below 1700 ◦C,
he material can be considered as fully solid with zirconia den-
rites embedded in silicate a glassy phase, with some traces of
rystalline zircon. Between 1000 ◦C and 900 ◦C, the martensitic
ransformation of zirconia from the tetragonal structure to the
onoclinic one (M) occurs (Fig. 3).
The cubic to tetragonal transformation is associated to a 45◦

otation of the �a  and �b axis around the �c axis (Fm3̄m →  P42/nmc
pace group change). It induces the possible formation of three
istinct crystallographic variants from one single cubic crystal.
sing the pseudo-cubic lattice, axis

−→
CC can become −→at ,

−→
bt or
ct .
During the tetragonal to monoclinic transformation, it is

ossible to form 24 different crystallographic variants. In
act there are two possible orientation relationships and eight

−
b

c

Fig. 2. Microstructure evolution during the cooling process.

rystallographic variants for each case: −→ct − −→am noted A,
ct − −→

bm noted B and −→ct − −→am noted C. The monoclinic zir-
onia space group is P21/c and then the β angle differs from
0◦ (it is close to 99◦). Thus considering one specific tetragonal
nd monoclinic respective orientation, only two crystallographic
xes of the monoclinic lattice can be parallel to a tetragonal axis:
he

−→
bm axis and the −→am or −→cm one. However, the total number of

ossibilities is divided by two since variants can be regrouped
s equivalent crystallographic pairs by rotation of 180◦around→ 5,6

m.

At room temperature each zirconia dendrite is therefore
onstituted of different monoclinic variants. Considering
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Fig. 3. Microstructure evolu

he anisotropy in thermal expansion (TE) along the different
rystallographic axes in the monoclinic structure, these different
rystallographic variants induce thermal mismatches and then
otential microcracking phenomena between variants.7 The
lassy phase within the microstructure is assumed, because of
ts low viscosity at this temperature, to accommodate internal
tresses induced by the anisotropic expansion mismatch
etween ZrO2 grains during this transformation. Nevertheless,
he transformation of zirconia, combined with TE mismatches
etween the glassy phase and zirconia, induces microcracking.

. Experimental  techniques

.1.  High  temperature  ultrasonic  pulse  echography

An ultrasonic technique based on the continuous in situ mea-
urement of the velocity of ultrasonic longitudinal long bar mode
as been used to monitor the evolution of Young’s modulus.
he principle is described elsewhere.8 To achieve satisfactory
ropagation conditions in this particular ultrasonic mode and
aking into account the characteristics of the material, the central
requency of the pulse is 110 kHz and specimens are paral-
elepipeds of 5.5 mm ×  5.5 mm ×  100 mm. The measurement of
he round trip time between two successive echoes within the
ample allows to calculate the wave velocity and then to obtain
he value of the Young’s modulus by E  = �(2L/τ)2 where L  and

 are sample length and density respectively.
Ultrasonic measurements of Young’s modulus have been per-

ormed during thermal cycles made at a rate of 5 ◦C/min for
eating and cooling stages and a 1 h isothermal dwell at 1500 ◦C.

.2. Tensile  tests

Tensile tests have been performed at room temperature
ith an INSTRON 8862 electro-mechanical universal testing
achine which can also work at high temperature up to 1600◦.9

train is evaluated from the variation of a 25 mm gauge length
easured by two extensometers equipped by silicon carbide rods
hich are placed on two opposite faces of the specimen.

The low values of the displacement at rupture exhibited by

hese materials (3–5 �m) required a good control of the thermal
tability of extensometers. Refractory samples are constituted of

 cylindrical rod (16 mm in diameter) glued to two metallic parts.

h
s
d
u

during the cooling process.

he precise final geometry is obtained thanks to a cylindrical
achining step of the global assembly.

