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Abstract

Disks of commercial alumina were fabricated by slip casting and sintering. Two surface treatments were performed: a coarse
machining, using a diamond wheel (70 grit) and a fine one with SiC papers (120/320 grit). Residual stresses were measured by X-ray
diffraction and the fracture strength of the specimens were determined in biaxial flexion using a ball on discontinuous ring fixture.
The thermal shock resistance of the disks was evaluated by sudden cooling with a high-velocity air jet. The temperature differential
between the disk and the air jet was incremented in 10°C until crack propagation was detected and the critical temperature differ-
ential (ATc) was determined. Temperature and stress distributions during air impinging were calculated using a finite element
analysis. Three models were proposed for the calculations and the results were analysed comparatively. Experimental data (ATc
values and crack patterns) were explained on the basis of the calculated stresses. © 2001 Elsevier Science Ltd. All rights reserved.
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1. Introduction

The main advantages of ceramics used in severe condi-
tions of service (high temperature and corrosive environ-
ments) are their chemical inertia, refractoriness and
excellent mechanical properties at high temperatures.
However, these materials can suffer damage or complete
fracture when they are subjected to sudden temperature
gradients (thermal shock).

The practical significance to study the thermal shock
behaviour of ceramics has been associated with the great
complexity of the material degradation under these con-
ditions. Thus, therefore, there is not a unique and simple
thermal shock test that yields quantitative and easily
extrapolable results. The data are closely linked to the
experimental conditions and their analysis can not be
done by abstracting the experimental aspects. Recent
studies have been 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 simplifications. The
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knowledge of the actual thermal stress that is undergone
by the specimen has made it possible to achieve an
insight into this complex behaviour. Novel techniques
have been designed to satisfy the requirements of these
approaches, specially in regard to controlled boundary
conditions'~!!.

The objective of the present work is to simulate the
cooling of ceramic disks with different surface finish
using a finite element thermomechanical analysis. These
numerical results are used to account for thermal shock
resistance and fracture features. Three alternative models
are proposed for the calculations and they are evaluated
keeping in mind their explanatory potential.

2. Experimental procedure
2.1. Preparation of specimens

Disks (diameter: 35.004+0.02 mm, height: 2.60+0.01
mm) were fabricated by slip casting of an aqueous sus-
pension of a commercial high purity alumina powder
(Reynolds RC-HP DBM, Ds,=0.35 pm, S.= 7.3 m?/g).!?
The green samples were treated at 900°C, 1 h and
ground with SiC papers (120, 320 and 600 grit) before
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sintering at 1600°C, 2 h (heating rate of 2°C/min). The
density of the sintered material was 99.5% and its result-
ing microstructure was homogeneous, with equibiaxial
and elongated grains (mean size of 3.46+2.27 um) and
few intergranular pores.

Two different surface treatments were performed:
coarse abrasive machining (C) and fine abrasive
machining (F). The C operation was carried out using a
planetary grinding machine equipped with a resin-bon-
ded diamond wheel of 70 grit with a feed rate of 300 mm/
min, an infeed of 0.05 mm and a wheel speed of 3800
rpm. The F finish was achieved using a semi-automatic
polishing machine, a plate speed of 125 rpm and SiC
paper of 120 and 320 grit, consecutively. Kerosene and
water were employed as coolant/lubricant in C and F
procedures, respectively.

2.2. Residual stresses and fracture strengths

The residual stresses produced by machining and the
mechanical strength of C and F disks were determined
previously.!3

Residual stresses were determined by the sin?y tech-
nique of X-ray diffraction with CrK, radiation (90%
penetration ~8 um). The values were in compression for
both C and F specimens being higher for the first ones.
The values obtained for {1 0 10} and {1 1 9} diffraction
planes were —147.94+11.56 and —89.75+4.73 MPa for
the C surface and —91.28£10.24 and —60.94+7.21 MPa
for the F one, respectively.

The mechanical strength of specimens was measured in
biaxial flexure employing a ball on a discontinuous ring
fixture (ball diameter: 8.04+0,02 mm, ring diameter:
19.50£0.1 mm). The fracture strength (o) obtained was
296+ 59 MPa for C specimens and 220+66 MPa for F
ones.

