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The thermal shock resistance of self-flow alumina based castables is
investigated due to natural cooling, compressed air cooling and
water cooling (quench) methods respectively. The residual Young’s
modulus as well the residual bending strength are taken into account
in order to compare the influence of different testing methods on the
results. The pore size distribution, SEM analysis and computerized
tomography are used to assist the study. The integrity of the sample
is damaged dramatically by the application of water quenching test
and does not reflect the real state of the thermal shock resistance of
the castables in practice. The results based on compressed air cooling (quench) method are similar with that based on natural cooling
process and are suitable to evaluate the thermal shock performance
of the alumina castable samples.
1 Introduction
The evaluation on the thermal shock performance of refractories is still a very complex problem and the testing methods do
not always meet the real application requirements. A number of papers are published in recent years dealing with the thermal shock resistance of different refractory
materials as well as related testing methods
[1–14].
The common used testing methods on thermal shock resistance of refractories can be
listed in Tab.1.
The most popular testing method on thermal
shock resistance is based on application of
heating-cooling cycles; the samples are
heated under a certain temperature and

then cooled (quench) in water or compressed air. The residual bending strength or
residual Young’s modulus of samples are
used to evaluate the thermal shock resistance. The related equations are shown in the
following.

Rb =

B1
×100%
B0

(1)

Rb is the residual bending strength of sample [%]
B1 is the bending strength of sample after
thermal shock [MPa]
B0 is the bending strength of sample before thermal shock [MPa]

Ry =

Y1
×100%
Y0

(2)

Ry is the residual Young’s modulus of sample [%]
Y1 is the Young’s modulus of sample after
thermal shock [GPa]
Y0 is the Young’s modulus of sample before
thermal shock [GPa]
Both residual bending strength and residual
Young’s modulus are useful to evaluate the
thermal shock resistance of refractories, because bending strength and Young’s modulus are very sensitive to the defects formed
in the materials. Once the defects formed
e.g. the length of crack exceeds critical
value, the bending strength of the materials
will decrease accordingly.
Compressed air quench or water quench
method is widely used to test the thermal
shock resistance of the refractories, but the
paper deal with the influence of different
testing method on the thermal shock resistance of refractories is rather less. This study
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Tab. 1 Thermal shock resistance testing method for refractories [15]
Thermal Shock Condition

Testing Method

Evaluation Basis

• heating or cooling

• investigation on cracks

• heating-cooling cycles

• weighting

• crack condition checked
by eyesight

• bending strength testing

• weight loss [%]

• Young’s modulus testing

• residual bending strength [%]

• acoustic emission method

• characteristic of acoustic emission during thermal shock

refractories
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cycles; the samples are heated under a certain temperature and then cooled (quench) in water or
compressed air. The residual bending strength or residual young’s modulus of samples are used to evaluate
the thermal shock resistance. The related equations are shown in the following.

Rb =

B1
×100%
B0

(1)

Rb is the residual bending strength of sample [%]
B1 is the bending strength of sample after thermal shock [MPa]
B0 is the bending strength of sample before thermal shock [MPa]
Tab. 2 Physical properties of the castables after sintering under 1600°C

structure change of samples, and the X-ray
micro-computed tomography CT ALPHA
(Procon /DE) assists the micro structure studies. X-ray microcomputed tomography is an
Ry is the residual young’s
modulus of sample [%] 17,9
31,2
3,09
117,6
efficient tool for analysis of refractory strucY1 is the young’s modulus of sample after thermal shock [GPa]
tures, and the application on the refractory
Y0 is the young’s modulus of sample before thermal shock [GPa]
structures is reported [16]. The geometrical
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Porotec ) are used to investigate the microVolumePlayerPlus (both developed at the Fraunhofer Development Center for X-ray technology). The
geometrical structure of the shocked samples was investigated by 3D-image processing of X-ray
maxima analysable sample is limited by the detector area and even more by the density of the material. The
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different detectors (flat panel sensor with photodiode area of 120 x 120 mm and a digital X-ray detector
Bm could be realised for alumina samples 10  10  10 mm3 and 20 Bm for alumina sampes 25  25  25
with total area 410410 mm). The measurement and the reconstruction will be performed using the
3
mm . This is the edge length of the smallest detectable volume element within the sample.
software Voxel 6.0, whereas the visualization of the reconstructed volume data with the software

Residual Young’s Strength [%]

Residual Bending Strength [%]

Y1
R
×100% Apparent Porosity Density Dynamic
Bending
Strength
(2) Young’s Modulus Eδψν [GPa]
y =
[g/cm3]
[MPa] Y0
[%]
(Ultrasonic Impulse Technique)

VolumePlayerPlus (both developed at the Fraunhofer Development Center for X-ray technology). The
3 Results and Discussion
maxima analysable sample is limited by the detector area and even more by the density of the material. The
The physical properties of castables after sintering at 1600 are presented in Tab.2.
attainable spatial resolution is limited by the focal spot of the X-ray tube as well as by the size of detector
pixels. Through special positioning of the sample between the X-ray gun and the detector voxel sizes of 5,9
Tab.2 Physical properties of the castables after sintering under 1600
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Results
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The physical properties of castables after sintering at 1600 are presented in Tab.2.
Fig. 1 Residual bending strength of the samples
Fig.3 2 Residual Young’s modulus of the samples

Fig.1 Residual bending strength of the samples
Fig.1 Residual bending strength of the samples

Fig.2 Residual young’s modulus of the samples
Fig.2 Residual young’s modulus of the samples

Tab.2 Physical properties of the castables after sintering under 1600
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cycles. Fig.4 shows the pore size distribution curves (left) are quiet similar between different thermal

108

Dynamic Young’s modulus E

cycles. According Fig.3 the pore size distribution curves (left) are quiet similar between different thermal
cycles. Fig.4 shows the pore size distribution curves (left) are quiet similar between different thermal
cycles but the relative volume of range 1 to 2 ,m is larger after five thermal shock cycles. The pore size
distribution curve (left) in Fig. 5 shows more larger pores exist in the sample after 5 thermal shock cycles
and the percentage of micro-pores (less 1 ,m) is decreased; but the percentage of the pores larger than 1

Relative volume [%]

Relative volume [%]

um is increased. The porosity of the samples is listed in Tab.3.
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Fig. 3 Pore size distribution of samples treated by heating-natural air cooling method
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size distribution which might contribute to the bending
strength and young’s modulus of the samples.

diameter of 1–0,5 µm and 0,5–0,2 µm
shocked 5 cycles is less than that shocked
1 cycle. It is also can be seen from the Fig. 9
to Fig. 11 that sample suffered by water
quench is damaged seriously and is not suitable to simulate the condition in practice.
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4 Conclusions
• The gradient of the registered residual
Young’s modulus and bending strength
due to air cooling testing method and due
to natural cooling method are similar.
• With the increased thermal shock cycles,
the residual Young’s modulus of all the
samples is decreased; the residual bending
strength is also decreased. The residual
bending strength of the samples treated
by water cooling is very small, and
changed in a narrow range as a function
of thermal shock cycles.
• Heating-air cooling testing method is better than heating – water quench method
in the evaluation on thermal shock resistance of self-flow alumina castable samples according to this study.
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