.3. High  temperature  acoustic  emission  technique

Acoustic emission (AE) is defined as “the class of phenom-
na whereby transient elastic waves are generated by the rapid
elease of energy from localized sources within the material
or structure) or the transient waves so generated”.10 When a
aterial is subjected to mechanical or thermal stresses, acoustic

mission can be generated by a variety of sources such as includ-
ng crack nucleation and propagation, multiple dislocation slip,
winning, grain boundary sliding, Barkhausen effect (realign-

ent or growth of magnetic domains), phase transformations
n alloys, debonding of fibers in composite materials or frac-
ure of inclusions in alloys or twinning for example.11–15 It has
een used either at the laboratory level or at the industrial scale.
sually, this technique is applied as a non-destructive character-

zation technique in order to follow in real-time the evolution of
he damage of a material subjected to mechanical loading.16–18

thers new applications of this technique have been recently
eveloped.19–22 The originality of this technique developed in
he GEMH laboratory lies in the in situ microstructural evolu-
ion indirect-monitoring at high temperature. Here, the device
ims to characterize the damage evolution and the chronology
f microstructural changes occurring during thermal cycles.

A wide-band sensor (175 kHz–1 MHz) (PAC MICRO-
HONE �80), connected to a preamplifier (EPA 1220A),
ollects, through an alumina wave-guide, the whole of the sig-
al induced by the elastic waves released within the sample
5.5 mm ×  5.5 mm ×  25 mm). To avoid parasitic noises from
oupling material, a direct contact between the sample and the
ave-guide is set. A threshold of 35 dB has been chosen in
rder to filter background noise. The signal is then amplified
nd treated by a Mistras acquisition device from Euro Physical
coustics Company. This system allows the waveform (hit) and

he main feature parameters well known in AE study as count,

it, rise time, duration of hit, count to peak, amplitude (in dB) or
ignal energy, to be recorded. AE parameters have been recorded
uring the same heating–cooling cycles than those which were
sed for ultrasonic measurements.
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Fig. 4. Formation of Kikuchi

.4.  Electron  backscattering  diffraction  (EBSD)

The EBSD technique is based on automatic analysis of
ikuchi-type diffraction patterns generated by backscattered

lectrons.23,24 For each point of analysis, the crystallographic
rientation is determined after indexing of the corresponding
iffraction (Kikuchi) patterns (Fig. 4). The local textures of
he sample, i.e. the different orientations of crystals compared
o the sample reference, were determined using the electron
ack-scattering diffraction (ESBD) technique in a 6500F JEOL
EG-SEM equipped with the Channel 5 system (HKL Technol-
gy, Denmark).

Local orientations in the reference sample are often repre-
ented under the form of direct pole figure, each pole figure
orresponding here to orientations of a family plane. For each
nalyzed crystal, this one is put on the center of a sphere pole
eferenced with sample axis. The present example of Fig. 4 con-
erns a cubic structure, which explains why three poles exist for

 given family plane. In fact, in such geometry the family planes
0 0 1}  regroups the three equivalent planes (1 0 0), (0 1 0) and
0 0 1). For a given crystal exhibiting a monoclinic structure for
xample, the same family plane will create only one pole on
he pole figure due to the non equivalence of the three previous
lanes.

. Results  and  discussion

Following results concern investigations performed with dif-
erent techniques working at high temperature in order to look
t microdamage mechanisms as a consequence of the evolution
f thermo-mechanical properties. Elastic properties obtained by
n ultrasonic method and a tensile test device are first compared.

hen thermal expansion data and acoustic emission allow com-
leting the analysis providing microstructure information versus
emperature. Finally hypothesis concerning damage mecha-
isms are confirmed with microstructure investigations (SEM,
BSD) of samples observed at room temperature.
rns by EBSD investigations.

.1.  Elastic  properties

.1.1.  Results
Elastic properties obtained during a heating and cooling treat-

ent up to/from 1500 ◦C (after a first heating at this temperature)
ave been measured with two techniques (Fig. 5). The first one
s the pulse echography technique, with a Young’s modulus
E) obtained for a typical strain of 3.10−6% and the second
ne is the tensile test. The Young’s modulus is obtained by
easuring the linear slope between 0 and +0.5 MPa during a

ensile-compression test between +2 MPa and −2 MPa.
Young’s modulus evolution obtained with the pulse echogra-

hy technique and the tensile are described for a heat treatment
t 1500 ◦C. The pulse echography measurement of the studied
aterial has already been described elsewhere.25 Seven main

teps can be identified:

Domain 1: starting from room temperature, E  obtained by pulse
echography and the tensile test remains relatively constant up to
the glassy transition temperature (Tg ≈  890 ◦C). The Young’s
modulus measured by tensile test begins to drop.
Domain 2: Eechography is stable up to 1150 ◦C, i.e. the tem-
perature of monoclinic to tetragonal transition of zirconia for
heating. At this temperature, the Young’s modulus falls down
due to both intrinsic differences of elastic properties between
monoclinic and tetragonal zirconia and probably also due to
microdamage.

