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Abstract Cordierite disks were obtained by slip casting and
sintering at 1,450 °C for 2 h. Sintered disks were indented at
the center of one flat surface. The fracture strength of indented
disks was measured in biaxial flexure. The critical temperature
differential was determined by sudden cooling of the center of
the indented surface at high temperature, using a high-velocity
air jet at room temperature. The initial temperature was suc-
cessively increased by 10 °C until crack propagation was
detected with the naked eye. Temperature and stress distri-
butions during air impinging were calculated by a finite
element analysis. The heat transfer coefficient was estimated
by fitting experimental temperature profiles. A radial variation
of the coefficient that considers its increment beyond the
stagnation region and a diminution toward the disk periphery
was assumed. The calculated cordierite thermal stresses were
analysed in relation to experimental data. Also, the compari-
son with alumina tested in similar conditions was included.

Introduction

The conventional use of cordierite (2MgO-2A1,03-5S10,)
and cordierite-based ceramics in fast-cycle heating fur-
naces is due to their high thermal shock resistance. In
addition, they have attracted attention for use as substrate
materials in high-performance systems in replacement of
conventionally used alumina materials. Several studies
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about the mechanical behavior of cordierite materials have
been published [1-3], while limited data on thermal shock
response are available [4].

The practical significance of studying the thermal shock
behavior of ceramics is associated with the great com-
plexity of the material degradation under these conditions.
Therefore, there is not a unique and simple thermal shock
test that yields quantitative and easily extrapolatable
results. The data are closely linked to the experimental
conditions and their analysis cannot be done abstracting the
experimental aspects. The actual thermal stress undergone
by the specimen must be known to achieve an insight into
this complex behavior. This can be accomplished by the
calculation of the stresses arising during the thermal shock
by the application of numerical models that attempt to
simulate the thermomechanical conditions with minor
simplifications.

Assuming that the material response to mechanical and
thermomechanical loadings is equivalent, the higher the
amount of information about the mechanical behavior of a
material, the deeper the insight of its response under
thermal shock conditions.

This work covers the numerical calculation of the
thermal stresses generated in cordierite disks subjected to
thermal shock tests. A comparative analysis is performed
with cordierite subjected to mechanical stresses, and
alumina tested in similar conditions [5-8].

Materials and methods
Preparation and characterization of specimens

Disks of 17.50 £ 0.02 mm in radius and 2.67 £ 0.01 mm
in height were fabricated by slip casting an aqueous
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suspension of a commercial cordierite powder (CORCR
Baikowski; mean particle diameter, Dsy = 2.1 pm; spe-
cific surface, Ss ppr = 2.5 m* g~'; pycnometric density,
5PIC as-received cordierite — 2.60 g Cm73) [9] The COIIlpOSi-
tion of the starting powder (impurities < 0.17 wt.%) is
shifted toward the alumina corner in the Al,03;—Si0,—MgO
phase equilibrium diagram with respect to stoichiometric
cordierite [10]. Cordierite, and mullite as a secondary
phase, were identified by XRD analysis [10]. Green sam-
ples were ground with SiC (320 and 600 grit) to adjust
their dimensions and achieve plane-surfaces parallelism.

The disks were sintered at 1,450 °C (heating and cool-
ing rates of 1 °C min~") for 2 h in an electric furnace with
MoSi, heating elements. Temperatures were measured
using a Pt-30%Rh/ Pt-6%Rh thermocouple (accuracy
£ 2 °C).

An average densification degree (% OsinT/OpIC cordierite at 1450 °C)
of 97.3% was calculated considering the sintered disk
density (dgint) determined by Archimedes method in
water, and the density of calcined powder at 1,450 °C, 2 h,
was measured by pycnometry (dpic cordierite at 1450 °C =
2.57 g cm™?) [9, 10]. The phases developed at the sintering
temperature identified by XRD and FTIR techniques were
cordierite, mullite, and glass (84, 10, and 6 wt.%, respec-
tively) [9].

A homogeneous microstructure with mainly equiaxed
cordierite and mullite grains of similar submicron mean
size (~0.5 um) was observed by SEM (Philips 505) [9,
10]. In addition, only a few elongated grains (aspect
ratio =~ 1.9) attributed to mullite grown in the presence of a
liquid phase were observed (located at triple points and
grain boundaries), intergranular pores (<10 pm) homoge-
neously distributed, along with a few isolated pores up to
40 pm.

