Available online at www.sciencedirect.com

ScienceDirect

ELRRS

www.elsevier.com/locate/jeurceramsoc

ELSEVIER

Journal of the European Ceramic Society 29 (2009) 1309-1322

Experimental analysis of the evolution of thermal shock damage using
transit time measurement of ultrasonic waves

F. Damhof®*, W.A.M. Brekelmans®, M.G.D. Geers"
2 Corus Research Development and Technology, PO Box 10000, 1970CA IJmuiden, The Netherlands
5 Faculty of Mechanical Engineering, Eindhoven University of Technology, PO Box 513, 5600MB Eindhoven, The Netherlands

Received 21 April 2008; received in revised form 26 August 2008; accepted 12 September 2008
Available online 8 November 2008

Abstract

Thermal shock is a principal cause of catastrophic wear of the refractory lining of high temperature installations in metal making processes.
To investigate thermal shock experimentally with realistic and reproducible heat transfer conditions, chamotte and corund refractory samples of
ambient temperature were subjected to surface contact with molten aluminium followed by passive cooling in ambient air. The evolution of damage
was characterized by measuring the transit time of ultrasonic longitudinal waves at various sample locations after each test cycle. The mechanical
validity of transit time measurement was confirmed in independent experiments. The single test cycle performed with chamotte material indicated
the reproducibility and reliability of the experimental set-up and damage characterization method. Multiple test cycles performed with corund
material yielded a reliable set of data, to be used for model validation purposes. Both non-uniform damage due to temperature gradients as well
as uniform damage due to exposure to a uniform temperature were determined experimentally. The interaction between both damage mechanisms

requires further investigation as well as the possible shielding of heat transport by damage.

© 2008 Elsevier Ltd. All rights reserved.
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1. Introduction

The refractory lining of iron and steelmaking installations is
prone to wear as the result of excessive thermal stresses. This
wear process occurs for example when molten steel is introduced
into a cold ladle. Another example of this so-called thermal
shock event is the sudden opening of an operating furnace where
the hot refractory material becomes exposed to ambient air.

Experimental investigations into thermal shock behaviour of
refractory materials are reported extensively in the literature.
Severe down-quenching was achieved using water,! 13 oil!4-17
and molten salt.'® Milder down-quenching was realized using
passive or active cooling by ambient air mostly preceded by mild
up-quenching in a hot furnace atmosphere.!*2* Also fluidized
beds with ambient air were used for this purpose.>> Severe up-
quenching was achieved using burners,2%-2% molten metal, 3032
lasers®3-3% and film heaters.>® For this purpose also electri-
cal induction,?’ resistance’8 and discharge39 have been used
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on refractories containing carbon. Milder up-quenching was
achieved using a hot furnace atmosphere,***3 infrared heaters**
and hot compressed gas.*> Due to the poor reproducibility of the
heat transfer conditions most of the aforementioned test meth-
ods do not qualify for the use in a model parameter estimation
process. A down-quenched sample in water is, e.g. surrounded
by boiling water affecting the heat transfer. Lasers do provide a
constant heat flux but only over a very small sample surface, not
suitable for refractory material with coarse grains. Furthermore,
the use of molten salts can lead to chemical corrosion. The up-
quench achieved with a hot furnace atmosphere is of low severity
and not representative for thermal shock in the refractories of
interest here under realistic process conditions. Although up-
quenching with burners does represent the heating of a process
furnace, the heat flux generated is not constant over the sample
surface.

Experimental characterization of thermal shock damage
has been performed, e.g. by (microscopic) examination
of the crack pattern,!®2831:33-3545 recording the number
of test cycles or the quenching temperature difference to
reach material failure,’">3% by determination of the residual
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mechanical properties'3-38-1023.36-3942 anq of the weight

loss after layer-wise spalling.*> Other characterization tech-
niques rely on the measurement of acoustic emission during
thermal shock!!:22:242644.4647 anq the determination of the
change in sound velocity,***%4 attenuation*® and resonance
frequency®!6202% due to thermal shock. The described meth-
ods characterize the material state of an entire test sample and
thus only allow for a qualitative ranking of materials. Apart
from laborious and expensive techniques as X-ray and ultra-
sonic tomography,’ 9?2 the location-dependent characterization
of damage evolution in coarse granular materials has not been
reported yet.

Thermal shock initially induces micro-cracks, localizing to
macro-cracks, depending on the load severity and repetition. To
predict this thermo-mechanical behaviour a phenomenological
constitutive model has been developed®? based on Hooke’s law
for damaged isotropic material>*:

oc=(01—-D)*C: ey (D)

with o the stress tensor, D a scalar variable representing the
damage ranging from zero to unity (loss of structural integrity),
4C the fourth order elasticity tensor of the undamaged mate-
rial and ¢, the elastic strain tensor, which is here induced
by a constrained thermal expansion. The damage D includes
both non-uniform and uniform damage. Thermal shock leads
to temperature gradients, non-uniform thermal expansion and
non-uniform damage. A uniform temperature increase induces
uniform thermal expansion in mechanically unconstrained con-
figurations. This may lead to uniform damage due to micro-scale
thermal expansion mismatches within the microstructure of the
material >’

Damage development is described by evolution laws, involv-
ing material-dependent parameters. These have to be determined
from standard tests and dedicated experiments reflecting
the thermal shock damage process under consideration with
representative and reproducible boundary conditions. Model
parameter estimation requires furthermore the quantification of
the evolution of damage at various locations in a test sample.