In the same temperature range, the Young’s modulus mea-
sured by the tensile test falls down.
Domain 3: Eechography increases up to 1250 ◦C, whereas
Etensile test decreases progressively. It must be noticed that the
value obtained at high temperature (up to 1300 ◦C) by ultra-
sonic measurements is influenced by phenomena of signal
attenuation (low viscosity of the glassy phase).

◦
Domain 4: from 1500 C, and down to the reverse T →  M trans-
formation at about 1000 ◦C, the Young’s modulus obtained by
the two techniques increases in line with the viscosity of the
glassy phase (stiffening). There is a narrow peak in Eechography
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Fig. 5. Young’s modulus evolution obtained by pulse echography method and
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ensile test during a heating treatment up to 1500 ◦C (a) and a cooling one from
500 ◦C (b).

at the transformation temperature due in particular to the trans-
formation T →  M.
Domain 5: the Young’s modulus slowly increases from 1000 ◦C
to 890 ◦C. The progression is quicker for the tensile test mea-
surement than for the pulse echography one.
Domain 6: E  follows to increase down to 700 ◦C.
Domain 7: the linearity loss of Eechography begins. It seems that
the slope of Eechography evolution decreases more slowly than
the one of Etensile test. This domain is defined in correlation with
results obtained by acoustic emission and thermal expansion
analysis presented below.
Domain 8: from 400 ◦C to room temperature, a significant
decrease of E  is observed.

.1.2.  Tensile  test  versus  pulse  echography  technique:
isco-plasticity  evidence

It can be seen that elastic properties obtained by pulse echog-
aphy and tensile test measurements are rather similar up to
50 ◦C. Above this temperature, Young’s moduli obtained by
ensile test decreases continuously when temperature increases.
his effect is probably due to the fact that the glassy phase

resents low viscosity properties above 890 ◦C (i.e. the vitre-
us transition temperature or Tg). As the Tg is in reality a range
f temperature the effect can begin at a lower temperature.

-

ig. 6. Stress-strain behavior during tensile-compressive tests between 2 and
2 MPa at 20 ◦C, 750 ◦C 950 ◦C and 1100 ◦C during heating process.

In fact, as the material, in this range of temperature, does not
xhibit an elastic behavior, the more important strain enhanced
y the tensile test is responsible for a high dependence of the
oung’s modulus to the viscosity of the glassy phase. A look
n successive tensile-compressive tests curves (Fig. 6) obtained
y cycling between 2 and −2 MPa for different temperatures
round 800 ◦C (20 ◦C, 750 ◦C, 950 ◦C and 1100 ◦C), confirms
he low viscous behavior mainly due the glassy phase above
00 ◦C, i.e. the Tg.

The same effect can be observed in a reverse way during
ooling from high temperature to 700 ◦C.

Considering now differences in Young’s modulus values
btained down from 800 ◦C, two considerations must be taken
nto account:

 due to possible heterogeneities between samples (from a large
block) and the fact that tensile test is only performed during
cooling on one single sample, it is possible to have some fluc-
tuation in absolute values between E measured with the two
techniques.

 as the same sample is successively cycled between +2 MPa and
−2 MPa for each testing temperature, the continuous decrease
of E  down from 800 ◦C is maybe due to both damage inherited
from the thermal treatment and from the cumulative cycling
test.

In the following part of the study, main realistic elastic prop-
rties will be considered to be issued from the ultrasonic method.
hen, as the study aims to study the cooling process, authors will

ocus in the following part on the cooling treatment for acoustic
mission and thermal expansion analysis.