2.3. Thermal shock test

The disks mounted horizontally on a refractory mate-
rial, with the machined surface disk as the upper one, were
tested.!*!* The specimen was heated in an electrical fur-
nace up to a predetermined temperature (7;), allowed to
equilibrate (90 min) and subjected to a sudden tem-
perature change using a high-velocity air jet (330 m/
min) at room temperature (7,=26-27°C). The air was
channelled onto the disk centre during 20 s, using a
silica tube (inner radius, ro=1.79+0.02 mm) placed at 90°
and 3 mm (H) above the tested surface (H/2ro= 0.84). The
Reynolds number calculated at the tube exit (Rey) was
7x10* defining a turbulent regime for the air flow.!>1°

After quenching, the specimen was cooled up to room
temperature and examined for crack extension. If no
cracking occurs, the temperature differential between
the disk and the air jet was incremented in 10°C until
crack propagation was detected. The thermal shock

resistance AT, defined as the difference T-T, where
Tc is the value of T; when cracks are produced (crack
initiation condition), was evaluated using this method.
During the air impinging, the temporal variation of the
temperature was recorded on the lower specimen surface
at the central point and at a peripheral one (located 14.5
mm from the centre). Fast response Pt-10%Rh/Pt ther-
mocouples calibrated against known melting point stan-
dards and being accurate to +2°C, were used. The heat
transfer coefficient was estimated employing these regis-
ters together with the calculated ones. The crack propa-
gation was detected as a sudden drop in the temperature
register from which the fracture time was determined.

2.4. Numerical calculation of temperature and stress
distributions

The temporal and spatial temperature and stress dis-
tributions in the specimen subjected to thermal shock
were calculated by a finite element method, using a
commercial code (LUSAS) and a thermomechanical
semi-coupled analysis. Three models A, B and C that
differ in thermal boundary conditions were used. Ther-
mal distributions were analysed in previous works.!718

Because of the axial symmetry of the test, only a half
of the middle section of the disk (models A and B) and
both the disk and the refractory material (model C) were
simulated as a bidimensional axisymetric problem. The
meshes were regular, with parabolic square elements (432
elements for models A and B and 576 elements for model
C) and a higher discretization in the jet radius region
(element length in jet region 4.4 times smaller than ele-
ment length beyond).

The thermomechanical properties of alumina were
taken from the literature'® and the temperature depen-
dency was considered except for Poisson modulus.
Properties of the refractory material at 200°C were used
for the calculation and the data were also taken from
literature.20-2!

2.4.1. Estimation of the heat transfer coefficient

The coefficient governing the convective heat transfer
on the specimen surface, s, was estimated in previous
works!”-18 by fitting the calculated temperature profiles
with those measured during the test. The radial varia-
tion of the heat transfer coefficient was simulated by
two alternative functions labelled as 1 and 2. The sim-
plified function 1 considers a uniform coefficient in the
jet radius region and a flow attenuation beyond it,
according to Eq. (1):

h(r) = hgl) 0<r<n

h(r) =%r0 ro <r<R
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where r is the jet radius, R is the disk radius and A§" is
the value of % in the impinging jet region, which was
considered as the fitting parameter. Function 2 considers
the increment of 4 beyond the stagnation region!>-16-22
and its diminution toward the disk periphery, according
to the Eq. (2):

h(r) = hgz) 0<r<r
2
h(r) = %Vo ry <r<rc 2)

@
h(r)=-""-ry rc<r<R
P

where rc is the value of the radius where the coefficient
changes. The fitting parameters were 4>, h§ and rc.

2.4.2. Numerical simulation models (boundary
conditions)

Three models, A, B and C were proposed that differ in
thermal boundary conditions of the upper and lower
specimen surfaces, being equivalent with respect to the
other features. The boundary conditions are closer to
the actual ones in the order: A<B<C.