The sintered disks were indented at the center of one of
their plane surfaces (Tukon 300 microhardness tester,
Vickers indenter, 44.1 N, 15 s) to introduce a controlled
critical defect due to an equipment limitation (maximum
furnace temperature). Four well-developed median-radial
cracks arose from the corners of the indentation (crack
semidiagonal: 46 pm; crack semilength plus crack semi-
diagonal: 152 + 17 pum).

Mechanical test

The fracture strength of the indented disks was evaluated in
biaxial flexure. A loading ball (diameter: 8.04 £ 0.02 mm)
on a discontinuous ring (12 balls in contact; ring diameter:
19.50 £ 0.1 mm) fixture [11-13] was employed. A uni-
form biaxial stress field at the center of the flexured surface
was generated. Having in mind that the radius of the uni-
form stress region is about one-third of the disk height [13],
the size of the indentation defect resulted in being about six
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times smaller than this radius. An Instron testing machine
model 8501 with displacement control (0.05 mm min~")
was employed.

Thermal shock test [11]

Each disk was mounted horizontally on refractory material
in an electric furnace (Kanthal heating elements), with the
indented surface upward. The disk equilibrated at a high
temperature (7;) was suddenly cooled using a high-velocity
air jet (330 ms~!) at room temperature (7o = 27 °C) onto
the center of the indented surface for 20 s. The air was
channelled using a silica tube (inner radius: 3.58 +
0.02 mm) placed at 90° to, and 3 mm above, the surface.

Each specimen was tested by successively increasing T;
by 10 °C until crack propagation was detected with the
naked eye after cooling. The thermal shock resistance was
evaluated as ATc = Tc — Ty, where T is the critical
temperature defined as the value of 7; at which cracks were
detected (initiation condition).

During the air impingement, the temperature of the disk
at two points on its bottom surface—at the center, and at
14.5 4+ 0.02 mm from it—were recorded by attaching fast-
response Pt-10%Rh/Pt thermocouples (accuracy =+ 0.25%).
Only when cracks were detected, the T versus ¢ (time)
recording at the disk center exhibited a slight although
visible change in the rate of temperature decrease. The time
at which this event occurred was estimated as the experi-
mental fracture time (z;).

The aspect of both the cracks and the fracture surfaces
was studied by ocular inspection and SEM, respectively.

Numerical calculation of temperature and stress
distributions

The temporal and spatial distributions of temperature and
stress in the specimen subjected to thermal shock were
calculated by a finite element method using a commercial
code (LUSAS) and thermomechanical semi-coupled anal-
ysis. Because of the axial symmetry of the problem, only
the transverse half-plane of the disk and the refractory
material was simulated as a bidimensional axisymmetric
problem. The mesh was regular with 576 parabolic square
elements, and a higher discretization in the jet radius region
was used (element length in this region was 4.4 times
smaller than the element length at a farther distance).
Cartesian coordinates were used for the calculus in the
mesh domain, the x-axis being the radial and the y-axis
parallel to the direction of disk height (see Fig. 4). The
values of cordierite and refractory material properties were
taken from literature [1, 3, 14—-16] (Table 1).

The simulation model considered an imposed air flow
over the upper surface of the disk. The convective heat
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Table 1 Values of cordierite and refractory material properties

k(We°C'm™ C, kg 'eCc™h 5 (kg m™) o (1°C™h v E (GPa)
Cordierite [1, 3, 14, 15] 3.34 720 2,600 24 % 107° 0.28 135
Refractory material [16] 1.50 960 2,050 6.0 x 107° 0.14 400

k: Thermal conductivity; C,: Heat capacity; J: Density; a: Average linear thermal expansion coefficient (20-900 °C); v: Poisson modulus;

E: Young modulus

transfer coefficient (h) was assumed invariant with the
temperature. Its radial variation was simulated considering:
(a) an increment of / beyond the stagnation region [17, 18]
and (b) a diminution of & toward the disk periphery,
according to:

hx)=h, x<r,

— c

h
h(x):;(’ro r,<x<r
!/

hxy=-"r, r.<x <R
X

where ry and R are the jet and the disk radii, respectively,
rc is the value of the radius from which the behavior of the
convective coefficient changes and Ay is the value of /4 in
the impinging jet region. The magnitudes of hg, hy' and r¢
were estimated using a previously designed methodology
[11, 19]. It implies the fitting of temperature profiles cal-
culated by FEA at the center and at the periphery of the
bottom disk surface with the corresponding experimental
profiles. Values of hy, hy', and rc, were used as fitting
parameters. For each T;, the experimental temperature
profiles at each point were the average of the thermal
recordings for every tested disk at this 7;. Assuming that rc
is just a function of geometric factors and air flow char-
acteristics, a value of 4.74 £+ 0.65 mm determined for
alumina [11, 19] was used. The errors of hy and hy/, esti-
mated taking the temperature profile for each disk at 7; as a
replica, were 24% and 3%, respectively.

