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The paper discusses alternative methods to assess thermal shock in refractories. Thermal shock performance of
two conventional silica bricks and two novice fused silica materials has been studied. Methods involving fracture
mechanical tests of monotonic loading, repetitive thermal shock tests and cyclic strain controlled fatigue tests
have been utilised. The amorphous fused silica is rather brittle. However low thermal expansion guarantees its
superior thermal shock resistance. In-service crystallisation is to happen rather quickly. For crystallised fused
silica of the studied morphology the tests coherently predict superior thermal shock resistance due to less brittle

failure. Strain controlled fatigue test allows assessment of strain limits in the conditions of cyclic loading and
thus combines the benefits of the thermal shock and monotonic fracture mechanics tests. Strain tolerance seems
to be the property to correlate the results of the alternative test methods and those with the service loads.

1. Introduction

During the service in insulating linings of high temperature in-
dustrial units refractories are often exposed to periodic thermal-shock.
It is the state of the art to evaluate the resistance of refractories to
temperature fluctuations by fracture mechanics based indexes of merit
[1-4]. The indexes combine the physical properties and fracture me-
chanical parameters obtained in monotonic stress-strain tests. Alter-
natively, the thermal shock test when a sample is exposed to periodic
temperature fluctuations is used to study the effect of repetitive thermal
shock events [5-9]. The damage is quantified by the loss of strength and
by non-destructive tests. For refractories such tests seldom feature more
than several dozen cycles [5,9]. Mechanical cyclic tests can simulate
several thousand cycles. They are used to study fatigue degradation
[6,10-16]. The degradation is typically judged from the stress-strain
parameters, such as irreversible strains. Cyclic stress-strain measure-
ments performed at discrete temperatures are largely representative for
the failure due to temperature fluctuations [17,18]. For the above three
approaches similar ranking order was obtained for selected materials
when their parameters of linear elastic fracture mechanics (LEFM), data
on stress-controlled fatigue in uni-axial compression and thermal shock
experiments were compared [6,10]. No studies on the correlation of
strain controlled fatigue measurements and other methods are known
to the authors.
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Conventional silica bricks are known for their dimensional stability
at high temperature and resistance to acidic slag [19,20]. The bricks are
produced from quartzite by pressing and high temperature sintering.
The main drawback of these materials is high thermal expansion at low
temperatures and resulting sensitivity to fluctuations in wider tem-
perature range [7,21,22]. To overcome the deficiency of the conven-
tional bricks fused silica based materials have been developed [19].
They may feature different binders, including cement, silica gel and
phosphates, and can be produced either by pressing or casting. The
main features of fused silica refractories are low coefficient of thermal
expansion and the possibility to obtain large and complex pre-cast
shapes. Their drawback is the potential crystallisation of silica at high
temperature and the limited service statistics. The latter necessitates
thorough research of the material properties. Properties of silica bricks
has been extensively studied over years [7,16,20,23-25]. Limited
amount of data available for fused silica is mainly for the material in its
original amorphous condition [21,26,27]. Three point bending tests
done at room temperature performed on samples of silica brick and
crystallised fused silica material has indicated a rather brittle failure for
the former and developed strain softening for the latter [27]. The fa-
tigue in silica brick is affected by grain interlocking [13], large grain
cracking [13] and the damage healing by the melt formation [16].

The paper discusses alternative methods to study thermal shock
using the example of silica refractories. Thermal shock resistance of two
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novice fused silica materials and two conventional silica bricks was
measured. Fused silica materials were tested in as delivered amorphous
form and after crystallisation achieved by additional heat treatment.
Measurements according to the alternative methods were conducted at
three cooperating labs according to the established procedures.
Fracture mechanics parameters were obtained from the wedge splitting
test according to Tschegg [28,29]. The degradation due to cyclic
loading was assessed by the thermal shock experiments and strain
controlled fatigue measurements. The latter were done in three point
bending set-up. The analysis was supported by basic physical and
chemical tests, the measurements of thermal expansion and dynamic
Young’s modulus. XRD was used to quantify the mineralogical com-
position of the original materials and fused silica after high temperature
crystallisation. The discussion on the alternative methods to study
thermal shock is seen as beneficial for establishing a link between the
service loads and material properties. The latter is especially important
for selecting the materials for linings of lengthy campaign life, as for
those where silica refractories are used.