In this paper an experimental set-up is proposed allowing the
triggering of a thermal shock with reproducible heat transfer
conditions such that realistic process conditions are adequately
represented. The damage evolution in a test sample, using con-
secutive test cycles, is characterized by measuring the transit
time of ultrasonic longitudinal waves at various locations. The
discussion starts with the specification of the test materials used
and selected experimental details on the method of damage
characterization. Thereafter quasi-stationary heating and cool-
ing experiments are described to introduce the phenomenon
of uniform thermal damage experimentally. In order to estab-
lish the mechanical validity of the damage characterization
method a comparison is made between the residual mechanical
and the corresponding acoustic damage properties after water
quench experiments. The thermal shock experiments discussed
subsequently entail the surface contact of ambient refractory
samples with molten aluminium followed by cooling in ambi-
ent air. To simulate the one-dimensional temperature profile of

Table 1
Chemical composition of the test materials.

Rel. weight of components (%)

Chamotte Corund
Al,O3 58.7 90.9
SiOy 40.0 8.8
Na, O - 0.2
Fe,0 1.1 -

thick-walled refractory linings of high temperature installations,
thermal insulation is applied at the non-quenched sample sides.
Reproducible damage evolution was measured in two different
types of refractory material and a representative set of data was
obtained, useful for future model validation purposes.

2. Materials

Chamotte and corund refractory materials have been used
in the experiments presented in this paper. Chamotte material
is typically applied in the shaft of a blast furnace suitable for
the production of raw iron and in iron and steel ladles. Corund
material is typically used in the hearth of a blast furnace, in
re-heating furnaces of a hot strip mill plant and in reactor
vessels used in the petro-chemical industry. The test materi-
als have been selected for their known sensitivity to thermal
shock. Samples were cut to size from commercially available
refractory bricks. The chamotte bricks, based on a combination
of calcined clays (chamotte) and raw clays, received their final
properties after pressing and drying during a sintering stage of
15h in a tunnel kiln heated to a temperature of 1400-1450 °C.
The corund bricks, based on corundum and mullite, received
their final properties after pressing and drying during a sinter-
ing stage of 3-5h in a tunnel kiln heated to a temperature of
1500-1600 °C. The chemical composition of both materials is
presented in Table 1. The main properties at room temperature
are presented in Table 2, as well as characteristics reflecting the
material structure.

With the presented material properties the Hasselman param-
eter R for resistance against thermal shock fracture initiation®®

Table 2

Properties of the test materials.

Property Symbol Unit Chamotte Corund
Density o kgm™! 2220 3038
Porosity ¢ % 18.2 17.0
Young’s modulus E GPa 10.0 13.0
Poisson’s ratio v 0.22 0.22
Bending strength 02 MPa 9.0 8.7
Compressive strength o MPa 27.8 68.9
Thermal expansion o K! 6x 107! 8x 1071
Thermal conductivity X Wm~!K! 2.0 3.7
Thermal capacity (o) Jkg= 1K1 788 773
Maximum grain size - mm 3 4
Average grain size - mm 2 3
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defined by
op(l —v)
R=——" 2
o (2)

can be determined. The parameter R represents the maximum
allowable temperature increase in a material during infinitely
fast heating-up. For the chamotte and corund sample materials
this parameter values 117 °C and 65 °C, respectively. The pre-
dicted allowable temperature increase is largely exceeded in the
thermal shock tests discussed in this paper. This implies that
considerable damage can be expected.

3. Damage characterization

The characterization of damage in the test samples is per-
formed by measuring the transit time of ultrasonic longitudinal
waves using a Pundit system from C.N.S. Farnell. The excit-
ing and receiving transducers are located on the tests samples
opposite to each other. Hence, the wave propagation direction is
perpendicular to the transducer surfaces. The average longitu-
dinal wave velocity V is determined as the ratio of the distance
between the transducers and the transit time. Subsequently the
dynamic Young’s modulus Egy, is calculated according to:

(1+v)(1 — 2v>} 2
(1= )

Damage, as a result of micro-cracks induced by, e.g. thermal
shock, increases the wave transit time and consequently causes a
reduction of Egy,. The relative decrease of this dynamic modulus
with respect to the initial (undamaged) state is defined in this
paper as the damage D, unless mentioned otherwise. The density
and Poisson’s ratio are assumed to be only negligibly affected
by damage.