Heat transfer by conduction due to the contact between
the disk and the refractory support was considered (con-
ductance ~ 10° W m=2°C~! [11, 19]). No radiation
effects were taken into account. Remaining boundaries
were assumed to be adiabatic.

Table 2 Previous thermal shock data

For the stress evolution, an axisymetric deformation
problem was considered. Both cordierite and the refractory
support were assumed as elastic, linear, and isotropic
materials. The radial displacements for the nodes located
on the central axis in the cordierite disk, as well as in the
refractory support, were constrained.

Results and discussion
Experimental supporting data

Thermal shock and mechanical testing data of indented
cordierite disks have been previously reported [9].
Mechanical resistance (op) of 49.5 + 13.8 MPa and a
Weibull modulus of 4.2 were obtained for indented cor-
dierite disks at room temperature [9]. The thermal shock
data are summarized in Table 2, together with the magni-
tude of parameter R’ calculated with values from Table 1
and the mean value of of

Figure 1 shows the typical crack pattern of indented
cordierite disks broken in thermal shock tests. For com-
parative purposes, a disk fractured in biaxial flexure test is
also shown.

Experimental data for machined (SiC, 320 grit) alumina
disks tested in similar mechanical and thermal shock con-
ditions, have also been previously reported [5, 8]. A
mechanical strength of 220 + 38 MPa and a Weibull
modulus of 6.9 were determined. Thermal shock data are
reported in Table 2. The R’ parameter for alumina
(Table 2) was calculated using the mean o values and
other thermal and mechanical properties extracted from
literature [5]. According to the value of R’ calculated for

ATc(°C) R (Wm™) ()  Fracture
Crack pattern Origin
Cordierite [9] 970 £+ 91 380 5-10 Radial, crossing the thickness, tortuous, without branching. Indentation flaw
Low fragmentation (2-3 parts).
Alumina [5, 7, 8] 916 £+ 54 450 3-5 Radials and circulars, crossing the thickness, tortuous. Machining flaw

High fragmentation (3-7 parts).

R’ = [kop(I — v)/Ex]: thermal shock resistance parameter; f; : fracture time
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Fig. 1 Crack patterns of

cordierite disks broken in
thermal shock test (a) and
biaxial flexure (b)

(a)

alumina and cordierite materials, a higher resistance to
thermal shock should be expected for the former.

Numerical calculation
Temperature distributions

Three representative 7; were selected to obtain /4, covering
the complete range of used temperatures: 870, 970, and
1,070 °C. The values of hg and hy for tested cordierite
disks are reported in Table 3 together with those obtained
for alumina [6, 7]. Figure 2 shows experimental tempera-
ture profiles (at the center and at the periphery of the
bottom surface) together with the fitted curves for each T;.
Similar decreasing curves were obtained in alumina
although the difference in temperature between the
peripheral point and the center was always higher than that
of cordierite (regardless of time and T;).

In general, the values of 4 for cordierite were lower than
those for alumina. Since the convective heat transfer
coefficient depends on multiple variables [20], such as the
type of solid material and its surface characteristics
(roughness, for instance), it was difficult to account for the
observed tendency. The relative magnitude of cordierite
and alumina values of & would be a factor, among others,
that could explain the higher thermal shock resistance of
the former, which is not predicted by R’ values [9]

Table 3 Fitting parameters

T.°C)  hy(Wm™2°C™Y) h/ Wm™2°C™
Cordierite 870 130 780
970 100 630
1,070 100 630
Alumina [7] 870 160 650
920 180 650
980 200 650

@ Springer

(b)

(Table 2). This fact highlights the restrictions of the last
parameter, which does not consider the microstructure nor
the convective heat transfer conditions.

