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Abstract

Disks of commercial alumina powder were fabricated by slip casting and sintering (1600�C, 2 h). Two di�erent surface treatments
were performed: a coarse wear, using a 70 grit diamond wheel (CAW) and a ®ne one with SiC paper of 120 and 320 grit (FAW).

The thermal shock resistance of the worn specimens was evaluated testing the disks by sudden cooling with a high-velocity air jet.
The critical temperature di�erential (�TC) was determined increasing the initial temperature of the sample in 10�C until the crack
propagation was detected. The values of the mean �TC were 940�C for FAW specimens and 765�C for CAW ones. The statistical

distributions of the results were analyzed in function of the fracture strength of the specimens measured in biaxial ¯exion and the
characteristics of the di�erent surface ®nish determined by scanning electron microscopy, pro®lometry, and residual stresses mea-
sured by X-ray di�raction. # 2000 Elsevier Science Ltd. All rights reserved.
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1. Introduction

In spite of the several advantages of ceramics Ð che-
mical inertia, refractoriness and excellent mechanical
properties at high temperatures Ð these materials are
rather susceptible to damage or fracture under thermal
shock conditions produced in service. Unfortunately,
the great complexity of the material degradation under
these conditions translates to the study of the thermal
shock behavior. For instance, the lack of a unique and
simple test restrains the obtainment of extrapolable data
since they result closely linked to the experimental con-
ditions and their analysis can not be done abstracting
the experimental aspects.
The quenching in water is the most common method

employed in traditional searching of thermal shock of
ceramics.1±6 The main drawbacks of this investigations
are the di�culty in the extrapolation of the results to
real service conditions and the typical limitations of the
test:7±11 a heat transfer coe�cient too high with respect
to that in service conditions and strongly dependent on
the bath temperature are among the mayor dis-
advantage. Attempting to surmount these problems,
recent studies are based on the calculation of the stresses

arising during the thermal shock by the application of
more realistic models that simulate the actual thermo-
mechanical conditions with the minor simpli®cations.
Novel techniques have been designed to satisfy the
requirements of these approaches.7,11±20

In thermal shock by cooling, the surface of the body
su�ers the maximum stresses in tension. So, the beha-
vior of the material subjected to this thermomechanical
loading results strongly dependent on the surface fea-
tures. The objective of the present work is to study the
e�ects of di�erent machining procedures on the thermal
shock resistance of alumina ceramic materials, using a
controlled cooling test.

2. Experimental procedure

2.1. Preparation of the specimens

A commercial high purity alumina powder (Reynolds
RC-HP DBM, 0.35 mm, 7.3 m2/g) was used as the raw
material. Disks (radius: 35.00�0.02 mm, height:
2.67�0.01 mm) were fabricated by slip casting of an
aqueous suspension of the powder. The green samples
were calcined at 900�C, 1 h and pre-ground with SiC
papers (120, 320 and 600 grit) before sintering at 1600�C,
2 h. Fired density, measured by Archimedes method in
water, was 3.96 g/cm3 (99.5% of the theoretical density).
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The microstructure of the sintered material was homo-
geneous, with equiaxial and elongated grains (aspect
ratio 2.6) and few intragranular pores. The mean grain
size was 3.46 mm.
Two di�erent surface treatments of the sintered disks

were performed: coarse abrasive wear (CAW) and ®ne
abrasive wear (FAW). The CAW operation was carried
out using a resin-bonded 70 grit diamond wheel with a
feed rate of 300 mm/min, an infeed of 0.05 mm and a
wheel speed of 3800 rpm. The ®ne surface ®nishing
(FAW) was achieved manually, using a semi-automatic
polishing machine with a plate speed of 125 rpm and
SiC paper of 120 and 320 grit, consecutively. Kerosene
and water were employed as coolant/lubricant in CAW
and FAW procedure, respectively.

2.2. Characterization

The worn surfaces were analyzed in a previous work21

by scanning electron microscopy and surface roughness
and residual stresses measurements. The fracture
strength of the disks was determined in biaxial ¯exure.
The main statements are given below.
The S.E.M. images are shown in Fig. 1. The CAW

surface [Fig. 1(a)] showed a pronounced machining
grooves with a well de®ned orientation while the action
of the abrasive grains in the ®ne wear did not leave a
directional pattern on the surfaces [Fig. 1(b)]. Both
treated surfaces exhibited a lot of cavities together with
smooth zones, the FAW surfaces having a more homo-
geneous microstructure than the CAW surfaces. A dis-
tinct relative contribution of the mechanisms of fragile
fracture and plastic deformation was observed, the last
being higher in CAW surfaces than in FAW ones.