2. Materials
2.1. Materials

Four commercially available silica refractories are investigated. All
the materials are used in coke ovens of steel industry. Similar re-
fractories are also used in hot blast stoves serving blast furnaces and
glass producing units [19]. The maximal service temperature is typi-
cally between 1100 and 1400 °C. Two of the studied materials (SB1,
SB2) are conventional silica bricks produced by pressing with calcium
hydroxide acting as a binder. Their sintering is done at 1400-1500 °C.
The material SB1 is heat treated at higher temperatures than SB2. It
meets stricter specification for residual quartz, which is undesirable in
the refractories due to mineralogical transition causing growth [30].
The other two products (FS1, FS2) are based on fused silica. The ma-
terial FS1 is produced by casting and features calcium-aluminate ce-
ment binder. The cast block is dried and heat treated to temperatures
below 1200 °C. The material FS2 is produced by pressing. The binder is
mono-aluminium phosphate. The bricks are heat treated below 1000 °C.
The chemical-physical properties of studied materials are demonstrated
in the Results section of the paper.

Samples of fused silica materials were studied in as delivered pre-
dominantly amorphous form and after the heat treatment at 1400 °C for
100 h. The heat treatment was to achieve crystallisation expected to
occur during the service. To prevent cracking of the heat treated fused
silica samples the average cooling rate after the heat treatment was
approximately 10 °C/h. Further in the paper the “crystallised” fused
silica means the material heat treated in the regime 1400 °C/100 h. The
abbreviations for crystallised fused silica materials are CFS1 and CFS2.

2.2. Methods and equipment

The chemical and mineralogical composition was determined by
XRF and XRD (Rietveld) methods using powders. The progress of
crystallisation was measured on fused silica samples after the con-
ditioning at 1400 °C for 24, 48 and 100 h. The XRD patterns were re-
corded in the range of 10 to 130° (2 ©) in reflection mode using a fully
automated Bruker D4 diffractometer (CoK,-radiation) equipped with a
position sensitive detector. The step size was n.d.0.02°, time per step
was 200s. Quantitative determination of phase proportions was also
performed by Rietveld analysis. The refinement was done on the as-
sumption of pure phases. Unit cell parameters, background coefficients,
preferred orientations, profile parameters and phase proportions were
refined using the TOPAS software package for Rietveld refinement.
Apparent density and open porosity was measured by the water im-
mersion method according to EN993-1. Thermal expansion was mea-
sured according to ISO 1893. Samples were cylinders with a diameter of
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50 mm and the height of 50 mm. The diameter of the axial channel was
13 mm. The heat-up rate was 4 °C/min. The constraining pressure was
0,02 MPa. The dynamic Young’s modulus was obtained by the impact
excitation technique in the Resonant Frequency Damping Analyser
(RFDA) by IMCE BV. The typical sample geometry was
25 x 25 x 120 mm3. The measurements were done between room
temperature (RT) and 1300 °C during cooling and heating with the rate
of 4°C/min. The technique and formulas to calculate the Young’s
modulus from the out-of-plane flexure mode resonant frequency are
described in [31]. The thermal conductivity and heat capacity was
measured by cross wire method according to EN993-14. The micro-
graphs of the materials were obtained by an automated petrographical
microscope Zeiss Axial Imager Z1. Stereo microscope Zeiss Stemi 2000-
CS Stereo was used to study cracks after the thermal shock tests. In all
cases of heat treatment and high temperature tests the furnace condi-
tion accuracy was + /- 0,5% of the current temperature.