In the experiments reported in this paper, transducers of
54 kHz (40 mm diameter) have been used for the larger samples
and transducers of 200 kHz (20 mm diameter) have been used for
the smaller samples and for location-dependent measurements.
Similar results were obtained with both transducer types. For a
typical refractory wave velocity of 3200 m/s wave lengths (cal-
culated from the ratio of velocity and frequency) of 0.059 m and
0.016 m are thus generated, respectively. In the context of the
maximum grain size of the refractory materials investigated, see
Table 2, the spatial resolution is fully acceptable.

The acoustic contact between the transducers and the test
samples is established by applying 1 mm thick self-adhering sil-
icon rubber pads to the transducers. The registered transit time
has to be corrected with that of the rubber pads which was deter-
mined in dedicated experiments. In the ‘sandwich experiments’
described hereafter contact gel was used to establish the acoustic
contact between the samples and transducers but also between
individual samples.

To investigate how non-uniform damage may affect the wave
transit time the latter was measured over two ‘sandwiches’, com-
posed of pairs of refractory samples: 1 and 2 in series as well as
3 and 4. Samples 1, 3 and 4 (height/transducer distance 30 mm)
were of corund material. Sample 2 (height/transducer distance
50mm) was of chamotte material. Contact gel was used for

Edyn =p [ 3

Table 3
Results of the sandwich experiments.
Sample no. Unpolished Polished
Transit Height Transit Height
time (ws) (mm) time (s) (mm)
1 9.5 30.34 9.4 30.01
2 15.7 50.03 15.4 49.71
1+ 2 individual 252 80.37 24.8 79.72
1 +2 sandwich 25.6 80.37 24.8 79.72
3 6.3 30.31 6.1 29.65
4 6.7 30.36 6.5 29.92
3 +4 individual 13.0 60.67 12.6 59.77
3 +4 sandwich 13.4 60.67 12.6 59.717

acoustic coupling with the 200 kHz transducers and between
the individual sandwich components. It is assumed here that the
contact gel neither penetrated the sample surfaces nor affected
the transit time. The transit time was measured of both the sand-
wiches and their individual components. Subsequently all the
relevant material surfaces were polished (using 120 diamond
followed by 1200 diamond disks) and the measurement was
repeated.

Table 3 presents the results of the sandwich experiments. It
can be observed that the transit times of the polished sandwiches
are equal to the summed transit times of their individual com-
ponents. The difference of 0.4 s appearing when dealing with
the unpolished samples is ascribed to the roughness of the rele-
vant sample surfaces. These results indicate furthermore that in
case of non-uniform damage, the measured transit time equals
the summed transit time of the various damaged material zones
present between the transducers.

Polishing of the samples lowers the transit time with 1-3%
and 2% for the measurements with 30 mm and 50 mm transducer
distance, respectively. Given these low percentages and the com-
mon scattering in material properties of coarse grained refractory
materials, the effect of surface roughness will be neglected in
the rest of this paper.

4. Uniform damage experiments

The effect of a uniform temperature field on refractory
material was investigated by subjecting corund samples to
quasi-stationary heating and subsequent cooling. The result-
ing acoustic damage was compared with the residual crushing
strength.

4.1. Experimental set-up and procedures

Cube-shaped corund samples with sides of 50 mm are placed
in a furnace and are heated quasi-stationary up to a range of
temperatures. Except for the ultimate corner areas this sym-
metric sample geometry promotes the induction of a uniform
temperature field after a dwelling period the samples are cooled
down quasi-stationary to ambient temperature. Maximum fur-
nace temperatures of 450 °C, 600 °C, 750 °C and 900 °C have
been applied, which are within the temperature range of the
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Table 4
Experimental programme for uniform damage tests.

Measure transit time, determine Egy,

Heating at 2 °C min

Dwelling at maximum temperature for 120 min

Coding at 2 °C min

Measure transit time, determine Eg4y, and damage

Perform ambient crushing test, determine crushing strength

AN RN =

thermal shock experiments described in Sections 5 and 6. For
each temperature level, three samples have been used. To deter-
mine the damage both the 54 kHz and 200 kHz transducers were
used for transit time measurements with similar result. As their
diameter better suited the sample size and the expected uni-
form damage field only the results obtained with the 54 kHz
transducers are dealt with in the following. These transducers
were positioned at the opposite face centers of the sample. This
resulted in three mutually orthogonal measurements per sample.
After the thermal treatment the samples were subjected to room
temperature crushing tests. The nominal crushing strength was
determined as the maximum load divided by the virgin sample
area. Table 4 presents the detailed test programme.

4.2. Results

Fig. 1 (left) presents the average batch damage as a function
of the maximum temperature as well as the residual crushing
strength of the individual samples as function of their dynamic
Young’s modulus determined after the thermal treatment. The
trend lines are obtained from linear regression. The damage
induced by the uniform temperature field appears to be lin-
early depending on the maximum temperature. As the attained
testing temperatures do not exceed the maximum sintering tem-
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perature used in the processing of the refractory materials the
occurring damage originates solely from thermal expansion mis-
matches within the microstructure of the material. Moreover, the
material constituents are such that thermo-chemical changes at
temperatures below the sintering temperature are not expected.