The dependence of cordierite’s h coefficient with T; is
not clear. Moreover, it seemed to be opposite to alumina. In
this case, the observed increment of the heat transfer
coefficient with 7; was partially explained taking into
account the increase of air thermal conductivity with
temperature [11], which could also occur in cordierite. It is
possible that the dependency on temperature of the material
properties used in the numerical calculation would clarify
the thermal behavior of / in cordierite. However, in spite of
this issue, the fitting quality (Fig. 2) lends support to the
use of estimated /& values in the temperature and stress
calculations.

The spatial temperature distributions of cordierite for
every T; exhibited the same characteristics as those of
alumina. The lowest temperatures were registered at the

1100

1050 4

1000

950 4
900 A
850 4 -

800 ~

temperature (°C)

750 +

700 -

650 T T T T T T T 1
0 5 10 15 20
time (s)

Fig. 2 Experimental temperature profiles of cordierite disks at
central point (@) and peripheral point (0), together with the
corresponding fitting curves (—)



J Mater Sci (2008) 43:2731-2738

2735

890
850 /°
870 o
860 1
850 /

840 - '\ b
i [ ]

/
830

temperature (°C)
.,

820
0,000

T T 1
0,010 0,015 0,020

X (m)

T
0,005

Fig. 3 Radial temperature distribution on the upper surface of
cordierite disk (7; = 970 °C, 6 s from the cooling onset)

disks’ upper surface, where the air impinged, in both
materials. Figure 3 shows the radial distribution of tem-
perature for 7; = 970 °C on the upper surface of the disk
after 6 s, where typical maxima and minima values were
observed in relation to the considered radial variation of A.
The temperature drop at the center of cordierite disks was
notably less than that of the other local minimum.
Similar thermal profiles were also obtained in alumina,
although the positions where the local minima and maxi-
mum occurred were displaced toward the center. Converse
to cordierite, in alumina disks the cooling of the center was
rather pronounced and similar to that of the other local
minimum. This difference in thermal distributions was in
agreement with the respective heat transfer coefficients.

Stress distributions

Figure 4 shows the contour plot of the radial (o,) and
tangential (¢,) components of the stress after 6 s from the
beginning of the air impingement (around the average
experimental fracture time) for 970 °C. Similar plots were
obtained for other times and T;.

In the begining spatial stress distribution resulted qual-
itatively similar to that calculated for alumina. At the upper
surface, local minima and maxima in o, and o, were
obtained as a consequence of temperature variations. The
position of the maximum tensile stress between 5 and 10 s,
in the range of experimental fracture times, always
occurred in the tangential component at xp; = 5.72 mm.
Conversely, in alumina, the maximum tensile stress value
was developed at the center, where o, = o, or at 5.72 mm
in the o, component. Both behaviours are explained by the
temperature minima in the thermal distributions.

In Fig. 5, 0, and o, variation along the upper surface,
after 6 s from the beginning of the thermal shock, for

T; = 970 °C, are shown. The curves were similar to those
obtained for other times and 7;. Both components of stress,
radial and tangential, changed in a way similar to those
calculated for alumina. Values of g, were close to ¢, up to
X ~ 4 mm in cordierite, while this similarity extended to
X ~ 2 mm in alumina.

The crack patterns observed for cordierite (Fig. 1) and
alumina disks [5, 8] were consistent with an equibiaxial
stress distribution. Radial and/or circular cracks in the
impingement region of alumina disks [5, 8] were associated
with the position of maxima tensile stresses, since the
fracture randomly originated at processing flaws [8]. The
failure of cordierite disks initiated at the indentation [9],
and although the crack propagation began in a radial
manner, it then deflected tangentially near the disk
periphery (Fig. 1). The features of the crack path are
explained by the presence of radial indentation cracks, the
highest tangential stress level up to ~8 mm, and the fur-
ther increment of o, above g, beyond this radial position
(which accounted for the crack deviation near the disk
periphery).

Figure 6 shows the temporal evolution of the stress
components in cordierite disks at the center and at xy; for
970 °C. Similar curves were obtained for other 7;. The
profiles seemed to be those of alumina, although remark-
able differences were observed between the stress levels
and the times at which the maxima values were reached. In
Table 4 the maximum tensile stresses are reported together
with the times at which they are reached. Maximum
stresses for cordierite were 5—10 times lower than those for
alumina, in agreement with the lower value of the heat
transfer coefficient in the former. Other factors could also
have contributed to this difference, mainly the lower
thermal expansion coefficient of cordierite (Table 1). The
relative magnitudes of maximum tensile stress in cordierite
and alumina subjected to similar AT explain the higher
experimental thermal shock resistance of the former, since
the severity of the quenching turns out to be lower in
cordierite.