The wedge splitting tests according to Tschegg [28,29] were done in
a high temperature test frame by Shen Zhen Wance Testing Machine Co.
Tests were performed at RT, 800 and 1100 °C. Samples of SB2, FS2 and
CFS2 were analysed. The test procedure and the data analysis was as in
[32]. Two contact extensometers were used to obtain horizontal dis-
placements. The horizontal force was calculated from the vertical force
[32]. The width, depth and height of the samples were 100 mm, 65 mm
and 100 mm, respectively. Due to notches the failed cross-section had
the width and height of 55 mm and 66 mm, respectively. The tests were
performed with vertical wedge displacement rate of 0,5 mm/min. For
tests at high temperature the average heat-up rate was 4 °C/min. The
holding time was 1 h. It should be stressed that the fracture energy was
determined using horizontal displacements measured by the ex-
tensometers. If the horizontal displacements calculated from the ver-
tical displacements of the wedge is used for the purpose the obtained
fracture energy is somewhat higher. However the shift is consistent and
the ranking of the materials is not changed.

Thermal shock experiments were done on the samples of SB1 and
CFS1. The prismatic samples of 25 x 25 x 145mm?® were used. The
tests involved repetitive cooling and heating thermal shock cycles
realised by moving the samples between chambers conditioned at 300
and 1200 °C. The in-house developed equipment was used [8]. The
conditioning at the temperature subsequent to the shock event was 1
and 2h in the hot and cold chambers, respectively. Apart from the
shock events the cooling and heating rates were 2°C/min. The de-
gradation was judged by the presence of cracks and from the changes of
the dynamic Young’s modulus and the residual bending strength (MOR)
after 50 cycles. For those measurements the shocked samples were
cooled down and conditioned at RT for at least 24 h. In comparison
with tests where the thermal cycles are done between one high tem-
perature and the ambient air the tests between the two high tempera-
tures allow more realistic representation of the service conditions.

Monotonic and cyclic three point bending tests were performed in a
mechanical test frame by Zwick-Roel equipped with a furnace. Tests
were performed at RT and 1000 °C. The loading rate was 0,3 mm/min.
The sample geometry was 25 X 25 X 145mm® and the span was
120 mm. In the cyclic tests of constant displacement (strain) amplitude
the loading protocol was as in the Method III of [13]. During the
loading phase of the cycle the amplitude stays constant. The unloading
stops upon reaching the minimal force level. The next loading starts
where the previous unloading stopped. The tests were performed with
amplitudes ranging between 40 and 100% of the average displacement
at failure (displacement at the maximal force) registered in monotonic
loading. For samples coming from different bricks the displacement at
failure specific for this brick was used. The fatigue tests were done on
samples of SB1, SB2, CFS1 and CFS2. Regarding the crystallisation rates
discussed in [21] the additional crystallisation of FS1 and FS2 during
the conditioning before the high temperature mechanical tests is not
expected to exceed 0%, 5% and 15% for tests at 800 °C, 1000 °C and
1100 °C, respectively.
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Table 1
Material properties.
SB1 SB2  FS1 FS2

Chemical composition (main components), %

SiO, 96 96 97 98
Al 03 1,0 1,0 <3 0,5
Fe;03 0,5 05 0 0
CaO 2,5 2,5 <3 0
P,0s 0 0 0 0,4

Bulk density, g/(:m3 1,86 1,84 1,83 1,9

True density, g/cm3 2,34 2,35 2,31 2,29

Apparent porosity, % 19,4 19,6 18,6 14

Thermal expansion, %

RT-1000 °C 1,2 1,3  03/1,3 0,1/1,4

Dynamic Young’s modulus, GPa

RT 11 12 6/4 20/2
1000°C 24 28 27/20 37/11

Heat conductivity, W/m/K

RT 1,5 - 1,1/1,3 -
1000°C 2,2 - 2,0 -

Heat capacity, W/m/K

RT 780 - 782 -
1000°C 1295 - 1207 -

* after the heat treatment 1400 °C/100 h.
3. Results and discussion
3.1. Physical properties

An overview of physical properties and microstructure is given in
Tables 1 and 2 and Figs. 1-4. The silica bricks SB1 and SB2 have
identical chemical composition. The main mineralogical components
are cristobalite, tridymite and potentially quartz. High temperature
exposure is known to reduce the quartz content [30] and to promote the
transition of cristobalite into tridymite [33]. For SB1 more intensive
heat treatment during the production explains higher amount of tri-
dymite and lower amount of quartz than in SB2. High temperature
exposure also promotes grain recrystallisation. As a result the micro-
structure of SB1 does not show any clear difference between large
grains and the matrix. In SB2 treated at lower temperature this differ-
ence is clear (Fig. 2a, b). For silica bricks reversible transitions of the
polymorphs are responsible for the non-linear temperature function of
thermal expansion [19,30] and dynamic Young’s modulus [23,24]
(Fig. 3).

