Fracture Process Zone in Refractory Castables
after High-Temperature Thermal Shock
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Thermal shock damage is an important issue for the refractories industry. To understand the micro-
structural behaviour and with it the thermoelastic properties during thermal shock treatment are key
topics for high performance refractory materials and their development. Most ceramic materials exhibit
a critical temperature difference (AT ) as a minimum temperature required for fracture initiation. Refrac-
tories exhibit within their heterogeneous structure already pores, aggregates of different size and cracks.
To understand the influence of the temperature difference (AT) and the temperature level, a new high
temperature thermal shock furnace was designed and constructed. Unlike standard thermal shock tests
with compressed air or water, the new furnace’s two separately heatable and interconnected chambers
enable the transfer of samples between two high temperatures without exposing them to the surround-
ing atmosphere at room temperature. To understand the effect of rapid temperature changes, the natural
aggregate andalusite and the synthetic aggregates Al,0.~Z2r0 ~SiO, and Al,0.~Zr0, are incorporated in a
model low cement castable formulation based on tabular alumina. The influence of these aggregates on

the elastic and thermomechanical properties is examined and correlated to the microstructure.

1 Introduction

The degradation of the thermo-mechanical
properties of commercial refractories result-
ing from thermal shock is an important mat-
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ter for the refractories industry. Therefore, it
is very important to understand, predict and
validate the mechanisms involved in high
temperature processes [1]. Refractories
technology is still under constant develop-
ment but the fundamentals and factors
influencing thermal shock resistance in
refractories are well-known, e.g. elasticity,
strength and size of aggregates, debonded
grains or thermal mismatch [2]. Hasselman

presented a theory for crack propagation in
dense ceramics subjected to thermal shock
and furthermore defined new thermal shock
parameters as well as a critical AT as a
minimum temperature required for fracture
initiation [3]. However, this temperature dif-
ference is very low in most cases and hardly
avoidable in practical applications, especial-
ly when refractories already exhibit cracks
after sintering.
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Fig. 2 New high temperature thermal shock furnace

In the last years, the focus switched from the
examination of the damaging mechanisms
occurring at the crack tip to the following
wake region. Mechanisms at the crack tip
like crack branching and crack deflection are
already well-known [4]. The effects in the
process wake depend on different mech-
anisms (Fig. 1). They were defined as crack
bridging and bridging of liquid phases at
higher temperatures as well as friction be-
tween aggregate and matrix. These effects
mainly depend on the shape, size and micro-
structure of the aggregates [4-6].
Functional  aggregates  with  eutectic
composition (Al,0,~2r0,~Si0, and Al,O,~
Zr0,) were employed to investigate the ef-
fects of their specific inner structure [7, 8].
The substitution of alumina aggregates by
eutectic aggregates resulted in changed
thermo-elastic properties and crack net-
works with transgranular and intergranular
cracks. Additionally, effects like pull-out
as well as bridging mechanisms could be
observed. The zirconia phase transforma-
tion (tetragonal — monoclinic) [9] and the
thermal expansion coefficient mismatch be-
tween the aggregates and the matrix caused
microcracking. Cracks generated by thermal
shock load interacted with these micro-
cracks [10-12].

An aggregate with similar effects on the
microstructure is andalusite. This material is
already noted for its resistance to thermal
shock damage. Debonding and microcrack
generation were observed in a model system
containing glass. The anisotropic behaviour
of andalusite and the occurring mullite trans-
formation during heat treatment are causing
the shown effects [13, 14].

Tab. 1 Formulation of the castables

Reference Replaced Aggregates
[mass-%)] [mass-%)]
CA cement CA Secar 71 5 5
Reactive alumina PFR 12,5 12,5
0-0,045 mm 10 10
0-0,3 mm 10 10
Tabular alumina 0,2-0,6 mm 10 10
0,5-1 mm 17,5 17,5
1-3 mm 35 23
Eutectic aggregates 2,24-3 mm ca. 12
Total 100 100
Water H,0 5 5
Deflocculant FS 40 0,1 0,1
Retarder Citric acid 0,03 0,03

2 Experimental procedure

A standard Low Cement Castable (LCC)
formulation was defined as reference
material. The castable was composed
of 82,5mass-% tabular alumina aggre-
gates, 12,5 mass-% fine reactive alumina
and 5 mass-% calcium aluminate cement
(Tab. 1). The granular fraction 2,24-3,0 mm
of tabular alumina from the reference for-
mulation was separated by sieving, approxi-
mately ca. 11 mass-% of the mixture, and
replaced by the same amount of eutectic
aggregates  Al,0.~2r0,-Si0, (AZS) and
ALO,~Zr0, (AZ) or andalusite (A).