Only a moderate correlation appears to exist between the
residual crushing strength and Egy,, determined after the ther-
mal treatment, as shown in Fig. 1 (right). The observed large
statistical variations in the crushing strength, characteristic for
coarse grained materials hampers definite conclusions. The clo-
sure of the micro-cracks present, prior to reaching the material
failure state may also contribute to this moderate correlation.
The material degradation determined with ultrasonic measure-
ments is only weakly confirmed here by a deteriorating crushing
strength. Nonetheless in recently published work*® a relation
between the degrading strength of refractory material in com-
pression due to thermal shock and the corresponding degradation
in ultrasonic longitudinal sound velocity has been observed.

5. Thermal shock experiments with hot air followed by
water quenching

The proposed damage characterization method is validated
mechanically by comparing the residual bending strength with
the acoustic damage in samples subjected to water quench exper-
iments.

5.1. Experimental set-up and procedures

To induce an up-quench thermal shock under mild conditions,
beam shaped corund samples of ambient temperature and of
dimensions 30 mm x 30 mm x 150 mm are inserted rapidly into
a furnace, which was pre-heated to a temperature of 1200 °C.
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Fig. 1. Uniform damage (left) and residual crushing strength (right).
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Fig. 2. Measurement grid (200 kHz transducers) used in the non-uniform damage test.
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After a dwelling period to allow redistribution to a uniform tem-
perature, the samples are quenched in silent water of ambient
temperature. A large volume of water was used to maintain a
constant bath temperature during the down-quench.

The damage was determined from transit time measurements
using the 200 kHz transducers at the locations depicted in Fig. 2.
Acoustic measurements were performed at three sample loca-
tions in the two perpendicular transverse directions as well as
centrally in the longitudinal direction. This results in seven mea-
surements per sample.

The experiment started with a series of 18 samples. After
each test cycle three samples were removed from the series and
subjected to a three-point bending test. Also a separate set of
three virgin samples was subjected to a three-point bending test
without receiving the thermal treatment. The bending strength
was determined from the maximum load and the geometrical
bending properties of the sample cross-section. The detailed test
programme is presented in Table 5.

5.2. Results

Fig. 3 shows the average transversal and longitudinal damage
determined from transit time measurement (left) and the residual
bending strength (right) as function of the number of test cycles.
The introduced mechanical damage variable D, represents the
relative decrease of the residual bending strength compared to
the bending strength of the undamaged batch (10.28 MPa). With
the effective stress concept®® it can be shown that the dam-
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Table 5
Experimental programme for water quench tests.

Start with batch of 18 samples
1Measure transit time and determine Egy,
2Introduce samples into heated furnace of 1200 °C
3Dwelling time of 60 min in the furnace
4Quench samples in ambient silent water
5Dry samples for 60 min at 110°C
6Measure transit time, determine Egy, and damage
7Remove three samples from batch and subject these to three-point bending test
8Determine bending strength of these three samples
Repeat steps 2—8 with the remaining samples

age defined by D}, is mechanically equivalent with the damage
conventionally based on the degradation of the elastic stiffness
properties. It can be observed that the largest increase in acoustic
as well as in mechanical damage is obtained in the first three ther-
mal shock cycles. The damage saturates in the consecutive test
cycles which might be due do the increasing density of the net-
work of micro-cracks with the number of thermal shock cycles.
This implies that the available energy, per test cycle, for the
propagation of each micro-crack, decreases in the consecutive
thermal shocks.

Qualitatively the average transverse and longitudinal dam-
age exhibit a similar dependency on the number of thermal
shock cycles. The higher damage in the longitudinal direction
is attributed to the beam shaped sample geometry. The shrink-
age of the sample in the water quench experiments induces a
preferential direction of the micro-cracks, perpendicular to the

Fig. 3. Acoustic (left) and mechanical damage (right) after cycling.

Bending strength [MPa]
(o]

.
2 ? o nd
L 24 v\\\v:
0 L] L] T T
0.0 02 0.4 06 08 1.0

Acoustic damage [-]

12 1.0
T 10 & =
o 3 + 08
=) \ _.;" I )
s 8 = £
o 3 —  —Strength | T 0.6 s
- —=—Damage | | T
] e to04 9
(o] 4 [=
E ]
s,/ T-% g
3 2 “':—-—r——-——{—"o-z ]
m J =

0 T T r T T T 0.0

0 1 2 3 4 L] 6 7
Cycles [-]
12
<
w 10
o
=3
£ 8
g \
T 6
"‘;,' \\
[=)]
c 4
B * .
+* *
A 2 ¥
0 - T T T
0.0 0.2 0.4 06 0.8 1.0

Acoustic damage [-]

Fig. 4. Bending strength versus transversal (left) and longitudinal damage (right).
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longitudinal sample axis. Fig. 3 shows that indeed the longitu-
dinal damage compares better with the damage variable Dj, than
the transversal damage.