In as delivered form FS1has higher amount of crystalline phases
than FS2 (Table 2). During the production this material received more
intensive heat treatment. The crystallisation of fused silica starts at
temperatures above 900 °C [19,21]. Upon reaching 1400 °C it is rather
advanced (Table 2). During the conditioning at 1400 °C the rates of
crystallisation gradually diminish. The morphology of materials after
100 h should be largely representative for the in-service crystallised
condition. However, it is not expected to be unique. From the ex-
ploitation of silica bricks it is known that due to different thermal
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conditions the post-mortem morphology may vary even within a single
brick [33]. In CFS1 and CFS2 heat treated for 100 h amorphous phase is
found only in centres of large grains (Fig. 2¢,d,f). Micro-cracks are seen
on the periphery of the grains. They form during the cooling after the
crystallisation due to the thermal expansion mis-match of the grain
centres and the matrix. The lower Young’s modulus of CFS1 than of FS1
indicates greater number of micro-cracks in the former. As for silica
bricks the temperature function of Young’s modulus in fused slica is
influenced by the transition of polymorphs. However here, opening and
closure of larger micro-cracks is, as described for other refractories in
[34], to play a significant role. E.g., the step-wise change of the Young’s
modulus seen in CFS1 at about 200 °C is larger than in SB1 (Fig. 3b).
This change is both due to the polymorph transitions and the micro-
crack closure caused by it. Rather high Young’s modulus of FS2 corre-
lates well with the low porosity of this material (Table 1). Due to low
content of crystalline phases in FS2 the changes of its dynamic Young’s
modulus during heating is rather smooth (Fig. 3b). Thermal expansion
of crystallised fused silica is similar to that of silica bricks (Fig. 3a,
Table 1). Presence of crystalline phases in FS1 and FS2 explain non zero
expansion of these materials.

Table 1 shows the properties needed to obtain the common thermal
shock resistance parameters [1,2,4]. In this paper such parameters are
not calculated due to extremely non-linear nature of the thermal ex-
pansion and Young’s modulus. Average of these properties obtained for
wider temperature intervals can be misleading. During thermal shock
the maximal load in the sample develops after certain time interval
[35]. The material properties at the temperature at that time may be
different from the average values.

3.2. Monotonic tests - brittleness of materials

Monotonic wedge splitting and bending tests were performed. The
former tests delivered fracture energy necessary to quantify the brit-
tleness (Fig. 4, 5). The latter tests provided the reference for the cyclic
fatigue tests (Fig. 6). For all the materials the strength in wedge split-
ting (maximal stress - SIG NT) is lower than in three point bending
(MOR). This can be explained by the fact that the wedge splitting test is
a notched test. In some cases MOR and SIG NT show different tem-
perature trends (Figs. 5a and 6). E.g. in SB2 with temperature increase
MOR stays approximately constant and SIG NT decreases. Exact nature
of the differences is not clear. The wedge splitting test guarantees
steady crack growth. Three point bending test does not. The depen-
dence of the result on the condition of a single defect is much higher in
the bending test. Higher ratio of fracture energy to SIG NT means
higher resistance to sudden failure and lower brittleness [3]. The brit-
tleness reduces in the order from FS2 to SB2 to CFS2 (Fig. 5a). The
ratios for the former two materials are rather close to each other and at
1100 °C they overlap. The material CFS2 is much less brittle than the
other two materials.

