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Abstract

Alumina samples has been submitted to mild thermal shocks by quenching in a compressed air flow and the critical temperature difference has
been determined for increasing thermal shock severities. Then these critical shocks have been numerically simulated by varying the superficial
heat exchange coefficient value until the maximal tensile stress reaches the material strength. The combination of experimental and numerical
approaches leads to indirect estimate of the heat exchange coefficient values during the tests.
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1. Introduction

Many theoretical and experimental works have been devoted
to the study of the thermal shocks resistance of ceramics sub-
jected to water quench. All of them allow to characterize the
behaviour of these materials in conditions of exceptionally
severe solicitation, but very far from those induced by actual con-
ditions of use. They lead to the knowledge of the smallest tem-
perature difference entailing the ruin of a sample under a single
quench that is to say to an ultimate characteristic of the material.

In conditions of use, the failure of a ceramic component under
asingle excessively severe thermal shock is unacceptable. On the
other hand, its ruin in thermal fatigue induced by the repetition
of mild thermal shocks is unavoidable. So itis of interest to study
the resistance of such materials in conditions of moderated heat
exchanges in order to characterize their behaviour in real service
conditions.

Two elementary theories are often used to account for global
effects of a thermal shock:

e the thermoelastic theory! supposes that the material, origi-
nally uncracked, cracks when the thermal stress level exceeds,
locally, its strength;
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e the energetic theory? considers the material initially micro-
cracked and studies the stability of these flaws in the thermal
stress field.

Although coarse and little respectful of the microstructural
ceramics specificities, these two approaches constitute efficient
tools in the experimental result interpretation.

On the basis of a thermoelastic approach, the present paper
characterizes the resistance of a structural ceramic submitted to
mild thermal shocks (cooling by compressed air) and it compares
the results thus obtained to the performances of the same material
in more severe thermal shock conditions (water quench).

From a thermoelastic viewpoint, a solid quenched from the
initial temperature T;; to the final temperature T¢, endures ther-
mal stresses, oy, equal to

oth = YEa ATi(v) 1)

with AT=T; — Tt and cracking occurs when the imposed tem-
perature difference reaches the critical value AT such that:

OR

(Eaf(v))

with ¥ is the stress reduction coefficient (0<=¥ <=1), o the
strength, E the Young’s modulus, « the linear expansion coeffi-
cient, v the Poisson’s ratio, f(v) is the function of the Poisson’s
ratio and the sample geometry.

AT, =y~ ! )
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In each cross section of an infinite bar, in a plane strains
state:?

f)y=1—v, and ¥ '=145+ % —0.45 exp (—?)
3)

with B is the Biot’s number, characteristic of the shock severity
(B=ah/)), a the typical dimension of the sample, & the superfi-
cial heat exchange coefficient and A is the thermal conductivity.

The first thermal shock resistance parameter, R, is defined by

R= R (4)
(Eatf(v))
AT, =¥~ 'R (5)

The practical use of these results is commonly fussy, chiefly
because the numerical value of the heat exchange coefficient £ is
never well known. One aim of this work is precisely to suggest
a method to estimate this parameter.

For this, a double approach, experimental and numerical,
has been developed. For various conditions of cooling, the AT,
values have been determined experimentally. The temperature
range, in which fracture occurs, was determined when a unique
longitudinal crack appears on the main face only. Then, each of
these critical shocks has been numerically simulated by adjust-
ing the £ value until the maximal calculated tensile stress reaches
the material strength.

2. Materials and samples

Samples of a polycristalline alumina of commercial quality
(Degussa AL23) have been used for this study. The main thermo-
mechanical and physical properties of this material are listed:

Purity® 99.7%
Density? 3.7
Poisson’s ratio® 0.25

About 8.1 x 107°K~! between 0
and 1000°C

Between 30 W/mK (20°C) and
5 W/mK (1000 °C)

360 GPa

160 MPa

Linear expansion coefficient®
Thermal conductivity®

Elastic modulus®
Mean tensile strength®

2 Bibliography value.
b Value measured or calculated value.

Starting from plates (50 mm x 50mm x 4 mm), bars of
square cross section (4 mm x 4 mm x 36 mm) were obtained by
sawing. Then, before the tests, the lateral corners of these bars
were carefully bevelled to delete occasional defects. Circular
cross sectional samples (¢ =6 mm) were also made by cutting
long cylinders of the same material.

3. Experimentation

The objective was to submit the samples to decreasing ther-
mal shocks by quenching them using compressed air, and to
determine the critical temperature difference (A7) for each

experimental condition. Characterisation was conducted onto
a set of 10 specimens for each assumption test.