The three simulation models considered a flow imping-
ing onto the upper surface of the disk, with a convective
heat transfer coefficient invariant with the temperature
during the quenching. Model A considers the function 1
for the attenuation of / along the radius of the disk and
adiabaticity at the lower surface, dispirsing the heat con-
duction between the specimen and the refractory mate-
rial. Model B differs from A in that it considers the
turbulence increment beyond the stagnation region and
its effects on the % values through function 2. Model C is
analogous to B, in regard to the variation of / according
to function 2, but it additionally considers the heat
transfer by conduction from the refractory material.
The lower surface of the disk was adiabatic for models
A and B. Conversely, in model C, the heat conduction
by contact with the refractory material was permitted
(‘gap conductance’~10> W/m?>°C!'®). The remainder
boundaries were considered adiabatic.

For the stresses evolution, an axisymetric deformation
problem was considered. Both, alumina and refractory
materials were taken as elastic, linear and isotropic. In
the three models, the radial displacement for the nodes
located on the central axis in the disk as much as in the
refractory material were constrained.

3. Results and discussion

3.1. Experimental data

The values of AT obtained from thermal shock tests
of alumina specimens with C and F surface treatments

were present and analysed previously,?® being 765451
and 916+ 54°C, respectively. The results make evident
the dependence of the thermal shock behaviour on the
surface finish, being the thermal shock resistance higher
for F disks. Based on the mechanical strength together
with the parity hypothesis,' this result is unexpected and
some reasons to this behaviour are analysed else-
where.?? Fracture times were in the range 3-15 s.

The crack patterns for the broken disks and their frac-
tographic analysis have been previously reported.'# The
fracture exhibited similar features for both machining
specimens: circular and radial cracks, high fragmentation
(3-7 parts), marked crack deflections (tortuosity) and
irregular fracture surfaces. When incomplete fracture
occurred, cracks did not reach the disk periphery, never-
theless they always went through the thickness of the
specimen.

3.2. Numerical analyses

Taking in mind the temperature dependence of #,
three representative values of 7; were selected for fitting:
770, 850 and 940°C for C and 870, 920 and 980°C for F.
The experimental curves of the temperature evolution
for each T; were the average of all the tests carried out
at this temperature for the same kind of specimens.

3.2.1. Heat transfer coefficients and temporal and
spatial temperature distributions

Since most of the results were present and analysed in
previous works!”!® only relevant numerical data for
further discussion are reported in Table 1. As it was
expected for a convection mechanism, the surface state
influenced the heat transfer giving different 4 values for
C and F surfaces. The higher value of the coefficient for
C was attributed to the increasing turbulence level
caused by its inhomogeneous topography as the micro-
stuctural features and roughness parameters revealed.!”

In regard to the goodness of the temperature profile
fitting, both points (the centre and the peripheral one)
were correctly simulated with models B and C using the
estimated set of fitting parameters. However, just one
point was fitted using model A.!8

3.2.2. Temporal and spatial stress distributions

3.2.2.1. Model A. According to the geometry of the
thermal shock test and the attenuation model of the
heat transfer coefficient, the stresses should be equi-
biaxial, in tension and with maximum values in the
impinging zone. Fig. 1 shows the temporal evolution of
the stress at the centre of the upper surface of the disk,
for T;=920°C. It is confirmed that the radial and tan-
gential stresses are equal and the component along the
thickness is null. The monotonic growth of the tensile
stress during the impinging time (20 s) is present in all
the analysed cases.
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Table 1
Temperature distributions results®

T_“ Model A Model B Model C

hfae FMINGC Fittingd h e IMIN Fitting h W FMIN Fitting

C 770 340 0 1 220 670 0, 5.72 2 280 850 0,5.72 2

850 320 0 1 205 690 0, 5.72 2 260 850 0, 5.72 2

940 300 0 1 200 700 0, 5.72 2 250 850 0, 5.72 2
F 870 210 0 1 130 500 0, 5.72 2 160 650 0, 5.72 2

920 230 0 1 150 500 0, 5.72 2 180 650 0, 5.72 2

980 250 0 1 170 500 0, 5.72 2 200 650 0, 5.72 2

a Units: T; in °C, Kl in W/m2°C, ryn in mm.
® re for model B and C is equal to 4.74 mm for all T;.