The cohesion between the grains and the condition of micro-cracks
can explain the differences between the materials and the changes of

Table 2
Mineralogical composition.
Cristobalite Tridymite Quartz Pseudo-wollastonite Anorthite-sodian Amorphous
SB1, % 21-22 76-77 0,3-0,6 2,0 0 0
SB2, % 28-31 63-66 0,6-0,8 3,0-4,8 0 0
FS1, %
As received 30,0 0 0 0 <10 60,0
1400 °C/24h 60,5 0 0 0 3,7 35,8
1400 °C/48h 73,4 0 0 0 3,2 23,4
1400°C/100 h 81,5 0 0 0 2,9 15,6
FS2, %
As received 11,0 1,0 0 0 0 78,0
1400 °C/48h 67,0 2,5 0 0 0 30,5
1400°C/100h 77,0 8,5 0 0 0 14,5
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Fig. 1. XRD patterns of (a) SB1, (b) SB2,

the material properties with temperature. In refractories the presence of
large strong grains and micro-cracks on their periphery and in the
matrix of smaller grains resist the instant brittle failure [3,4]. Silica
bricks are brittle as the grain cohesion is high and there are few micro-
cracks. The latter is due to minimal thermal expansion mis-match be-
tween the large grains and the matrix. With increasing temperature,
due to proportional reduction of SIG NT and the fracture energy, the
brittleness of SB2 stays approximately constant (Fig. 5a).

As it was discussed above the crystallised fused silica has more
micro-cracks than the amorphous fused silica. Due to this it has higher
fracture energy, lower strength and brittleness (Figs. 5a, 6). With in-
creasing temperature the fracture energy increases and brittleness de-
creases both in amorphous and crystallised fused silica (Fig. 5a). From
growing Young’s modulus (Fig. 3a) it can be supposed that the tem-
perature increase causes closure of the micro-cracks. In such condition
the micro-cracks still promote the favourable branching of the crack.
However, the energy consumed in the crack wake is much higher due to
higher friction.

Loads in the refractory lining structures are of the strain controlled
nature [3,4]. The quantification of strain tolerance of alternative re-
fractory materials is essential. The comparison of the sample brittleness
and the displacement at failure (at maximal force) indicate certain
correlation (Fig. 5b). This must be due to the strain hardening resulting
from the capacity to sustain growing loads even after the initiation of
cracking. The higher is the resistance against an instant crack propa-
gation the higher is strain hardening and higher is the displacement at
failure.

3.3. Thermal cyclic tests
According to standards [5] the material is more thermal shock re-

sistant if during thermal cycles it develops no cracks and demonstrates
lower loss of Young’s modulus and higher residual strength. The

(c) FS1 and CFS1, (d) FS2 and CFS2.

material CFS1 is a more thermal shock resistant material than SB1
(Fig. 7, 12). After 50 cycles the average residual MOR for CFS1 and SB1
is 71% and 37%, respectively. The coefficient of variation for MOR is
90% and 10% for SB1 and CFS1, respectively. The high spread of MOR
in SB1 is explained by fact that the bending cracks leading to failure
coincided with the cracks formed during thermal shock (Fig. 7). The
layout of the thermal shock cracks in SB1 is very irregular. Despite the
cracks all tested samples kept their integrity and stayed as one piece.
Thus the performed tests did not allow determining the amount of cy-
cles to total failure. The samples of CFS1 failed in a more regular
manner as there were only few thermal shock cracks. In one sample
CFS1-1 (Fig. 7) the bending crack only partially coincides with the
thermal sock crack. Thus the position of the pre-crack did not fully
define the trajectory of the major crack. The observed cracks in CFS1
were not very deep.

Throughout the cycles the samples of CFS1 showed lower loss of
Young’s modulus than SB1 (Fig. 12). The degradation of the Young’s
modulus is presented as damage D = 1-E;/E,, where E, and E,; are
Young’s modulii before the test and after the i-th cycle, respectively. In
some samples after first two cycles the Young’s modulus was higher
than in the original condition. The increase is expected to be due to
partial healing of the original damage. For those samples E, was the
Young’s modulus after the 2nd cycle. The degradation rates reduce with
cycles (Fig. 12). The saturation of damage is typical for tests of re-
petitive thermal shock [9]. In our case between 30 and 50 cycles the
Young’s modulus dropped by 1,7 +/-0.9% for SB1 and by 2,6 +/-0,7%
for CFS1. Between 15 and 30 cycles the change for FS1 was 4,6+ /-
1,7%. For SB1 the drop was around 2,5% for two samples and around
12% for the other two samples. These data demonstrate the slowing
down of the damage process. No complete saturation of the damage was
observed. The residual Young’s modulus correlates well with the re-
sidual MOR (Fig. 7). In [36,37] the relationship between the thermal
shock damage and residual strength was successfully fit by a power low.