.2.  Thermal  expansion  analysis  and  acoustic  emission:
nvestigations  of  microstructure  evolution  in  temperature

Thermal expansion analysis and acoustic emission tests have
een performed for the studied material (Fig. 7) during a cooling
rom 1500 ◦C. Firstly, two particular phenomena must be noticed
oncerning the thermal expansion curve:
a large expansion on cooling at around 1000 ◦C due to the
martensitic transformation of ZrO2. This temperature is very
closed to the one observed for the tetragonal to monoclinic
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silica) coupled with SEM observations in Back Scattered Elec-
trons mode (BSE) with a low H2O pressure environment
allows to reveal crystallographic contrasts in zirconia dendrite
Fig. 7. Thermal expansion analysis and cumulative AE energy for each

transition of zirconia. The linear expansion measured here is
of about 1.3% which is approximately in accordance with the
4 vol% of the literature.

 a change in the slope of the thermal expansion curve at
around 450 ◦C. The coefficient of thermal expansion seems
to decrease below this temperature.

To present AE data, the cooling process is divided into ranges
f 100 ◦C. Evolution of the cumulative signal energy for each
00 ◦C range is plotted. Three main steps can be highlighted,
eferring directly to Young’s modulus evolution:

Domain 4: few AE signal is recorded in this area. It must be con-
sidered that the low viscosity of the glassy phase is responsible
for a strong attenuation of acoustic signals.
Domains 5 and 6: cumulative AE energy increases significantly
in the range 900–800 ◦C but falls down drastically in the next
100 ◦C range.
Domain 7: values of cumulative energy increase progres-
sively in the zone 700–400 ◦C. Nonetheless, maximum values
obtained are much lower than those observed in the previous
domain.
Domain 8: from 400 ◦C to 100 ◦C, a relative dwell is observed
in AE energy.

As these two experiments express microstructure mecha-
isms, it is clear that microdamage evolves, following different
teps, during the cooling stage. Using microstructure observa-
ions, the following part aims to discuss on possible involved

icrodamage mechanisms.

.3.  Identification  of  damage  features  at  room  temperature
fter the  cooling  process
Evidences of microcracking occurrence during the cooling
tage can be observed in the studied fused-cast material. The
ocation of these microcracks is various. Some of them are F
◦C temperature range during a cooling treatment down from 1500 ◦C.

oncentrated in the interface region between the glassy phase
nd zirconia dendrite branches (Fig. 7), and others are localized
ithin zirconia dendrite branches themselves (Fig. 8).
These microcracks probably result from different process:

 The first ones located, as previously quoted, in the inter-
face region between the glassy phase and zirconia dendrite
branches (inter-branch microcracks) are most probably due to
thermal expansion mismatches between zirconia and glassy
phases. The observation of such microdamages (Fig. 8) is quite
difficult to achieve because of they are not numerous. Anyway,
a complementary thermal treatment at 1500 ◦C, increases their
density and allows to see them more easily.

 The second ones so-called “intra-branch microcracks” are
more related to expansion mismatches within zirconia den-
drite branches themselves due to anisotropy of thermal
expansion along crystallographic axis of each single domain.
A special chemo-mechanical procedure of polishing (colloidal
ig. 8. SEM observation of inter-branch microcracks located in the glassy phase.
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or Domain 4, a high temperature domain (1000–800 C) or
ig. 9. SEM observation in BSE mode (low H2O vapor environment) of intra-
ranch microcracks in a zirconia dendrite branch.

branches. Domains can be observed in each branch with
microcracks located along or inside these domains (Fig. 9).

These domains, revealed by the BSE mode, are related to
rystallographic monoclinic variants. Classical microstructure
bservations like SEM or optical observations do not permit
asily to identify crystallographic features at a low scale. This
s the reason why authors use EBSD experiments in the present
tudy to map zirconia dendrites and understand the link between
rystallographic variants and the occurrence of microcracking.
n EBSD map with four main types of crystallographic orienta-

ions (i.e. four different variants with one point for each variant)
s presented in Fig. 10. The corresponding direct pole figure
f the {1 0 0}, {0 1 0}  and {0 0 1}  planes are drawn in the same
gure with the same contrasts corresponding to the same orienta-

ions. Authors will not go in the details of variants identifications
nd suggest to refer to others paper for further information con-
erning the classification of monoclinic variants of zirconia.6
ere, we only suggest to focus on the link between the crystallo-
raphic axes of the monoclinic variants (with the corresponding
hermal expansion) and the way of microcracking occurrence. If