¢ ryin is the distance from the centre where a minimum in temperature occurs on the upper surface of the specimen.
d ““fitting” represent the goodness of the adjustment achieved with fitting parameters reported in the table: 1: only one point can be correctly fitted (the
central one). 2: both point, the centre and the peripheral one, are correctly adjusted.
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Fig. 1. Temporal evolution of the stress at the center of the upper
surface for 7;=920°C (model A).

In Table 2 are detailed the values of the tension in the
central point of the upper surface (o, =0.) at 10 s (in the
range of the experimental fracture time). These values
are lower for F finish than for C one, in agreement with
the lower coefficient /4 for the former (Table 1).

The spatial distribution of the stress at 10 s for 7;=
920°C are shown in contour plot for o, (Fig. 2a) and o,

(Fig. 2b) and the radial variation for the central axis is
drawn in Fig. 3. It is verified that the tensile stress is
maximum at the centre of the tested surface of the disk.
The equibiaxiality region extends over a circular area of 2
mm in radius, approximately. Outside this zone, the tan-
gential component of the stress decreases rapidly towards
the disk periphery and becomes compressive around a
distance of ~3.9ry. Moreover, the radial component along
the radius is always tensile. Along the thickness, the stres-
ses are completely in tension up to a distance of ~3.6 r,
to the centre and o, is equal to o. at the central axis.

3.2.2.2. Model B. Keeping in mind the augmentation of
h in the stagnation region, the position of the maximum
stress cannot be predicted straightforwardly. Fig. 4 cor-
responds to the contour plot of the radial and tangential
components of the stress at 10 s from 920°C. Conversely
to model A, the stress profiles of o, and o. show local
maxima. This behaviour reflects the augmentation of A
in rc that model B considers. The position of the max-
imum tensile stress is at the centre (where o, =0.) or at
r=ry=>5.72 mm (that occurs in o.) coinciding with
temperature minima. At the beginning, the maximum
value is always at the centre but later, o. grows even more

Table 2
Stress values at the upper surface of the specimen
T'ﬂ Model A Model B Model C
o? I,z\.h 12 o r t o r t
C 770 130 0 10 65 0 10 71 0 4.7
850 150 0 10 78,° 5.72 10 87.5, 5.72 2.8
940 164 0 10 85, 5.72 10 109, 5.72 2.9
F 870 107 0 10 55, 5.72 10 1, 5.72 3.6
920 128 0 10 60, 5.72 10 81.5, 5.72 3.0
980 154 0 10 77 0 10 89, 5.72 34

@ Units: 7} in °C, o in MPa, r in mm, ¢ (time) in s.

b

r is the distance from the centre on the upper surface of the specimen.

¢ when the value of the stress corresponds to the tangential component it is indicated as subscript.
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Fig. 2. Contour plot of the stress from 920°C at 10 s (model A); (a) o, (b) o-.
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Fig. 3. Radial variation of the stress for the central axis from 920°C at
10 s (model A).

in some cases (depending on the relative magnitude of 4>
to h at rc). Nevertheless, the radial component of the
stress always exhibited a local maximum close to ry. In
Fig. 5a and b can be observed the temporal evolution of
the tension at the centre and at ry for 940°C (C) and
980°C (F), respectively, as examples of the situations that
occur. In Table 2 are reported the maximum tensile
stress at 10 s (fracture time) for both surface finished, C
and F, and all the initial temperatures studied.

The equibiaxiality extends over a circular region with a
radius of 2 mm, similar to that of model A. The tangential
stress component become compressive beyond the max-

imum in ry, at a distance ~9r of the centre. The stress
distributions along the thickness are similar to those
obtained with model A being the stresses completely in
tension up to a distance of ~5.3r, to the centre.

3.2.2.3. Model C. In most of aspects, the stresses evolu-
tion calculated with this model is analogous to that of
model B even though the values of the stresses change as a
consequence of the differences in boundary conditions.
However, the model differs in an important point, as can
be observed in Figs. 6a and b that show the temporal
variation of the tensile stress at the centre and at ry; for
T;=940°C (C) and 980°C (F), respectively. Conversely to
model B that shows a continuous increase of the stresses
with time, the profile calculated with model C present
maximum values in the range 2.5-5 s. In Table 2 are
reported the maximum value of o, and o, together with
the position and time, for C and F specimens and all the 7T;
analysed.