Fig. 4 presents the (residual) bending strength of the indi-
vidual samples as function of the acoustic transversal damage
(Dirans) and longitudinal damage (Djone). It can be observed
that both damage indicators have a predictive value with regard
to the degradation of the bending strength as a result of the
applied thermal treatment. From a theoretical point of view, it is
expected that the strength vanishes when the damage approaches
unity. This is particularly the case for the longitudinal damage
which again confirms its predictive value. The qualitative equiv-
alence between Dj, and Dy, presented in Fig. 3, as well as
the observed correlation between the bending strength and the
acoustic damage, presented in Fig. 4, underline the quantita-
tive correlation between the defined damage indicators and the
static damage. The latter is defined as the relative decrease of
Young’s modulus, determined from mechanical tests, compared
to the initial, undamaged state. This static damage is typically
used in constitutive models describing damage evolution.>>*
For the future experimental validation of such models it appears
that a direct comparison can be made between the numerically
calculated damage and the damage obtained from transit time
measurements.

In general, thermal shock induces damage caused by
tensile failure at the micro-scale. Assuming that material fail-
ure in bending proceeds accordingly, the results depicted in
Figs. 3 and 4 indicate that transit time measurement of ultra-
sonic longitudinal waves provides an adequate and reproducible
way to characterize the evolution of thermal shock damage.

6. Thermal shock experiments with molten aluminium

To simulate thermal shock with realistic and reproducible
boundary conditions, representative for metal making processes,
refractory samples of ambient temperature were brought into
contact with molten aluminium followed by cooling in ambi-
ent air. Experiments with chamotte and corund material were
performed to investigate the viability of the experimental set-
up. The corund material was subject to multiple thermal shock
cycles to induce damage evolution and to produce a reliable set
of data for future model validation.

6.1. Experimental set-up and procedures

Solid aluminium is molten and heated to 1000 °C in an open
induction furnace, powerful enough to maintain a constant bath
temperature. A guiding system, mounted on top of the furnace,
enables an accurate and fast positioning of the test samples on
top of the aluminium bath, minimizing the heating-up by radi-
ation. Prior to this the aluminium bath was stirred to remove
any oxidation layer present and to safeguard the thermal contact
between bath and sample. The set-up is shown schematically
in Fig. 5. After surface contact with the aluminium bath for a
period of time, the samples were removed from the set-up and
cooled in ambient air, inducing a down-quench thermal shock.
According to the calculated Hasselman parameter R of the sam-

" Connected to crane

Ceramic rod

Insulation — To datalogger

Thermocouples

Liquid aluminum

Fig. 5. Thermal shock test set-up.

ple materials the imposed difference of initial sample and bath
temperature is high enough to induce thermal shock damage.

A number of three chamotte and six corund samples of dimen-
sions 50mm x 50 mm x 150 mm were used. The temperature
was measured in two corund samples (1 and 2). From the other
corund samples (3—6) and from the chamotte samples the dam-
age was determined.

Apart from the quenched surface (50 mm x 50 mm) all sam-
ple sides were cladded with 30 mm thick thermal insulation.
This triggers a one-dimensional temperature profile similar to
that encountered in thick-walled refractory linings of high tem-
perature installations. Terracoat® was applied at the quenched
sample side to prevent invasion of the molten aluminium.

During the experiment the temperature was measured and
recorded as a function of time of samples 1 and 2 of the corund
material. To this end thermocouples were mounted on the lon-
gitudinal axis of the samples, at distances of 10 mm, 25 mm and
40 mm from the quenched sample side. To minimize the effect
on the temperature profile, the holes for the thermocouple wires
were drilled orthogonally as illustrated schematically in Fig. 6.
This figure also shows the ceramic tube, inserted over a length of
40 mm in the sample for the connection with the guiding system.

With each of the chamotte samples a single thermal shock
cycle was performed. The corund samples were subject to three
consecutive thermal shock cycles (indicated as C1,C2 and C3) in
order to investigate the evolution of thermal shock damage. After
a period of 20 min surface contact with the molten aluminium
a hold time of 48 h was maintained to allow the complete cool-
ing down of the samples. Consecutively, the insulation material
was removed from the chamotte samples and from the corund
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Fig. 6. Corund sample with thermocouple locations and wire feeds.
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Fig. 7. Measurement grid for chamotte (left) and corund sample (right).

samples 3—6. Transit time measurements were then performed
at various locations on these samples. This was also done prior
to the first thermal treatment. The 200 kHz transducers were
positioned at the locations coinciding with the line intersections
in the measurements grids schematically illustrated in Fig. 7.
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Table 6
Experimental programme for one-sided thermal shock tests with corund
samples.

1 Measure transit time, determine Ey, of samples 3—-6

2 Surface contact of samples with molten aluminium of 1000 °C
for 20 min. Register temperature of samples 1 and 2

3 Cool down samples in ambient air for 48 h. Continue
temperature registration of samples 1 and 2 for 30 min

4 Measure transit time, determine E,y, and damage of samples
3-6
Repeat steps 2—4 tuyice

Compared to the chamotte material the grid used for the corund
material was of higher density as these results are to be used
for quantitative model validation in the furnace. The transit time
measurements were performed between the opposite pairs of
sample faces in the two orthogonal directions. In the process-
ing of the results it is assumed from theoretical considerations
that the experimental damage will be symmetric with respect
the longitudinal sample axis. The damage after each thermal
shock cycle was calculated as the relative decrease of the corre-
sponding residual Egy, compared to the value in the undamaged
state. The detailed test programme with the corund samples is
presented in Table 6.