K. Andreev et al.

Journal of the European Ceramic Society xxx (XXxX) XXX—XXX

Fig. 2. Typical microstructure of (a) SB1, (b,e) SB2, (c) CFS1, (d,f) CFS2. “A” marks amorphous phase.

In our data the relationship seems to be linear. The sample SB1-4 shows
deviation from the trend. Here the MOR crack coincided with the
thermal shock crack at the end of the sample (Fig. 7). Such crack has
apparently lower effect on the dynamic Young’s modulus.

The observation of the samples after thermal shock indicate quali-
tative differences in the crack trajectories (Fig. 8). In CFS1 cracks have
tortuous paths. In such a crack the friction between the sides is rather
high which increases the resistance to failure. In SB1 the cracks are

Thermal expansion, %

1200 1400

600
Temperature, °C

800 1000

a

rather straight and trans-granular cracks are frequent.

3.4. Mechanical cyclic (fatigue) tests

The fatigue data presents the number of cycles to failure (Figs. 9 and
10) and damage accumulation patterns (Fig. 11) for the wide range of
amplitudes. In this way the present set of fatigue data is broader than
the sample degradation patterns for one thermal shock regime
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Fig. 3. Thermal expansion (a) and dynamic Young’s modulus (b); in (b) the arrows indicate heating and cooling.
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Fig. 4. Typical wedge splitting curves (a) SB2, (b) FS2 and CFS2.

discussed in the section 3.3. Constant strain amplitude of fatigue tests
resembles the repetitive strain loads developing during the thermal
shock. The more fatigue cycles material can sustain at higher strain
amplitude the more robust it is against the thermal shock failure. Thus
CFS1 and CFS2 are more thermal shock resistant materials than SB1 and
SB2 (Fig. 9, 10). The failure after equal amount of cycles occurs in silica
bricks at lower amplitudes than in CFS1 and CFS2. The difference is
especially significant for the tests at 1000 °C (Fig. 10b). When the fa-
tigue results for all materials are put in one graph one can see two
trends (Fig. 10). One trend is formed by crystallised fused silica mate-
rials. The other is formed by silica bricks. The differences seen here
must be material type specific.

In cyclic tests the failure occurs at amplitudes as low as 60-70% of
the strain at failure in the monotonic loading regime. Lower amplitudes
are characterised by higher amount of cycles to failure and steeper
correlation trend (Fig. 9, 10). For lowest amplitude tests no failure
could be achieved. The spread of the results is increasing with de-
creasing amplitudes. So for SB1 at RT at the amplitude of 0,16%, 0,14%
and 0,13% the failure occurs after 13+ /-5, 195+ /-175 and 1480+ /-
1443 cycles, respectively (Fig. 9a). For CFS2 at RT at the amplitudes of
0,25%, 0,22% and 0,19% the failure is after 11+ /-2, 28+ /-23 and
597+ /-786 cycles (Fig. 9d). For the both materials the spread for the
lowest amplitude features data for the non-failure samples and is in
reality even higher. In [38] higher spread of results at lower amplitudes
seen in the samples of refractory concrete was attributed to higher
variation in initial damage formed at lower amplitudes.

Formation of damage and its growth under sub-critical loads con-
trols the fatigue degradation [12,27]. The irreversible strains obtained
from the stress-strain curves of fatigue tests indicate the damage de-
velopment (Fig. 11) [13]. In CFS1 and CFS2 the accumulation of the
irreversible strains demonstrate three well developed periods. In the
first period the rates of strain accumulation decrease. In the second
period they are constant. In the third period the irreversible strains
increase (Fig. 11b). These are typical phases of fatigue degradation
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Fig. 6. Results of monotonic three point bending tests.