The tests were performed by using an automated bench of
thermal shocks, conceived and built in the laboratory.4 This
bench, fully driven by a micro computer, assumes three main
functions:

e The heating of samples in an electrical furnace with Kan-
thal coil (Tmax = 1200 °C) and provided with upper and lower
obturators limiting the chimney effects. The upper tempera-
ture of the thermal shock equal to the temperature of the oven
and the lower temperature is measured during the test with a
temperature sensor located inside the oven.

e The quenching of samples by cooling in a flow of compressed
air (Pmax = 6 bars).

e The cooling device consists of three nozzles located at 120°
one to the other and fixed on a lathe chuck. This setting allows
to impose simultaneously the same displacement to the three
cooling nozzles and to maintain each of them to the same
distance from the axis of the tested sample. In the case of
squared section samples, one of the three nozzles is oriented
perpendicularly to a face of the sample: it is called the main
nozzle whereas the others are called the secondary nozzles.
Specimen are held in grip jaw while taking them out from the
oven and vertically fixed during the test.

e The transfer of samples by means of pneumatic actuators.

The macroscopic cracking of samples submitted to critical
thermal shocks was observed by visual inspection by means of
a dye penetrant method (Ardrox range products).

Among the numerous experimental parameters which play
an obvious role on the thermal shock severity, one must quote
chiefly: the sample geometry, the nozzle to sample distance, the
number and the geometry of nozzles as well as the pressure of
compressed air. For the present work, the influence of all these
parameters has been studied, except that of air pressure, always
constant at six bars.

Tests have been carried out on samples of square and circu-
lar cross section, submitted to the cooling of three cylindrical
nozzles of 2.45 mm? cross section, then to the cooling of three
cylindrical nozzles of 4.9 mm? cross section and finally to that
of six cylindrical nozzles (two times two superposed nozzles) of
2.45 mm? cross section.

For each of these experimental settings, the critical drop in
temperature, AT, has been measured.

4. Numerical simulation

The previous analytic approaches described in the introduc-
tion characterize the final state according both to the initial state
and the thermal shock conditions: therefore they give a global
description of the thermal shock only. On the other hand, the
numerical calculation gives the state of stresses and tempera-
tures at each time and for any point in the sample.

The present work uses the capabilities of the numerical code
ABAQUS whose performances are well established in the field
of linear and non-linear thermomechanical analysis. The tem-
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Fig. 1. Typical meshing of squared and circular cross sections.

perature dependence of thermal conductivity was considered in
the simulation.

A quenched sample is supposed in a plane strain state: there-
foreitis sufficient to consider one of its cross sections. Moreover,
because of the geometrical symmetries, it suffices to consider a
quarter of this section, only, if the thermal loading respects the
geometrical symmetry. Otherwise the whole section must be
modelised.

As shown by the Fig. 1, a non-uniform meshing has been
used in order to obtain a more accurate estimate of the superficial
stresses level. On the same figure, one observes that, exceptin the
vicinity of the axis of cylindrical samples, 8 nodes quadrilateral
elements have been used, thus avoiding the need of a very fine
meshing.

The Fig. 2 represents, for a squared and circular cross section
samples, the relative position of a sample in the flow of com-
pressed air. In the case of square section, it may be thought that
the cooling of the main face (face in regard of the main noz-
zle) is better than those of secondary faces because this face is
submitted to a normal impact of compressed air. This assump-
tion is confirmed by experimental observations which show that
the cracking develops always by priority along the main face.
To take this behaviour into account, two numerical models of
square sectional samples have been developed:

e inthe first (model 1), the four faces of the sample are submitted
to the same thermal loading;

e in the second (model 2), the three secondary faces are sub-
mitted to a thermal loading equal to 3/4 of that imposed on
the main face.

For cylindrical samples a single modelisation has been devel-
oped: uniform thermal loading, perpendicular to the external
surface.

5. Results and discussion
5.1. Critical temperature difference

The Fig. 3 represents, for all the cases studied, the variations
of the measured AT, according to the distance d (nozzles to
sample distance) when this parameter varies from 2 to 25 mm.
From a general standpoint, one notes that all the curves exhibit
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Fig. 3. Critical temperature difference vs. nozzle to sample distance for various
experimental conditions.
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Fig. 2. Actual and modelled heat exchanges (%, superficial heat exchange coefficient).
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the same trend AT, increases rapidly for the weak d values
then it tends to an asymptotic value which is quite reached for
d=15mm.

One observes also that, for given experimental conditions,
the curves dealing with cylindrical bars are slightly offsetted
downward as compared to those dealing with square sectional
bars. This gap, which indicates a greater severity of thermal
shocks in the case of cylinders, can be explained by the difference
in samples geometry. Indeed, in the case of cylinders, first, a
larger volume is submitted to tensile stresses and, second, the
cooling effect is probably more efficient.