Surface roughness of both specimens was measured.
These measurements were done on CAW surfaces
perpendicularly (?) and parallel (k) to the groove
directions. The average roughness, Ra, as a measure of
the super®cial irregularities or texture, resulted slightly
higher for the CAW surface (0.719?, 0.659k) than for
the FAW surface (0.507). This is according to the fact
that CAW surfaces are not completely smooth, even in
the plastically deformed areas [Fig. 1(a)]. Additionally,
the roughness in a parallel direction to the machining
grooves was lower than that measured in a perpendi-
cular one in CAW surfaces, as was expected. The same
behavior was observed for the other roughness para-
meters Rp (maximum peak height) and Rt (maximum
peak to valley height).
The measured residual stresses were in compression

for both CAW and FAW specimens, with higher values
for the ®rst ones. The values obtained for the di�raction
planes {1 0 10} and {1 1 9} were ÿ147.94�11.56 and
ÿ89.75�4.73 MPa for the CAW surface and ÿ91.28�
10.24 and ÿ60.9�7.21 MPa for the FAW one, respec-
tively.
The fracture strength of both kinds of specimens was

measured in biaxial ¯exure employing a ball on dis-
continuous ring ®xture. The fracture strength obtained
was higher for CAW specimens, 296�59 MPa, than for
FAW specimens, 220�66 MPa. The same order was
observed in the Weibull modulus: 11.0 for CAW and 6.9
for FAW.
The operative conditions of CAW ®nishing that

introduced the more extended plastically deformed
zones originating the higher compressive residual stresses
and surface roughness, produced the higher values of bi-
axial ¯exion strengths with the lower dispersion of the data.

Fig. 1. S.E.M. micrographs of treated alumina surfaces: (a) CAW; (b) FAW.
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2.3. Thermal shock tests

The specimens mounted horizontally on a refractory
material were individually tested in thermal shock con-
ditions using the apparatus shown in Fig. 2.11,21 The
upper surface was the machined one. The specimen was
heated in an electrical furnace up to a predetermined
temperature (Ti), allowed to equilibrate during 90 min
and then subjected to a sudden temperature change
using a high-velocity air jet (330 m/min) at room tem-
perature (T0=26±27�C). The air was channeled onto
the disk center during 20 s, using a silica tube
(3.58�0.02 mm in inner diameter) placed at 90� and 3
mm above the tested surface. During the air impinging,
the temperature of the sample was recorded on the cen-
tral point of its lower surface, attaching a fast response
Pt±10%Rh/Pt thermocouple.
After quenching, the specimens were cooled up to

room temperature and examined for crack extension. If
no cracking occurs, the temperature di�erential between
the disk and the air jet (�T � Ti ÿ T0) was incremented
in 10�C until crack propagation was detected. Using
this method, the thermal shock resistance TC (or
�TC � TC ÿ T0) de®ned as the value of Ti which pro-
duces cracks (crack initiation condition), is evaluated.
This value exhibits the dispersion typical of the ceramic
material properties that depend on the ¯aw population.
So, the data are reported as distributions of �TC using
a failure probability estimator (PF) adequate to the
sample size: PF � iÿ 0:5� �=N (i is the rank and N is the
number of tested specimens).
The ranges of Ti that depend on the tested material

resulted 770±940�C and 870±980�C for CAW and FAW
specimens, respectively.

2.4. Thermal shock resistance parameter

Since the thermal shock test used gives information
about the condition of damage initiation, the thermal
shock resistance parameter suitable to evaluate the
material behavior is R0, de®ned by Eq. (1):

R0 � k�F 1ÿ �� �
E�

� kR �1�

where k is the thermal conductivity, �F is the fracture
strength, � is the Poisson modulus, E is the Young
modulus and � is the thermal expansion coe�cient.
This parameter was calculated at 900�C, an inter-

mediate temperature in the range of the tested Ti. The
values of the alumina properties were taken from the
literature at 900�C:22 E=381700 MPa, k=6.3 W/m�C,
�=0.26 and �=8.14�10ÿ6�Cÿ1. The in¯uence of the
surface ®nish was introduced through the experimental
mean fracture strength �F measured at room tempera-
ture (CAW: 296 MPa, FAW: 220 MPa).

3. Results and discussion

The �TC distributions obtained for both surface ®n-
ishes are plotted in Fig. 3. The statistical and thermal
shock parameters are shown in Table 1.
A strong dependence of the temperature di�erential

for cracking on the surface characteristics of the disks
originated in the di�erent ®nishing was determined. The
probability curve for FAW specimens shifts to higher
values of �TC. However, the thermal shock resistance
evaluated through the parameter R0 is larger for CAW
disks than for FAW ones. In turn, FAW specimens

Fig. 2. Scheme of the thermal shock test apparatus.

Fig. 3. Critical temperature di�erential distribution for CAW and

FAW alumina specimens.