D
o
D

Fig. 10. EBSD map of inter-branch m
eramic Society 32 (2012) 3929–3939

e focus on the monoclinic pole figure {0 0 1}, i.e. the projec-
ion of normals to the family planes {0 0 1}  (i.e. approximately
he monoclinic c axis), it can be seen for each of the four types of
ariants, that c axis seem to be perpendicular to the microcrack-
ng planes for a given domain (or group of variants with the same
rientation). Indeed, It is well-known that the cm axis exhibits
he largest thermal expansion coefficient (∼12 K−1), compared
o am and bm axis (8 K−1 and 3 K−1 respectively).25 Then, it
xplains how anisotropic thermal expansion between crystal-
ographic axes can induce microcracking phenomena within a
iven variant. In the same way, microcracks are also generated
long large domains (i.e. between different variants), due to ther-
al expansion mismatches between crystallographic variants.
Two types of microcracking occurrence (inter-branch and

ntra-branch microcracks) are thus relative to different micro-
amage mechanisms. The difficulty here is to identify the
hronology of damage occurrence during the cooling process.
ne can easily imagine that the occurrence of the zirconia
artensitic transformation and the evolution of the viscosity

f the glassy phase play a major role in the chronology of
echanisms.

.4. Discussion

These results highlight three types of microstructural effects
hich play major roles in the thermomechanical behavior dur-

ng thermal cycles at high temperature: the viscosity of the
lassy phase, the M ↔  T transformation of zirconia and the
icrodamage evolution. These effects are interdependent and

re suspected to be particularly important during the cooling
tep of processing (annealing).

Authors suggest to split the discussion into four tempera-
ure range: a very high temperature domain (1500–1000 ◦C)

◦

omains 5 and 6, a medium temperature area (800–400 ◦C)
r Domain 7 and a low temperature one (400–100 ◦C) or
omain 8.

icrocracks in the glassy phase.
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.4.1.  Very  high  temperature  domain:  1500–1000 ◦C
Domain 4)

The low viscosity of the glassy phase, responsible for the
ttenuation of acoustic signals, does not allow to extract clear
nformation about microdamage. It can only be assumed that no

icrocracks occur in this domain, considering that the glassy
hase can accommodate stresses.

.4.2. High  temperature  domain:  1000–700 ◦C  (Domains  5
nd 6)

Measurements of viscosity evolution on glass synthetic sam-
les (same composition as the glassy phase of the studied
aterial) have shown that the glass transition temperature Tg

s at about 800 ◦C.26 Thus, between 1000 ◦C and 800 ◦C, the
lassy phase is in a low viscous state. It is then assumed that

 strong attenuation of the signals exists, linked to the evolu-
ion of the glassy phase viscosity. This phenomenon explains
artially the progressive increase of cumulative AE energy,
.e. the glassy phase behaves like a low-pass filter. Above Tg,

icrodamage mechanisms responsible for the narrow peak in
oung’s modulus evolution are mainly relative to rubbing phe-
omena between zirconia dendrite branches and the generation
f zirconia variants with the associated intra-branch microcracks
T →  M transformation in zirconia). In fact, the glassy phase
s not enough viscous to allow the formation of microcracks.
bservation of AE data shows that during the range 900–800 ◦C,

he maximum of cumulative signal energy of the whole cooling
rocess is observed. It means that it is possible that attenuation
ides part of signals above 800 ◦C and so does not permit to iden-
ify rigorously some maximum in damage occurrence between
000 ◦C and 800 ◦C.

A look at the number of cumulative hits on the different ranges
f temperature in the Table 1 and evolution of cumulative signal
nergy is then of a great interest. In fact, it shows that energy and
he number of hits strongly decrease in the range 800–700 ◦C.

Microdamage effects are probably dominant as soon as
he glassy phase viscosity go through a low viscosity state
t Tg (between 900 ◦C and 800 ◦C). There is then probably a
ix of intra-branch microcracking phenomena, rubbing (wear)

etween dendrite branches and the glassy phase. In the range
00–700 ◦C, it could shift to less intra-branch microcracking
henomena and so the majority of signals could be created by
ubbing phenomena. If the hypothesis is correct, it means that
ubbing phenomena are less energetic than intra-branch micro-
racks. In fact, the number of cumulative hits is only the third in
he range 800–700 ◦C compared to the previous range whereas
he cumulative energy is approximately seven times lower. This
s consistent with the empirical bursting character of microc-
acks versus rubbing.

