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Abstract:

Thermal shock stability plays a great role in the selection of optimal refractory
material. Different methods of characterization were developed for this purpose, including
the implementation of nondestructive testing. Image analysis is a very well method for
characterization of different materials structures, as well as changes and occurred defects in
structure caused by different influences. In this paper, possible application of image analysis
will be presented related to the monitoring thermal shock behavior of selected refractory
materials. Different parameters such are R parameter, level of destruction, as well as
determination of morphological descriptors (area, perimeter, diameter, roundness) using
Image analysis, will be presented.
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1. Introduction

The thermal shock behaviors of ceramic, especially refractory materials is very
important and have a great influence on materials selection and application [1-6]. Many
different techniques, tests and approaches were developed for thermal shock behavior
characterization. Some of the methods are experimental and standardized [7,8], while others
are based on the prediction of sample behavior based on principles of materials characteristics
[9-12] and/or heat transfer conditions [13-20]. Standard tests include visual inspection of the
sample during testing, which could not be sufficient for material characterization and life—
time prediction. The first attempt to overcome this problem was to develop prediction
methods that use R parameters [13-20] and/or temperature differences [4,21-22]. R
parameters are divided into fracture resistance parameters (R and R') and damage resistance
parameters (R™ and R™") [15-20]. Usual equations for describing R parameters are given in
Table I.

The first group of parameters, called fracture resistance parameters, is most suitable
for use with brittle materials without microspores and micro cracks (R and R'). Calculation of
these parameters is based on the thermo-mechanical properties of the material that have an
impact on the formation of cracks due to thermal stress. The second group of parameters,
named damage resistance parameters, is more suitable for ceramic materials with microspores
and micro cracks (R™ and R™) while their calculation is based on the material properties that
affect the growth of crack and resistance to its expansion during the thermal shock. Ry is a
crack stability parameter that is proportional to the critical temperature for crack propagation.
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All parameters can be calculated from the measured values of thermo-mechanical properties.
It is well known that the cracks created during thermal shock testing are the result of a
mismatch of thermal expansion between different phases thus inducing stress in the material.
More precisely, the difference in the thermal expansion of the different phases creates large
tensile stress around the particles of the individual phases, which causes the formation of
many micro cracks, and thence a large decrease of strength and modulus of elasticity [13-20].
The equations based on R parameters do not take into account the heat transfer, which also
has a large impact on material behavior. This deficiency is partly bridged by the use of some
equations for temperature differences.

During the sudden cooling of the heated sample, the thermal stresses are generated
that are tensile at the surface and compressive at the center of the sample. If this stress is large
enough to be almost equal to fracture strength, cracks and defects can occur in the material
structure.

Tab. | Resistance parameters [13-20].

Resistance factor Equation Number of Eq.
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Where E is Young’s modulus, o is fracture stress, o is the thermal expansion coefficient, v is Poisson ratio, k is the
thermal conductivity, and vy, iS the work of fracture.

Evaluating the material according to their resistance to sudden temperature changes is based
on the perceived critical temperature difference (AT.) needed to cause a substantial strength
degradation of the sample during heating or cooling. In this way, the maximum stress that
occurs at the surface after a sudden temperature change can be determined Eq. (6), where the
defined AT, depends not only on heat transfer conditions but also on the mechanical material
properties. Also, various analyzes show that sample geometry and/or dimensions have a
significant impact on thermal stress caused by cooling or heating since the Biot number is,
among the other values, proportional to the characteristic dimension (distinctive length, a) (Bi
= ah/k) in Eq. (6) [21-23].

Critical temperature difference (AT.) value can also be defined through the relevant
thermal and mechanical properties of samples, according to Eq. (7), where 1 indicates
properties of the material (sample subjected to testing) while 2 designate the properties of
fluid used for cooling during testing.