[12]. On the micro-structural level the primary phase is characterised
by the formation and growth of the micro-cracks. The rates of micro-
crack growth reduce e.g. due to encountering barriers. During the
secondary phase the barriers are overcome by e.g. reducing the friction
and the bridging effects in the crack wake [13]. During the ternary
phase the cracks may grow together forming the major crack that
causes the sample failure. The well-developed third phase should mean
extensive resistance to major crack forming and propagation. In SB1 the
failure is preceded by multiple cycles that produce very little damage.
The primary phase of fatigue is rather short. No ternary phase is pre-
sent. The failure is sudden, as it is the case with monotonic loading. In
SB2 some samples under cyclic regimes show gradual strain softening
and the ternary phase of degradation. The development of cyclic strain
softening when the material shows sudden failure in monotonic loading
was also reported for silica bricks in [13]. To compare the development
of damage observed in different methods (Fig. 12) the damage for the
mechanical cyclic tests was calculated as D = EPS;/EPSg,,, where EPS;
and EPSg, are minimal irreversible strains (end of unloading) for i-th
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Fig. 5. Results of wedge splitting test.
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cycle and for the last cycle preceding the sample failure. The sample
failure is expected when the damage reaches unity.

3.5. Comparison of test methods

Thermal properties (thermal conductivity and heat capacity) and
thermal expansion determine the strain loads developing in a material
during the temperature fluctuations. Mechanical properties such as
brittleness are indicative for the ability to sustain such loads without
major crack formation. The fused silica material is to start its service in
amorphous condition. Its thermal properties are roughly comparable
with those of silica bricks (Table 1). The coefficient of thermal expan-
sion for FS1 and FS2 is some 4-10 times lower than in the bricks
(Fig. 3a). The brittleness (Fig. 5), and strain tolerance (Figs. 5, 6), is
either similar or at maximum 2 times worse than in the bricks. The
difference in thermal expansion is more significant than in other
properties. This is to guarantee higher thermal shock resistance of
amorphous fused silica. High rates of crystallisation indicate that in
service the crystallisation is to occur rather quickly. For this the prop-
erties of the crystallised fused silica should be determining for the
campaign duration of the refractories. For the crystallised fused silica
all utilised methods indicate its superior thermal shock resistance. For
this material the effects of the thermal properties and the thermal ex-
pansion are accounted for by the thermal shock tests. It should be noted
that the material properties of crystallised fused silica after one heat
treatment regime was studied here. Further investigation should gain

insight into possible crystallised microstructures [39]. The practice to
heat treat materials to study the in-service temperature effects is stan-
dard for refractories [19]. The practice involves cooling of the material
to room temperature and heating it again for the test. In service the
material after crystallisation seldom experiences complete cooling. This
may result in differences between the in-service crystallised mor-
phology and that of the samples studied by us.

To select the most suitable material and to quantify its performance
in given application simple properties based ranking is not always ef-
ficient. E.g. even the worst in the list material can be sufficient for some
specific application. Refractory linings of short campaign lives provide
sufficient in-service performance data to establish a correlation with the
material properties. Subsequently this correlation can be used to judge
new materials. Silica refractories serve in linings with the expected life
of several decennia. For such applications the most efficient approach is
to quantify the in-service loads and to compare those with the capacity
of the material to bare such loads. To quantify the service loads the
strain at critical temperature is seen as a more suitable parameter than
temperature or stress. Temperature either outside or inside of the re-
fractory lining is not suitable as thermal shock strains developing in the
material depend not only on the temperature and material properties
but also on the geometry and intensity of heat exchange [35]. The
stresses are less suitable than strains as during the campaign due to the
stiffness variation resulting from the damage accumulation the stresses
can change significantly. For similar temperature fluctuations the strain
amplitudes are to stay constant (or nearly so). Regarding the certain

Fig. 8. Micrographs of cracks in the samples SB1-4 (a) and CFS1-1(b) after 50 thermal shocks.
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correlation of the strain at failure with the material brittleness (Fig. 5),
the critical strains can be with some caution used as the indicators of
the thermal shock resistance of the material.

There is a number of method specific issues relevant for correlating
the service strain loads and the material properties. Monotonic loading

measurements do not quantify the cycles to failure. For quasi-brittle
materials (e.g. civil engineering masonry and concrete) to which re-
fractory are microstructurally related it is known that the zone of
fracture interaction is larger for cyclic (fatigue) than for monotonic
loading [40]. These may influence the values of fracture energy
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consumed in different loading modes. However the monotonic loading
methods are most advanced in terms of methodology and interpretation
of the results. There are indications that the limit strain values obtained
from such methods can define the strain limits of the mechanical fatigue
resistance trends [27,38].