Whatever the sample geometry is, one observes a significant
AT, decrease (approximately 70K) when the nozzle section
changes from 4.9 to 2.45mm?. This increase of the thermal
shock severity results from a more efficient cooling of samples
due to the increased air speed when the nozzle section decreases.

When the cooling is generated by two superposed nozzles
of same section (2.45 mm?), the cracking always arises for AT,
values lying between those obtained with single nozzles of 2.45
and 4.9 mm.

It is rather difficult to justify such a result on the basis of
strict mechanical and thermal approaches. Nevertheless, from
a qualitative viewpoint, one can think that it results from two
combined actions:

e The speed of compressed air ranges between those obtained
in the two limiting cases.

e The air turbulent flow at the sample periphery is more intense
and induces more efficient thermal exchanges by forced con-
vection.

5.1.1. Remarks

e The numerical values obtained for AT, are close to those
found by other authors for a similar material tested in similar
experimental conditions.> They are much larger than those
measured by quenching in cold®’ or hot® water, similar in
magnitude to those obtained by quenching in a bath of silicon
0il® and slightly lower to those obtained by quenching in a
fluidised bed.'” These comparisons allow us to consider the
quench by compressed air as a mild thermal shock.

e The critical drop in temperature AT is limited by an asymp-
totic value when d increases. This proves the existence of a
cooling “distant field” inside of which the convective effects
due to the compressed air throws (forced convection) are
not dependent on d. For much larger d values, the cooling
would occur in free convection and, because of the lowering
of the thermal shock severity, the critical temperature differ-
ence would increase.

5.2. Heat exchange coefficient h

5.2.1. Thermoelastic approach

The previous results can be examined in the frame of the
thermo-elastic theory to approximate the magnitude of the super-
ficial heat exchange coefficient. In the case of thermal exchanges
by air, it may be thought that such a calculation will give a reason-
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Fig. 4. Heat exchange coefficient estimated from the measured AT, values.

able value of i, what is unrealistic for water quenching, because
of the state changes of water arising in this case!""> at 100°C.
For this rough calculation, the thermo-mechanical properties
of material are considered less dependent on temperature and,
because fracture occurs in mode 1, the first thermal shock param-
eter is calculated using the tensile strength. So, one obtains:

R=42K (©)

The typical dimension, a, is an ambiguous parameter. Never-
theless, for a square section, its maximum value is the side of the
square, that is to say a =4 mm. Moreover the thermal conduc-
tivity is estimated from the range defined by AT, where fracture
occurs. Thus it becomes possible to calculate the stress reduc-
tion coefficient, ¥, then the critical temperature difference, AT,
versus /. By using the previous values, one obtains:

B 60.5 + 166.75x
"~ (ah) — 19 exp(—16A/(ah))

AT, )
The intercepts of the graph AT, =f(h) with horizontals cor-
responding to the extreme values measured for A7 give an
estimation of the 4 range during the test.

The Fig. 4 represents the result thus obtained for samples
of square section. Two graphs are plotted, which correspond
respectively to typical dimensions a of 3 and 4 mm. One can
conclude that, for the present experimental conditions, the heat
exchange coefficient- lies between 550 (typical size 4 mm, three
nozzles of 4.9 mm?, d>15mm) and 1100 W/m? K (typical size
3 mm, three nozzles of 2.45 mm?2, d =2 mm). This result is in
good agreement with values found by others authors. 3

5.2.2. Numerical approach

Thermal shocks have been simulated by taking into account
the dependence of both elastic modulus E and thermal conduc-
tivity on temperature. In a first time, the spatio-temporal distribu-
tion of temperatures has been determined, then the mechanical
response of the model to these loadings has been calculated.
Iterative calculations have been performed by increasing the &
values, until the maximal tensile stress (in the middle of each
face) reaches the material strength in tension.

For square section bars (4 mm x 4 mm), two thermal loadings
have been simulated whereas a single uniform thermal loading
(normal to the external surface) has been simulated in the case
of cylindrical samples (¢ =6 mm).
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Fig. 5. Temperature profiles in a cross section of a squared sample (d=2 mm).
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Fig. 6. Maximum value of the superficial tensile stress vs. time for a squared
sample (d=2 mm).
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Fig. 7. Heat exchange coefficient estimated from the numerical simulation
results (d cooling nozzle to sample distance).

For a square section sample, Figs. 5 and 6 illustrate results
obtained for temperatures and stresses distributions. They agree
very well with data of the literature'* and show that the maxi-
mal stress is reached when the maximal temperature difference
between specimen centre and surface is occurred. When the
nozzles-sample distance is equal to 2 mm, it develops approxi-
mately 300 ms after the beginning of the cooling. Similar results
are obtained in the case of cylindrical samples.

The Fig. 7 shows, as an example, typical variations of the
superficial heat exchange coefficient 4 obtained by the numerical
simulation and by application of the thermo-elastic theory. These
results deal with a square section sample submitted to the cooling

of three nozzles of 4.9 mm? section, but similar results have been
obtained in all the other experimental cases.