Critical values of the temperature difference (AT;) in the function of the Biot number
is given by an Eq. (6) [1-2,21-23]. The expression that link surface stress and Biot's number,
for cases of low Biot values is as follows:

1

A
~ 5 (6)

O max
Where A is the coefficient, with values presented in the literature, and depending on the
author are A=4 (Bradshaw), A=3 (Chang) and A=3.25 (Manson) [17,20].

The temperature difference representing the sensitivity of the material to the thermal
shock can also be shown by Eq. (7) [13,20]:
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In the case that existed conditions of heat transfer induce the occurrence of long cracks, then
the equation proposed by Hasselman is usually used, presented as Eq. (8) [3,5]:

AT=Q(E) 6 ®

The maximum temperature difference that the material can be exposed without the damage
occurring is also used as a measure of the sensitivity of the material to the thermal shock. The
equation used to define the maximum temperature difference that the material withstands is
usually used in the form of an Eq. (9) [21-24].

(AT)moc = [1,451 222 [1 4 6,82 ()| )

Another attempt to evaluate the thermal stability of material was to use a non—destructive
method such as ultrasonic characterization of material under exposure to thermal shock thus
providing the possibility of monitoring cracks formation and growth based on the changes in
ultrasound propagation velocity [23-25]. Also some papers were interesting on sintering
conditions and sintering temperature rate on mechanical and thermal properties in general [26,
27]. Besides that, the development of digital cameras as well as digital photographs, well
known as images enable another approach and the development of a variety of programs for
further image analysis [28-31]. This paper is occupied with some possibilities of using image
analysis for the determination morphology of defects that occurred in the sample during
thermal shock testing.

2. Materials and Experimental Procedures

Results presented in this paper are related to the alumina based low cement castables.
Preparation of samples was usual for this type of castables and explained in detail in previous
papers [33,34]. For the achievement of better properties related to refractory application,
samples were sintered at different temperatures (1100, 1300, and 1600°C), with a detailed
analysis of influence of the sintering temperature on the thermal and mechanical properties, as
well as thermal stability. Water quench test as standard experimental procedure was applied
for thermal stability testing [40]. Thermal and mechanical properties are investigated and
results were published in detail [33,34].

Image of the samples was monitored using digital image in order to continue with image
analysis. Samples were cubes, with 4 cm length. For the better statistical analysis, all sides
were monitored (five for analysis, and one for marking), and at the Fig. 1. characteristic
images before testing, and after 40 cycles are given for different sintering temperatures.
Images presented at the Fig. 1. were obtained using Image analysis program [32] for
highlitning observed damages with red coclor, which is convinient for further image analysis.

2.1. Image analysis principals

Image analysis is a specific tool used to determine different parameters, valuable for
materials characterization; such are grain size, damaged surface, ratio of a component, length
and diameter of fiber, shape of micro constitution or phase, fracture detection and
measurement of the fracture length. All of these parameters are closely related to the
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characteristics of the investigated material and behavior in specific conditions of thermal
shock [37-39]. In this paper, possibilities of using image analysis for defects characterization
will be presented.

1100

1600

Fig. 1. Image of the sample using OM [30-36, 40] (length 4 cm).

2.2. Defects characterization: number and area of defects and level of
degradation

Thermal shock causes spalling and defects during the time of testing that is cycles of
heating and cooling. However, standard available testing methods [7-8,42] do not offer
guantification of the damaged area of sample surface. Using some of the existing image
analysis procedures, surface characterization including defects examine via their number and
area, as well as total destructed area, allowed to calculate level of degradation [34,35].
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2.3. Morphological analysis of defects—morphological descriptors

Besides valuable information from defects characterization (number and area defects,
level of degradation) which can be used for the estimation of the material lifetime, a more
detailed study can be achieved by the analysis of the morphological parameters regarding
defects. Usual descriptors used for image analysis could be: area, diameter (max, min, mean),
radius (max, min, mean), perimeter, fractal dimension, roundness and other [30].