6.2. Results

6.2.1. Chamotte material

Fig. 8 (left) presents the damage determined in an individual
chamotte sample. The orthogonal pairs of sample surfaces on
which the acoustic measurements are performed are denoted by
AA and BB. It can be observed that the single thermal shock
cycle has induced significant damage in the sample. Despite the
scattering in damage at a given Y-coordinate the trend of an
increasing damage with a decreasing distance to the molten alu-
minium is noticeable. The observed scattering in the results is
ascribed to the common variation in material properties of refrac-
tory bricks due to processing and their heterogeneous granular
structure.
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Fig. 8. Damage in an individual chamotte sample (left) and averaged over all coordinates and all samples (right) (AA and BB denote orthogonal measurement

directions).
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Fig. 9. Temperatures in corund samples 1 and 2 during the first test cycle.

The damage averaged over all X-coordinates, at a given Y-
coordinate of all chamotte samples used, is presented in Fig. 8
(right). The use of three test samples and four transit time mea-
surements per sample at a given Y-coordinate results in an
average of 12 transit time measurements per data point. It can be
concluded that with the presented experimental set-up the dam-
age can be effectively created while the characterization method
renders a reproducible quantification.

Fig. 8 (right) shows that most damage is concentrated in the
vicinity of the quenched sample side where the temperature
gradients are the highest. At 10 mm distance from the molten
aluminium a damage level of 0.39 is achieved. This may be
exceeded by even higher damage levels at smaller distances
from the quenched sample side. From a macroscopic mechani-
cal point-of-view this is unlikely. The thermal expansion at the
heated, quenched sample side induces a compressive stress state
equilibrated somewhat higher in the sample by a state of tensile
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stress. The latter induces tensile strains exceeding the material
limits and causing the initiation of damage at some distance
from the quenched sample surface. Nonetheless at distances to
the molten aluminium smaller than 10 mm, thermal expansion
mismatches at the microscopic level may induce micro-cracks
and damage. Here appropriate transit time measurements could
not be performed given the 20 mm diameter of the transducers
used.

Lower thermal gradients will be present higher in the sam-
ple where uniform, thermal damage might be more prominent.
Contributions to the observed damage may also originate from
phase changes in certain constituents (e.g. Si0O7) of the sample
material. This can be accompanied by local volume changes and
thermal expansion affecting the transit time of passing ultrasonic
waves and Egy, determined thereof.

6.2.2. Corund material

Fig. 9 presents the temperatures 71, 72 and 73 (see Fig. 6)
of corund samples 1 and 2 measured in test cycle 1. A good
reproducibility of the temperatures can be observed indicating
a reproducible heat transfer to and from the samples in respec-
tively the heating and cooling cycle. Nonetheless sample 2 seems
to cool down somewhat slower. This could be due to residues of
aluminium, attached to the quenched sample side and affecting
the irradiative heat transport to the ambient surroundings.

Evidently, the thermocouple temperature 71 near the
quenched sample side exhibits the steepest increase over time.
At that location the highest temperature gradients and thermal
shock appear. The temperature at which the maximum temper-
ature rates occur lies below 300 °C, a temperature area in which
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Fig. 10. Damage in the corund samples at the 25 mm X-coordinate (sample axis).
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Fig. 11. Damage in the corund samples at the 20/30 mm X-coordinate.

the properties of the corund sample material do not change. The
temperatures 72 and 73 at positions 25 mm and 40 mm still rise
after the onset of the cooling period. At these locations the heat
flow is still directed from the molten aluminium into the sample.
At even higher locations the temperature might continue to rise
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during the first half hour of the cooling period. Uniform thermal
damage may be more dominant there as the temperature rates
will remain relatively low.

Figs. 10-13 present the average damage distribution in the
corund samples 3-6 in the three consecutive test cycles Cl
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Fig. 12. Damage in the corund samples at the 15/35 mm X-coordinate.
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Fig. 13. Damage in the corund samples at the 10/40 mm X-coordinate.

to C3. The damage depicted is the average value of the pairs
obtained at the X-coordinates (see Fig. 7 (right)) 20 mm and
30 mm, 15 mm and 35 mm as well as 10 mm and 40 mm. As the
transit time measurements were performed on the two pairs of
orthogonal sample faces on a batch consisting of four samples
the presented data points are obtained from averaging over 16
sets of data. It is again assumed here that the sample geom-
etry induces a symmetric damage pattern with respect to the
longitudinal sample axis. Analogically the data points at the
25 mm X-coordinate (sample axis) are obtained from averag-
ing over eight sets of datas. It can be observed that the set of
data depicted represents the damage evolution in the sample
material in a reasonably reproducible way. The exposure of the
samples to multiple consecutive thermal shock cycles has lead
to a reproducible damage at various locations along the sample
height. This confirms the homogeneity of the sample material
with regard to the determined acoustic stiffness properties in
damaged and in undamaged state. It appears furthermore that
the damage pattern determined at the X-coordinates 10 mm and
40 mm was not influenced by edge effects and surface roughness
resulting from possible damage caused by cutting the samples
to size.