One observes that the curves & =f{d) thus obtained have the
same general appearance, but that they give numerical values of
h (for a given value of d) strongly dependent on the estimation
method considered: the numerical simulation, a priori, the most
reliable of the two methods, leads to & values approximately
twice greater than those obtained by using the thermoelastic
theory. Also application of thermoelastic model implies that,
at surface sample, the temperature goes from 7; to Tt instanta-
neously: this assumption is physically impossible due to the fact
heat transfer follows continuous laws and that thermal proper-
ties are finite values. Obviously, this disagreement is important
inrelative value, nevertheless it remains modest in absolute value
and it is then possible to assert that values of 4 are limited to the
range 550-2000 W/m? K for the experimental conditions of this
study.

5.3. Cracking

The Fig. 8 illustrates the cracking development versus the
imposed temperature difference. One distinguishes three stages
that agrees perfectly with the energetic crack analysis proposed
by Bahr and Weiss.!?

e For AT= AT, (just critical shock), cracking develops on the
main face only. The maximal tensile stress (in the middle of
the face) is just sufficient to activate the greatest flaw present
in the cooled zone. One finds the same situation in all the
neighbour cross sections and, so, the activated’ flaws in the
middle of the face coalesce one observes a unique longitudinal
crack whose propagation was typically unstable. A similar
result is obtained in the case of water quench.’

e For AT> AT, (super critical thermal shock): many transver-
sal cracks appear on all faces. The tensile stresses reach
their maximal value more quickly and the energy to release
increases: smaller flaws are activated which propagate first in
an unstable manner then in a stable one.

e For AT> AT, (hyper-critical thermal shock): the cracking
becomes total. The energy to release becomes very large and
even very small flaws are activated. These small flaws being
numerous, one observes longitudinal and transversal cracks
on all the faces. The crack density increases with the imposed
difference temperature and one observes a crack density of
the main face greater than on the other faces.

The experimental tests have been confirmed different
results.'® One can therefore assert that the main face undergoes
the most severe thermal shock:

o for AT= ATy, it is the single face where cracking occurs;
e for AT> AT, its crack density is the most important;
e for AT> AT,, its crack becomes catastrophic.

The depth of longitudinal cracks which develop during a
critical thermal shock can be estimated by means of numerical
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Fig. 8. Typical crack patterns after critical and super critical thermal shocks.
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Fig. 9. Stress profiles vs. time in a cross section of a squared sample.

simulation. First, temperature distribution bas been determined
with an iterative calculation, then stress distribution has been
calculated at these loadings: stresses versus half thickness are
plotted each increase time. Fig. 9 represents, at various times,
the stress variations in the half thickness of a bar. One observes
that the transition between the tensile zone and the compres-
sive one is located at approximately 0.7 mm to the outer surface.
By assuming that cracks cannot propagate into the compressive
zone, it is possible to say that the crack depth inside the sample
is, at the most, 0.7 mm. Nevertheless, by sawing samples hav-
ing endured a just critical thermal shock, then by observing them
with a binocular magnifying glass, one observes an average pen-
etration greater to this value. The crack growth during cutting is
avoided because cracks cannot propagate into the compressive
zone.

In a first time, one can therefore admit that the average crack
depth is about one millimeter. The Fig. 8 shows that the length
of this crack is approximately 25 mm, what allows to estimate to
50 mm? the area of the new surfaces created during the thermal
shock.

The surface energy of the material being approximately
20J/m?2,'3 it appears that the energy released by creation of sur-
faces during a critical shock is extremely low (20 x 50 x 107¢J,
that is to say approximately 1 mJ) and, in any case, very lower
to the elastic strain energy which is, here, of about a 10 mJ.

6. Conclusion

The experimental study of the thermal shocks resistance of a
polycrystalline alumina has been performed by quenching sam-
ples of square and circular section in a flow of compressed air.!”
According to the intensity of convective heat exchanges and to
the samples geometry, the critical temperature difference, AT,
varies from 480 (cylindrical samples submitted to a vigorous
cooling) to 650 K (prismatic samples to squared section sub-
mitted to a moderate cooling), what allows us to consider the
imposed solicitations as mild thermal shocks.

The same critical thermal shocks have been simulated by
means of a finite elements code in which the value of the
superficial heat exchange coefficient, h, was increased until
the maximal calculated tensile stress reaches the strength of
the material. For the experimental conditions developed, one
access thus, in indirect manner, to h values ranging between
1250 and 1850 W/m? K. These values are in good agree-
ment with those obtained by other authors by using different
approaches.

The crack density increases with the imposed temperature
difference and the cracking evolution agrees the model proposed
by Bahr and Weiss.
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