.4.3.  Medium  temperature  domain:  700–400 ◦C  (Domain
)

The signal energy continues to drop from 800–700 ◦C to
◦
00–600 C. This is accompanied by a large decrease of the

umber of hits. Then, cumulative AE energy increases contin-
ously between 600 ◦C and 400 ◦C. It can be seen at around
00 ◦C a loss of linearity in Young’s modulus evolution which is Ta
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onsiderably reinforced below 500 ◦C. At the same time, a
lope change in the thermal expansion curve is observed at
round 450 ◦C. This medium temperature range is probably the
eginning of another step of microdamage or coalescence of
xisting microcracks. In fact, since the glassy phase is com-
letely solidified, CTE mismatches between zirconia grains and
he glassy phase and between zirconia grains themselves are
robably responsible for a progressive increasing of the stress
eld especially around zirconia particles. As the number of hits is
uite stable in this range, initiation mechanisms which are quick
henomena are maybe replaced by mechanisms of microcrack
ropagation and enlargement with lower energy parameters.

.4.4. Low  temperature  range:  400–100 ◦C  (Domain  8)
The Young’s modulus drops continuously down to 100 ◦C and

o sensitive variation of cumulative signal energy is recorded.
echanisms of microcrack propagation follow in a regular way

n the material. The material becomes more and more damaged
t very small scale.

.  Conclusion

This paper aims to study microdamage occurrence during
 cooling process down from 1500 ◦C, using a set of different
echniques working at high temperature. A parallel, between
lastic properties obtained by two different ways and both ther-
al expansion analysis and acoustic emission performed at

igh temperature, allows to link the mechanical behavior to
icrostructure changes. The fused cast material studied presents

 rather complex microstructure due to the way of casting and
uccessive transformations of zirconia. It is the reason why an
riginal device called EBSD is used here to characterize crys-
allographic orientations in relation with damage occurrence
oupled with SEM investigations. In particular, a direct link
etween intra-branch microcracking and organization of zirco-
ia variants has been highlighted. The correlation between all
he techniques allows establishing hypothesis about the chronol-
gy and nature of microdamage mechanisms. From an applicant
oint of view, such microcracks does not affect performances
f materials at operating temperature for glass manufacturing
ecause they are for the most part recovered.

Four domains of temperature have been emphasized during
he cooling stage to explain the process of occurrence of intra-
ranch and inter-branch microcracking, by taking into account
he low viscosity state of the glassy phase at high temperature
revealed by tensile-compressive tests), the martensitic trans-
ormation of zirconia at around 1000 ◦C and the glassy phase
ransition at about 800 ◦C. No real information can be extracted
rom the first very high temperature domain (1500–1000 ◦C) due
o the attenuation of acoustic signals created by the low viscous
ehavior of the glassy phase. The second domain (1000–700 ◦C)
orresponds mainly to intra-branch microcracking and some
ubbing phenomena due to the transformation T →  M of zir-

onia and the formation of crystallographic variants just after
he temperature of transition and the solidifying process of the
lassy phase which becomes rather elastic at around 800 ◦C.
he medium temperature range (700–400 ◦C), especially around
eramic Society 32 (2012) 3929–3939

00 ◦C, is probably the onset of another type of microdamage or
he propagation of an existing one. In fact, since the glassy phase
s completely solid, CTE mismatches between zirconia dendrite
ranches and the glassy phase and between variants within zir-
onia dendrite branches themselves are probably responsible for

 progressive increasing of the stress field especially around zir-
onia dendrites. Finally, in the low temperature domain from
00 ◦C to room temperature, mechanisms of microcrack prop-
gation follow in a regular way in the material. The material
ecomes more and more microdamaged. The “experimental
haracterization package” (ultrasonic pulse echography, tensile
est, thermal expansion technique, acoustic emission monitor-
ng) presented here appears to be a powerful set of techniques
o correlate microstructure phenomena occurring during heat
reatments to macroscopic effects, for example mechanical prop-
rties. Some other technique acting at crystal scale (EBSD) can
fficiently support this package leading to a global interpretation
f phenomena within the material.

In a near future, a deeper investigation will be devoted to
aw identification in order to correlate the type of recorded sig-
al with observed damage within the material. From this point,
n acoustic signature characterization demarche will be carried
ut.
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