Respecting the following  geometry,
125 mm x 25 mm x 25 mm or 160 mm x
40 mm x 40 mm prismatic bars were cast.
Each composition was cast after mixing,
subsequently cured in a humid environment
for 48 h at room temperature and dried at
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110 °C for 24 h. The samples were sintered
for 6 h at 1500 °C with a heating and cool-
ing rate of 2 K/min. The elastic properties
were determined by using a Resonant Fre-
quency Damping Analyzer (RFDA) according
to ASTM C 1548-02 (2012). The Modulus
of Rupture (MOR) was measured after heat
treatment and after 1 — 10 thermal shock
cycles according to DIN EN 993-6. The ther-
mal shock tests were performed according
to DIN EN 993-11 in water with different
AT. Those results were compared with those
obtained after high temperature thermal
shock with the help of the equipment illus-
trated below in Fig. 2, not in accordance to
standards standard.

The new high temperature thermal shock
test is constituted of two separately heat-
able chambers connected through a gate
(Fig. 2). The samples can be transferred
within 2's from one chamber to another
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Fig. 3 Thermal shock at air according to DIN EN 993-11 [15, 16]
Tab. 2 Properties of studied compositions after sintering [16] evolution for all materials. The first three
Ref A AZ AZS thermal §hocks had the strongest |rppact
- on the stiffness and strength. Ref exhibited
Open porosity [%] 22,5+ 1,1 21,5+0,7 23,2+0,7 21,1+0,6 . . . ,
a comparatively very high retained Young's
Young's modulus [GPa] 134,4 + 4,0 415+04 94,7 +3,0 145,5 + 6,0 modulus but loss of strength exceeded the
Modulus of rupture [MPa] 35,2+0,8 98+2,0 19,6 +0,8 36,1+7,2 values observed with addition of anda|usitel

without contact to the surrounding at-
mosphere at room temperature. The tem-
perature difference and level of the thermal
shock is adjustable.

The samples were shocked between 1000 —
400 °C and 1400 — 800 °C with a dwell
time of 45 min in each chamber for tem-
perature adjustment. 1 — 10 thermal shock
cycles were performed.

3 Results and discussion

High-temperature thermal shock is a new
method to determine thermal shock damage
under conditions closer to industrial praxis.
In this survey the elastic and mechanical
properties after high-temperature thermal
shock tests are considered and compared

Fig. 4 Fracture surface AZ material after bending test [15]
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to previous studies with thermal shocks ac-
cording to standard and with different ATs.
The authors [15—16] showed the effect of
functional aggregates reducing the Modu-
lus of Rupture (MOR) and the Young's
modulus after sintering caused by micro-
structural effects (Tab. 2). Andalusite de-
creases the stiffness of the material when
added to a castable formulation induced by
thermal expansion mismatch and its trans-
formation into mullite at elevated tempera-
tures [13, 14]. The Zr0, phase of the AL.O -
2r0,-5i0, and Al,0,~Zr0, aggregates with
a characteristic volume change [9] leads to
the formation of a microcrack network.

Thermal shock testing methods according
to DIN EN 993-11 (Fig. 3) showed the same

[15]

AZ and AZS.

Performing quenching tests in water on the
studied formulations showed a difference in
the severity of the damage. For this thermal
shock, two groups of materials could be dis-
tinguished: Ref and AZS characterized by a
drastic depletion of the toughness up to the
third TS cycle. As for A and AZ, those mater-
ials with low initial strength values showed
in direct comparison only a slight decrease
in strength values. Debonding (Fig. 4) and
severe microcracking (Fig. 5) were observed
[15].

In the 1960ies, Hasselman [3] introduced the
catastrophic decrease of strength for dense
ceramics after thermal shock tests within a
certain temperature difference AT. For re-
fractories with functional aggregates, the

Fig. 5 Microcracking in andalusite sample after 10 thermal shocks
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authors showed (Fig. 6) specific ATs with
no effect and with a decreasing strength
loss rate. Effects in the wake region of the
crack like liquid phase bridging (Fig. 7) or
crack bridging (Fig. 8) could be observed.
According to those results, the AT = 600 K
was selected. The slowing loss rate of me-
chanical strength stopped around this tem-
perature difference and this AT is quite
suitable to adjust. Two different temperature
levels were chosen, namely 1000 — 400 °C,
and 1400 — 800 °C because of the transfor-
mation temperature of unstabilized Zr0, (9]
and for the higher temperature to favour the
formation of liquid phase bridges. Fig. 6 Strength evolution after thermal shock with different ATs [17]

The Ref samples (Fig. 9) exhibit almost no

cracks after sintering. With increasing num-  The crack path was intergranular and partial ~ perature levels the microstructure showed
ber of thermal shock cycles the crack length  crack deflection was observed at tabular  almost no distinction. In comparison to Ref,
increased. alumina grains. Between the different tem-  andalusite samples (Fig. 10) showed se-
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Fig. 11 Crack deflection in andalusite
samples

grains during sintering and the following
volume expansion due to mullitisation were
responsible for this damage [13, 14].

With increasing number of thermal shocks,
the crack network extended especially inter-
granular but also transgranular with crack
deflection (Fig. 11) inside of andalusite
grains.