As predicted by the low allowable value of the governing Has-
selman parameter R, the corund sample material will be affected
by damage due to the sudden heat input induced by the repeated
surface contact with the molten aluminium. Thermal conduction
and forced convection due to flowing of the molten aluminium
in the induction furnace both contribute to the heat transfer in
the up-quench stage. Compared to the cooling stage, character-

ized by radiation and free convection, this results in a high heat
transfer coefficient and corresponding thermal gradients. The
difference in temperature rates at the beginning of the heating
and cooling period can be observed in Fig. 9. At, e.g. the 25 mm
X-coordinate maximum damage levels of 0.32, 0.48 and 0.53
were obtained in the consecutive thermal shock cycles C1 to
C3, respectively. In all test cycles the damage decreases rapidly
with increasing distance to the aluminium contact area. The fact
that a uni-axial thermal load is applied, is reflected in the damage
which does not vary significantly between the X-coordinates for
a given Y-coordinate.

The evolution of damage is the highest in the first thermal
shock cycle. Analogically to the previously discussed water-
quench tests, the damage is saturating in the consecutive test
cycles. In view of the constant temperature of the aluminium
bath the heat input in the consecutive test cycles is invari-
ant although the damage increases considerably. This cannot
be attributed to a uniform damage development as the max-
imum temperature is already achieved in the first test cycle.
Apparently with every test cycle the sample material becomes
increasingly susceptible to further damage propagation. With
regard to the considerable damage increase at particularly the
X-coordinates 60 mm and 80 mm this effect may be amplified
by shielding of the heat transport by the micro-cracks present.
The degraded thermal conductivity then induces higher thermal
gradients in the material and more non-uniform damage. When
the insulated test sample is considered as a semi-infinite wall an
approximation of the penetration depth d of a sudden heat pulse
can be derived from the governing analytical solution for the
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with ¢ the time period of surface contact with the molten alu-
minium. The penetration depth is then estimated to be 7.7 cm,
using the properties listed in Table 2. This indicates that at sam-
ple locations as high as the 80 mm Y-coordinate the achieved
thermal gradients may be high enough to cause non-uniform
damage. The occurring thermal gradients can be quantified more
accurately with appropriate thermal models. This item is, how-
ever, not within the scope of this paper. It is finally stated that
property changes at temperatures below the specified ultimate
sintering temperature can only be of thermo-mechanical nature,
according to the information supplied by the producer of the
refractory bricks used.

Fig. 14 shows the damage at the 25 mm X-coordinate, after
the first test cycle, compared at the thermocouple positions with
the maximum occurring temperature rate as determined from
Fig. 9. The damage at the 25 mm thermocouple position was
obtained from averaging the damage determined at the 20 mm
and 30 mm Y-coordinate. A prediction of the uniform damage at
the thermocouple positions, has also been added. To this end, the
trend line derived from the uniform damage experiments as pre-
sented in Fig. 1 (left), has been used. It can be observed that the
temperature rates decline rapidly with increasing distance from
the quenched sample surface. Yet, a temperature rate of 0.47 °C/s
(28 °C/min) at the 40 mm thermocouple position is sufficient to
induce thermal shock damage in the corund refractory material
used. This implies that thermal shock also contributes to the
damage present at even higher locations in the sample. Tem-
perature rates as low as 0.17 °C/s (10 °C/min) suffice to cause
non-uniform damage in the corund material used.

Fig. 14 reveals that the relative contribution of the uniform
damage to the total damage increases with an increasing dis-
tance from the aluminium. Moreover, the predicted uniform
damage exceeds the experimentally determined total damage
at the 40 mm thermocouple position in a rather unphysical way.
This is an indication that the development of uniform damage
may be hampered by the development of non-uniform thermal
shock damage. Both damage mechanisms may interact if in a

certain material point the temperature as well as the temperature
rate are increasing simultaneously. Similar to the observed dam-
age saturation in consecutive thermal shock cycles the growth
of uniform damage may also be shielded by the presence of
non-uniform damage developed previously or vice versa.

7. Discussion

In high temperature installations the refractory bricks are
surrounded by adjacent bricks and mortar joints imposing
certain mechanical constraints. This influences the thermal
shock behaviour to a degree where layer-wise spalling is
prominent.®%! Although the heat transfer conditions in the one-
sided quench tests are representative for thermal shock occurring
in metal making processes, it is difficult to impose the afore-
mentioned mechanical boundary conditions in a reliable and
reproducible manner. The influence of such constraints on the
exhibited thermal shock behaviour can, however be investigated
with a numerical model which has to incorporate the constitutive
damage behaviour representative for coarse grained refractory
material.