2.4. Resistance parameters

In this paper two different R parameters were chosen to represent thermal stability of
samples, fracture R' and damage R’ resistance parameters. These parameters were calculated
based on the strength degradation and other mechanical characteristics of samples for all
sintering temperatures.

3. Results and Discussion
3.1 Defects characterization: number and area of defects and level of
degradation

Surface characterization during thermal stability testing can be achieved using image
analysis through determining the defects number and area as well as the total area of
degradation:

P, = go -100% (10)

Where P; is the level of degradation after i cycles, P is the total degradation area after the
certain thermal shock cycles number, Py is the initial surface area before testing.

The level of degradation (P;) is a significant parameter with reliable quantification of
degradation compared to visual inspection, as is noted in some standards [39]. Calculated
degradation levels for samples sintered at different temperatures related to the number of
thermal shock cycles is given in Figure 1. Obtained results can be used for material lifetime
prediction.
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Fig. 2. Surface degradation level during thermal stability testing.

Defects characterization, as well as a comparison of degradation levels for the
samples sintered at different temperatures, will be given for samples subjected to 40 cycles of
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thermal shock. The behavior of samples sintered at three different temperatures can be
estimated by comparison of the number and average and total areas of defects presented in
Table 11.

Tab. 11 Defects characterization: number, average and total area of defects.

- Sintering temperature(°C)
Characteristic of defects 1100 1300 1600
Number 139 143 120
Average area, cm- 0.099857 0.006241 0.0567
Total area, cm® 1.139812 0.90499 0.6917

Quantification of the degradation level can be done using analysis of the samples’
surface by number and area of defects and by calculation of the degradation level (P/Py; where
P is the surface area after certain cycles of thermal shock and Py is the surface area before
thermal shock (initial surface)). Results of degradation levels for the samples sintered at three
different temperatures after 40 cycles of thermal shocks are presented in Table Il in order to
compare their behavior. The presence of a lower number of damages (120) for the sample
sintered at 1600°C is observed. The average area (0.0567 c¢cm) and total area of the defects
(0.6917) at the same temperature indicate that the formation of defects was slower than for
other sintering temperatures. Similar results can be observed after 40 cycles of thermal shock
in the case of the samples sintered at 1100 and 1300°C.

3.2 Morphological analysis of defects
Comparison of thermal stability resistance results for samples after 40 cycles based
on the morphological descriptors are given in Table Ill. Chosen descriptors were area,

diameter (min, max, and mean), perimeter, roundness, and fractal dimension.

Tab. 111 Morphological descriptors for different sintering temperatures.

Morphological Sintering temperature (°C)
descriptor, average 1100 1300 1600
values
Area, cm 1.379956 0.89875 0.686078
Diameter (max),cm 0.158019 0.142323 0.12364
Diameter (min),cm 0.039889 0.054193 0.038274
Diameter (mean),cm 0.08671 0.090595 0.070966
Perimeter,cm 0.754275 0.583513 0.459797
Roundness, cm 7.129077 7.212167 4.729661
Perimeter 2, cm 1.803139 1.548423 1.335936
Perimeter 3,cm 0.832724 0.651374 1.180714
Fractal Dimension 1.236922 1.195622 0.517591

Results summarized in Table 11l can be very useful for comparing the influence of
sintering temperature on morphology of the occurring defects. It can be concluded that due to
lower area of degradation and smaller values for diameter and perimeter, higher temperature
of sintering provides the slower formation of defects. Results for roundness are expected, as
damages are not spherical but in a shape similar to the irregular grains. Based on the results,
the best descriptor characteristics (lowest values) were related to the sintering temperature of
1600°C. This analysis can be provided to more thermal shock cycles, and analysis of the
mechanism of degradation can be discussed, as it was presented in previous papers [32-37].
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3.3 Strength degradation

During thermal stability testing, compressive strength was measured after every five

cycles and results are presented in Fig. 3.
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Fig. 3. Compressive strength degradation during thermal stability testing.