After 10 thermal shock cycles between
1000 °C—400 °C the andalusite (A) micro-
structure showed more cracks than the
samples between 1400 °C-800 °C. The
evolution of Young's modulus is confirming

length increased. The cracks continued to
be mainly intergranular. After 10 TS cycles
partially damage of the AZ aggregates could
be observed. AZ (1400-800 °C) exhibited
distinct long cracks through the samples
(>10 mm) but less density of microcracks.
The crack path (Fig. 14) inside the aggre-
gate is mainly along the weakened precipi-
tated Zr0,/Al0, phase. Inside the pure Al,O,
phase, crack bridging could be observed.

In contrast to the Ref samples AZ samples
exhibited a high level of retained strength
after thermal shocks between 1400 °C and
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Fig. 12 Young’s modulus and retained MOR after 1 and 10 thermal shocks

2 g

Fig. 13 AZ samples after zero and 10 thermal shocks

Fig. 14 Crack path in AZ aggregate mainly
in Zr0,-rich phase

vere damage at the level of the mullitizised
andalusite grains and the matrix. The ther-
mal expansion mismatch of the andalusite
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this statement. The higher level of tempera-
ture difference exhibited a lower loss. In
contrast to this, the bending strength evo-
lution showed no difference between both
temperature levels. The andalusite material
showed the same strength after the thermal
shock cycles. Ref (1400 — 800 °C) exhibit
a high loss in strength with ca. 70 % after
10 thermal shocks.

AZ samples (Fig. 13) showed cracks and
a partially debonding after the sintering.
The cracks were short (200 — 600 pm) and
intergranular. With increasing thermal shock
cycles the number of cracks and the crack

10 CYCLES
1400 - 800°C
1400600 C

800 °C (Fig. 15). After the lower level ther-
mal shock, Ref and AZ showed the same
strength evolution. This did not correspond
to the higher crack density in the AZ sam-
ples.

The AZS samples (Fig. 16—17) showed po-
rous AZS grains. The amorphous silica dif-
fused into the matrix leaving the porous
grain and partially changed matrix compos-
ition around the aggregates. The expected
CA6 formation could not be observed. A
microporous structure with tabular alu-
mina, pores and local silica-rich phases
was found. After 10 thermal shock cycles

refractories WORLDFORUM 8 (2016) [2]
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Fig. 16 AZS samples after zero and 10 thermal shocks

both temperature levels exhibited enlarged
cracks in length (several millimetres) and
width (up to 15 pm). The cracks partially
stopped in AZS grains and pores.

After thermal shock treatment AZS mater-
ial showed relatively high strength values
(Fig. 18). The porous aggregates and the
microporous matrix could function as crack
stopper reducing the stresses. Both mech-
anisms are active at the crack tip. The ther-
mal shock between 1400 — 800 °C was
more severe than the thermal shock be-
tween 1000 — 400 °C. The samples for both

thermal shock types showed after 10 ther-
mal shock cycles a stabilization decreasing
strength.

4 Conclusions

The tests in the new high temperature
thermal shock furnace showed the impor-
tance of realistic thermal shock conditions.
Not only was the temperature difference
important but also the temperature level.
With the application of functional aggre-
gates, the influence of these thermal shock
conditions on the elastic and thermome-

LB

Fig. 17 AZS microstructure after 10 ther-
mal shock cycles
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Fig. 18 Young's modulus and retained MOR after 0, 1 and 10 thermal shocks respectively, for Ref and AZS after high-temperature thermal shock
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chanical properties was examined under
different thermal shock conditions, corre-
lated to the microstructure and compared
to testing methods according to DIN EN
993-11. Eutectic and andalusite aggregates
with a grain size of 2,24 — 3,00 mm had
a strong impact on the initial elastic and
thermomechanical properties of the low
cement castables [15—17]. Responsible for
this, were thermal expansion coefficient
mismatches [18], ZrO, transformation and
the resulting generation of microcracks.
The addition of smaller aggregates e.g.
0,2-0,6 mm exhibited a decreased crack
density and higher strength values [19].
Inducing thermal shock by quenching ac-
cording to Hasselman [3], critical tempera-
ture differences (AT ) could be identified for
Ref and A. After selecting AT = 600 K, this
temperature difference was chosen for the
new high temperature thermal shock test.
The 2 different temperature levels (1000 —
400 °C and 1400 — 800 °C) showed the im-
portance of the selected level. Especially the
Ref material exhibited different thermome-
chanical properties after the high tempera-
ture thermal shock test. To validate these
results, the performance of 20 — 50 thermal
shock cycles is projected.

Toughening mechanisms were mainly micro-
crack formation and changes in the matrix.
Liquid phase bridges and crack bridging
could be observed. Since these mechanisms
occur very locally in the microstructure of
the examined samples, the energy consum-
ing effect [6] is considered rather small. To
further examine these effects, formulations
with larger grains were already designed
and produced but not tested yet.

The fracture energy and the calculation of
the crack density [20] is also an important
parameter for a better understanding of
the energy consumption by the different
mechanisms.
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