The transit time measurements performed during the
one-sided thermal shock experiments allowed the location-
dependent characterization of damage evolution. Nonetheless
the damage at a distinct location between the transducers cannot
be quantified. This requires the use of a numerical damage model
which can however be validated with the obtained set of data and
subsequently be used to predict the damage at all distinct sam-
ple locations. The transit time measured, in case of non-uniform
damage, is the cumulated transit time of the ultrasonic waves
passing the various damaged material zones present between
the transducers (Section 3). This facilitates the comparison with
model predictions. The calculated damage in a material volume
of finite dimensions can be recalculated into a representative
transit time. Summation of such calculated transit times over
the transducer distance yields a numerical simulation which can
be compared with its experimental counterpart.

When a refractory material is subject to thermal shock the
interaction between non-uniform and uniform damage may be of
importance. This interdependency of both damage mechanisms
can be investigated experimentally. Test samples, previously
subjected to uniform damage experiments, can be subjected
consecutively to thermal shock experiments or vice versa. How-
ever, if a temperature wave is travelling non-uniformly (i.e.,
via unstationary heat transport) through the material both non-
uniform and uniform damage can develop simultaneously and
may interact. In a material, sensitive to both damage mecha-
nisms, this occurs when both the thermal gradients (non-uniform
damage) and the temperatures (uniform damage) are increasing
and have not yet reached their maximum values. This distin-
guishable effect on the mechanical behaviour is not reflected
well by consecutive experiments involving both damage mech-
anisms and can only be investigated by indirect identification
procedures, that rely on a parallel numerical description of the
interaction phenomena. The following, frequently used relation
accounts for the simultaneous interaction between non-uniform,
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elastic and uniform, thermal damage55‘57:

D =1—-—da)1 —dp) =de + di — derdn )

where d,; and dy represent elastic and thermal damage,
respectively. When both damage mechanisms contribute to the
evolution of the total damage Eq. (5) clearly shows that they
affect one another.

The experimental results of the one-sided quench exper-
iments indicate that the thermal conductivity of the corund
material may be influenced by damage. Similar to the degrada-
tion of elastic material properties, the degradation of the thermal
conductivity by damage could also be quantified as a function
of the damage variable D. When damage is considered as a
form of porosity, Loeb’s equation®? is useful. Here the thermal
conductivity decreases linearly with the evolution of damage
until a residual value is attained. The parameters in the damage-
conductivity relation can be obtained from (room temperature)
thermal conductivity measurements on samples previously sub-
jected to uniform damage experiments.

The residual mechanical properties determined after the uni-
form damage and water quench experiments only showed a
moderate reproducibility compared to that of the corresponding
acoustic properties. The coarse grain structure of the refractory
material causes a variation in the location of crack initiation
and propagation and a corresponding variation in the result-
ing mechanical properties. These may be obtained alternatively
using relations as proposed by Posarac et al.** and Aly and
Semler® who relate the degradation of strength to a correspond-
ing decrease in ultrasonic velocity, i.e., acoustic damage. (The
strength of the undamaged material has to be determined in that
case.)

8. Conclusions

In order to investigate the evolution of thermal shock damage
in refractory materials, a new experimental approach has been
proposed. In contradiction to previously described methods, the
imposed reproducible heat transfer conditions are representative
for thermal shock in high temperature installations in metal mak-
ing processes. The exposure of chamotte and corund refractory
material to molten aluminium followed by passive air-cooling-
induced high temperature gradients and corresponding damage
levels. After consecutive test cycles the evolution of damage
in the corund samples could be quantified in a reproducible
way by measuring the transit time of ultrasonic longitudinal
waves at various sample locations. With independent experi-
ments the mechanical validity of transit time measurement was
established. Apart from the application of laborious tomographic
methods the location-dependent quantification of damage evolu-
tion in heterogeneous, granular materials has not been described
before in the literature.

In arefractory material subject to an unstationary temperature
increase (thermal shock) both non-uniform and uniform dam-
age can develop simultaneously and may interact. Non-uniform
damage is induced by internally and externally constrained
thermal expansion. Uniform damage is induced by thermal

expansion mismatches in the microstructural constituents of
the material. Internally constrained thermal expansion can be
reproducibly induced with the proposed experimental set-up
for one-sided up-quench. The investigation of externally con-
strained thermal expansion and its effect on the exhibited thermal
shock damage as well as the interaction between uniform and
non-uniform damage can only be sufficiently investigated using
a numerical model which can however be validated with the
produced set of data.

Although saturating, the growth of damage in the consecutive
test cycles performed with the corund material is considerable.
This indicates an increased susceptibility of the corund material
to the growth of non-uniform damage with an increasing num-
ber of test cycles, possibly facilitated by the shielding of heat
transfer by damage. Locally this may lead to a degraded ther-
mal conductivity, higher thermal gradients and a corresponding
higher level of non-uniform damage.
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