Differences for compressive strength degradation suggested that sintering temperature have a
great influence on mechanical behavior. Samples sintered at 1100°C exhibited higher values
for compressive strength before testing compared to samples sintered at higher temperatures.
However, the strength degradation was more rapid compared to other samples. This rapid
strength degradation resulted in the fewer number of cycles that the material sintered at
1100°C can withstand. Namely, it is well known that the level of compressive strength before
testing is not the only parameter that can point to thermal stability. The strength degradation
during testing of samples sintered at 1300 and 1600°C exhibited a lower decrease which
indicates higher thermal stability and more cycles that samples can withstand during exposure
to the thermal shock.

3.4 Resistance parameters

Fracture R' and damage R™ resistance parameters were calculated based on
thermomechanical characteristics and compressive strength degradation during thermal
stability testing, for certain numbers of cycles, as well as for all sintered temperatures.
Obtained results were presented in Figs 4 and 5.
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Fig. 4. Fracture resistance parameter R' during thermal stability testing.
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Fig. 5. Damage resistance parameter R~ during thermal stability testing.

Fracture resistance parameters showed deference for observed sintering temperatures.
Samples sintered at 1600°C exhibited the most rapid increase compared to other samples.
Samples sintered at lower temperatures indicated a slower increase of R™ parameters, but
significantly more water quench cycles that the material can withstand according to the
standard.

The damage resistance parameter, R™ for samples sintered at all three temperatures
are calculated with the aim of describing the behavior of materials with micro pores or micro
cracks. Since after 40 cycles of quenching, the test samples had a level of degradation of
9,78 % (1600°C), 7,16 %(1300°C) and 6.95 % (1100°C), that was one of the explanations for
it was very important that this parameter was included in the analysis of the behavior of this
material at thermal shock.

4. Conclusion

In this paper, different possibilities for thermal stability characterization were
discussed, with a detailed analysis of image analysis implementation and resistance
parameters. Using image analysis, as a hon-destructive method of characterization, is a very
useful tool since the results can be related to standard performed testing. Analysis of damage
level based on number and area of defects was presented as well as morphological analysis of
defects based on different morphological descriptors. Using morphological descriptor
analysis, quantification and precisely monitoring of defects formation and growth caused by
thermal shock could be achieved.

Using fracture and damage resistance parameters can be useful for comparison
different conditions such is sintering temperature in thermal stability experiments. Based on
the changes of R parameters values during thermal stability testing, the material selection
would be possible when good thermal stability is required.
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Caxcemax:. Tepmocmabuinocm cnada y jeoan 00 napamemapa Koju uUMAjy 6eoMda 6AICHY
ynozy y u3bopy onmumaninoz —eampocmaninoz —mamepujana. Pazmuuume  memooe
Kapakmepusayuje cy oune passujene y cpxy uimo 60mee 0egpurucara mepmocmadbuIHoCmu,
yEwYuyjyhiu  Hedecmpykmugne memode. Aunanuza cauxe je eeoma 0obap memoo
Kapakxmepusayuje pasiudumux mamepujaia u cmpykmypda, Kao u npahera npomena u
Hacmanux oegekama u3a3eaHux paruiumum Ymuyajuum gaxmopuma. Y okeupy oeoe paoa
npumena ananuse ciuke he bumu npuxasana y yuny npahera nonawarsa 000paHux y3opaxka
MOKOM uUcnumusarea mepmncmadurnocmu. Pasuuumu napamempu, xao wmo cy R
napamempu , cmenen owmehersa, , Kao Mop@oIowKu deckpunmopu (HO8pUIUHA, nepumemep,
NpeuHUK, 3a00/6eHOCM) NPUMEHOM aHanuze ciuke he bumu obpahenu y okeupy 0602 paoad.
Kuwyune peuu: Tepmocmabunnocm; eampocmainu mamepujan;, R napamempu; auanusa
cuKe.
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