The magnitude of the stress components for cordierite
material (Table 4) was practically independent of the
temperature, while in alumina the stresses increased with
T;. As was mentioned earlier for the thermal dependence of
h, it would be possible to clarify the dependency of stresses
values with the temperature if the thermal variation of
cordierite properties is considered in the numerical model.
This assumption of thermal independence of properties
could also explain the difference between the experimental
fracture time in cordierite and those in which the highest
tensile stresses occurred (calculated fracture time). Con-
versely, in alumina both experimental and calculated
fracture times agreed satisfactorily. One cannot discard the
fact that the experimental fracture time for cordierite could
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Fig. 4 Contour plots of radial T B e ———————
(0,) and tangential (g,) stress

components of cordierite disk
(T; = 970 °C, 6 s from the
cooling onset)
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Table 4 Maximum values of tensile stresses

T; (°C) Centre XM = 5.72 mm

g, = g, MPa) Time (s) ¢, (MPa) Time (s)

Cordierite 870 7.8 1.5 18.5 2.0
970 6.7 1.5 17.1 2.0

1,070 7.6 1.5 19.0 2.0

Alumina [7] 870 52.0 6.1 71.0 3.6
920 64.0 5.5 81.5 3.0

980 832 7.0 89.0 3.4

be overestimated to a higher degree than that for alumina
material due to its lower thermal conductivity (about a half
that of alumina).

Taking into account phenomenological aspects of
fracture, differences between cordierite and alumina in the
stress analyses must be established. In the former, the
defect introduced by indentation acted as the fracture
origin whether in conjunction with the microstructure or
not, as was confirmed by fractography [9]. Therefore, the
stress at the disk center determined the thermal failure, in
spite of the calculated maximum tensile stress occurring
at x = 5.72 mm. In alumina, the situation was different
because the fracture was initiated at randomly distributed
machining flaws, and cracking could have originated
anywhere in the region of high stress levels (~5 mm in
radius [7]).

In general, it is assumed that for equivalent stress dis-
tributions, the fracture by thermal stresses is produced at
the same critical tensile stress that occurs under mechanical
loading. In cordierite, the fracture stress measured by
biaxial flexure (o = 49.5 + 13.8 MPa) resulted notably
higher in comparison with the maximum thermal tensile
stress at the disk center (Table 4). A similar difference was
determined in alumina and it was attributed to the combi-
nation of several factors [6, 7]. Two of them, the
dependence of mechanical strength on temperature and the
restrictions of the numerical model, also apply to cordie-
rite. In addition, other factors could contribute to increase
the discrepancy between mechanical and thermal fracture
stresses in indented cordierite disks.

The calculated thermal stresses in indented cordierite
disks may be underestimated by the simplifications of the
actual thermal shock conditions assumed in the numerical
model. On one hand, the dependence of material properties
on temperature was neglected in the finite element analysis
and its consideration could give more realistic values of
stresses. On the other hand, the effect of the indentation on
the stress profiles was not considered in the numerical
simulation. The presence of the indentation modifies the
stress distribution because of: (a) the local variation of &

coefficient that could alter the temperature distribution
and (b) the residual stress field that is generated around it
[21, 22].

Furthermore, one cannot discard the possibility that the
failure of indented cordierite disks in thermal shock con-
ditions actually occurred at a lower level of stress in
comparison to critical stress in mechanical loading. The
effect of successive heating on the indentation residual
stress field (inferred from the difference in flaw size in
disks tested mechanically at room temperature and under
thermal shock [9, 23]) and on the characteristics of the
indentation crack tip (blunting) could modify the fracture
behavior of the material under thermal shock with respect
to its response to mechanical stresses.

Critical assessment

As a first approach to a very complex problem, the
numerical model used, although limited, correctly pre-
dicted the features of the fracture induced by thermal
stresses on cordierite materials.

However, it is expected that a more sophisticated
numerical model of indented cordierite under thermal
shock could give thermal and stress distributions closer to
the actual ones. Possible improvements may be made by
considering the thermal dependence of the material prop-
erties and the heat transfer coefficient, and the effect of the
indentation in temperature and stress fields.

In addition, to compare the calculated thermal and
mechanical stresses, measurements of the latter at high
temperature and the effect of temperature on indentation
cracks under thermal shock conditions should be also
considered.
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