The thermal shock test has an advantage that it accounts for all the
material properties critical for thermal shock resistance. The test is
quite similar to the in-service wear conditions. However, the predic-
tions regarding the number of shocks to failure cannot be translated to
the lining wear. Potential differences between the test and the practice
in the dimensions, thermal and mechanical boundary conditions define
the abstract nature of the test results. To enable the link to in-service
loads one can try measuring strains developing during the test or to
quantify them using computer model. Another interesting question is
whether the saturation of the damage frequently reported for the
thermal shock tests is permanent, or in certain cases it is the secondary
phase of the degradation as it is seen in the mechanical fatigue tests.

Thermal conductivity and expansion in SB1 and CFS1 are quite si-
milar. During the thermal shock tests roughly similar strains are ex-
pected to develop in the samples of two materials. Regarding the out-
come of the thermal shock tests for SB1 the strain realised in the test
should be close to the strain at failure. The same strain for CFS1 was
rather low in comparison with respective strain at failure. The few
cracks observed on the surface of CFS1 samples did not show major
effect either on strength or Young’s modulus. The thermal shock tests
on SB1 and CFS1 should be compared with the mechanical cyclic tests
when samples failed after low and high number of cycles, respectively
(Fig. 12). For CFS1 the damage curves of the two methods have certain
similarity. For SB1 the similarity is seen during the lower cycles. During
higher cycles the rates of damage accumulation in the thermal test
seems to be much lower. Comparing the damage of the two cyclic
methods one should remember that for different methods different
properties were used to quantify it. In addition in thermal tests the
damage develops at changing temperature and therefore in the micro-
structure of the changing condition. In the mechanical tests the damage
develops at one temperature.

The mechanical fatigue test has a potential to combine the benefits
of the both above approaches. It allows direct correlation of loads and
material response in the stress—strain coordinates. It can quantify the
degradation due to repetitive cycles. However in strain controlled fa-
tigue tests the potential for the damage saturation depends on the
loading protocols [13]. In tests with fixed maximal strain the devel-
opment of irreversible strains results in the reduction of the effective
loading amplitude. Thus the potential for the damage saturation is ra-
ther high here. In tests with constant effective strain amplitude the
maximal strain grows with the damage development. This approach
was used in the present study. The apparent damage saturation occurs
here only in no failure samples of low amplitude. The utilisation of the
latter approach is built on the assumption that the loading strains stay
constant in the process of thermal shock and that the friction between
the faces of the formed (micro-)cracks prevents the closure of the crack

that promotes build-up of the irreversible strains. Whether this as-
sumption is applicable to the whole process of the crack formation and
growth under the thermal shock conditions needs to be proven by the
observations of the thermal shock tests.

4. Conclusions

In amorphous (as received) form the fused silica materials are rather
brittle. Their high thermal shock resistance is guaranteed by the low
coefficient of thermal expansion. Crystallised fused silica materials of
the morphology realised in the used heat treatment regime have high
strain tolerance and low brittleness that promotes resistance to the
crack growth and thermal shock. These properties result from the ten-
dency to form more tortuous crack path that avoids larger grains and
are formed by the micro-cracks. Differences in performance between
the materials within one type are seen to be lower than those between
the types.

Utilised alternative methods produce same ranking for the studied
materials. The mechanical strain controlled fatigue tests allow direct
correlation of the loads and material response in the stress—strain co-
ordinates. At the same time it allows monitoring the material de-
gradation during the repetitive loading cycles. As a result it combines
the benefits of the thermal shock tests and stress-strain tests of mono-
tonic loading. The critical strain is the laboratory test parameter that
can correlate the material behaviour observed in tests of different
methods and the loads specific for the service. Further work is to con-
centrate on the correlation of thermal shock and mechanical cyclic
(fatigue) tests for the wide range of the refractories and on the speci-
fying potential cyclic degradation limits using established fracture
mechanics tests.
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