Table 1

Statistical and thermal shock parameters for CAW and FAW alumina

disks

FAW CAW

�TC (�C) 916�80 765�90

Sd (�C) 54.25 51.60

R0 (W/m) 330 444
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exhibit a slightly higher dispersion (Sd) than the CAW
specimens. It is considered that the minimum value of
�TC has been slightly overevaluated since the existence
of specimens broken at these Ti generates doubts about
the possibility of cracking at lower values of Ti.
Since the thermal shock system employed produces

the maximum tension in the central region of the tested
surface,11,13,21 the machined one, an in¯uence of the
surface features is expected, as much as it occurs in
mechanical testing.
On one hand, the thermal shock tests as the used here

allow the evaluation of the resistance to the fracture
initiation by the thermal stresses through the value of
�TC. Also, on the basis of the thermoelasticity theory,
the higher the �T, the higher the thermal stresses pro-
duced in the specimen subjected to thermal shock.23,24

As a consequence, the specimen with the highest ther-
mal shock resistance should have the largest �TC, being
able to support the highest thermal tension.
On the other hand, in general it is assumed that exists

a parity between the behavior of the material under
both, thermal and mechanical stresses.11,13,15,18 It is
opportune to point out here that the thermal shock and
the biaxial ¯exure tests employed in this work were
selected in order to produce an equivalent distribution
of equibiaxial stresses in the central region of the speci-
men,21 so, giving a greater support to the hypothesis of
parity. On this basis, the material with the highest
mechanical strength would exhibit the highest �TC and
also, the highest thermal shock resistance parameter R0

since it is derived from the same assumption.
However, the experimental results do not follow this

tendency: the FAW disks with the highest �TC exhibit
the lower mechanical strength and R0 parameter. Which
are the possible reasons to the disagreement between the
experimental data and that expected based on the parity
hypothesis? Let us attempt to analyze them.
First at all, the fact that the specimens were mechani-

cally tested not at the thermal shock temperature range
but at room temperature was considered no signi®cative
since the alumina su�ers a slight variation of the
mechanical properties up to 1100�C.25 Moreover, the
compressive residual stresses which may be responsible
for the higher fracture strength of CAW specimens21

should have the same e�ect on �TC. However, since the
relative �TC values were not those expected on this
basis, it is not discarded an annealing e�ect that relieves
the residual stresses. The possible occurrence of this fact
is associated to the methodology used here, in which the
specimen is subjected to several exposure at high tem-
peratures during a long period each time (90 min). This
stress relaxation would modify the mechanical response
of CAW as much as FAW disks and, in the extreme
case, it could invert the order of �F, giving a possible
reason to the relative magnitudes of �TC values
obtained.

At this point, it is worthwhile to note that a complete
analysis of the material behavior under thermal shock
conditions should include not only the thermal stresses
related to the macroscopic �T, but also, the study of the
actual heat transfer conditions between the specimen and
themedium. These conditions determine, together with the
thermomechanical properties of the material, the micro-
scopic temperature distribution and, in turn, the stresses
distribution. Speci®cally in this case, for instance, the dis-
similar surface roughness in CAW and FAW disks in¯u-
ences the heat transfer by convection which will result in
di�erent values of the heat transfer coe�cient (h): 320 W/
m2�C for CAW and 230 W/m2�C for FAW.21 As a con-
sequence, the temperature and stress distributions depend
on the surface ®nish,21 and this could be other factor that
contributes to explain the response of both materials.
It is important to emphasize that the obtained results

are another evidence to the de®ciency to use only the
thermal shock parameters in the prediction or explanation
of the ceramics behavior under sudden changes of tem-
perature. This is understood having in mind that these ®g-
ures of merit do not contemplate factors such as residual
stresses and other microstructural features, which strongly
condition the response of ceramics to thermal shock.

4. Conclusions

The thermal shock resistance evaluated through �TC

was strongly dependent on the resulting features of the
disk surfaces due to the ®nishing. The specimens with
the coarse wear producing the more extended plastically
deformed areas associated with the higher compressive
residual stress, surface roughness and biaxial ¯exion
strength exhibited the lower resistance to the fracture
initiation under thermal shock condition.
The relative magnitudes of �TC for FAW and CAW

specimens were inverse to those predicted on the basis
of their mechanical strength values together with the
parity hypothesis. A possible explanation was given
through the relief of the residual stresses by annealing in
the thermal shock conditions and the actual heat trans-
fer coe�cients determining the microscopic thermal
stresses distributions.
The above facts have also been applied to account for

the disagreement between the calculated thermal shock
resistance parameter and the experimental results. It is
evident that this parameter is not su�cient to predict
the thermal shock behavior of ceramics by itself.
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