3.3. Discussion

The thermal stress distributions allow to give an
explanation of empirical facts like the difference in AT
magnitudes between C and F disks and the character-
istics of crack patterns.

Based on the parity of the mechanical and thermal
shock behaviour, the biaxial flexure strength and the
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Fig. 4. Contour plot of the stress from 920°C at 10 s (model B); (a) o, (b) o..

maximum tensile stress at fracture time (10 s), con-
sidered as the critical thermal stress for fracture, should
be comparable. However, the last values are lower than
o for three models (Table 2) increasing the difference in
the order: A<C<B and F <C. The analysis of the arca
subjected to maximum tensile stress, that is related to
the probability to find a critical flaw, gives a reason to
this disagreement. This area can be considered as the
equibiaxiality zone which is five times greater in thermal
shock test (2 mm) than in biaxial flexure one (=0.89
mm = thickness/3%%) and, as a consequence, the prob-
ability to failure is higher for thermal shock. The greater
the probability of failure, the lower the critical stress for
failure. Moreover, B and C models calculations predict
an additional region around ry; subjected to high ten-
sion accounting for the higher difference exhibited for
these models. In regard to the finish, the calculated
values are closer to o for F than for C machining. This
result may be attributed to an annealing effect that may
relieve the residual compressive stresses in thermal
shock tests because of the methodology used here in
which the specimen is subjected to cumulative exposures
at high temperatures during a long period each time (90
min). The presence of compressive residual stresses
would modify the mechanical response of C as much as
F disks'3!425.26 but since they are higher for the former
the effect may be more pronounced on them. Finally,

the higher AT values for F disks in spite of their lower
mechanical strength is partially attributed to the lower
tensile stresses calculated for them using any one of the
models (Table 2).

The stress distributions calculated using any one of
the models explain the features of the crack patterns
observed. Radial and circular fisures are justified by the
presence of tangential and radial tension, respectively,
both high and similar in value. Moreover, the occur-
rence of maximum stresses beyond the impinging zone
predicted by models B and C accounts for the presence
of circular cracks outside this area as was observed in
some specimens.

The existence of cracks that always propagate across
the thickness is in accordance with the numerical calcu-
lations predicting that stresses are only in tension in the
central volume of the specimen. However, these cracks
often do not reach the disk periphery which is attributed
to the tangential stress component becoming compres-
sive at certain distance of the centre that depends on the
model. The existence of a great volume in tension along
the thickness is also considered as responsible of the
high energy fracture occurring in thermal shock condi-
tions that is evident from the fracture features like high
fragmentation and tortuosity of crack path.!#

Conversely to models A and B, model C predicts
temporal maxima in stress evolutions. The times
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Fig. 5. Temporal evolution of stresses of the upper surface at the
centre and at ry; (model B); (a) 940°C, (b) 980°C.

corresponding to these maxima values are in the range
of the experimental time of fracture.

3.4. Comparative analysis of the models

The numerical simulation models proposed for tem-
perature distribution calculations during the thermal
shock tests, present subsequently less and less simplifica-
tions. The increment in complexity resides in that the
modelization is more close to the actual experimental con-
ditions of the test, specifically, in regard to the heat trans-
fer. The radial variation of the heat transfer coefficient is
more realistic for models B and C with respect to model
A. In addition, the consideration of heat transfer by
conduction between the specimen and the refractory
material in model C increases the accuracy of the
boundary conditions with respect to models A and B.

The improvement in the simulation of the boundary
conditions is already reflected by the fitting of the
experimental registers of temperature discussed pre-
viously!® that is better using models B and C than model
A. Even though any one of the models gives reason for
main empirical facts as discussed above, models B and C
show a better performance than A to explain the position
of cracks. In turn, model C allows to predict fracture
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Fig. 6. Temporal variation of stresses of the upper surface at the cen-
tre and at ry (model C); (a) 940°C, (b) 980°C.

times according with the experimental values which can
not be done with the others models.

In short, the most realistic modelization of boundary
conditions yield the best results to explain and support the
experimental observations in the thermal shock behaviour
of alumina disks. However, it is worthy to note that a
simple model such as A can also be useful even though its
predictions are less accurate.
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