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Abstract
Understanding the mechanical fracture and the microstructural behavior of refractories subject to thermal shock

treatment is fundamental for the design of high-performance refractory materials. In recent decades, understanding
has been focused on mechanisms occurring at the crack tip, namely in advanced ceramics. The focus recently switched
to phenomena occurring in a different process zone of the crack, the wake region or following process zone. To
understand the mechanisms in this wake region, specific aggregates are used in a model castable formulation based
on tabular alumina, namely eutectic aggregates composed of Al2O3-ZrO2-SiO2 and Al2O3-ZrO2. The influence of
these aggregates on the elastic and thermo-mechanical properties as well as on the crack path and the fracture surface
is examined. This survey will put emphasis on the impact of each aggregate on the fracture surface and the crack path
after the model castable has undergone several thermal shock cycles.
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I. Introduction
Creating new surfaces is the first mechanism to consume

energy in fracture mechanics. The energy for crack prop-
agation is provided by the stored elastic energy. As far as
refractories are concerned, in recent years the examination
of the wake region behind the crack tip has been the fo-
cus of research activity. The well-known mechanisms like
crack branching and crack deflection occur at the crack tip.
But not only energy is consumed for creating new surfaces
but also through other physical effects which are located
behind the frontal process zone 1. Different studies on ris-
ing R-curves point out the relevance of those mechanisms.
The crack surface interaction in the wake region affects
with increasing length the shielding effect at the crack tip.
This results in an increase in macroscopic crack resistance
and a rising R-curve 2, 3.

The strengthening behind the frontal process zone de-
pends on different mechanisms. Different authors have de-
fined them as friction between aggregate and matrix, crack
bridging and bridging of liquid phases at higher temper-
atures. The effects related to aggregates depend on their
size, shape and own properties 4 – 6.

The effect of eutectic aggregates on the thermal shock re-
sistance was recently examined 7, 8. Increased fracture en-
ergy and thermal shock resistance, calculated by R’’’’, was
observed. Other authors have also examined the influence
of eutectic aggregates (Al2O3-ZrO2-SiO2) in order to in-
vestigate the special inner structure of those grains. The
zirconia phase transformation (tetragonal – monoclinic)
and the thermal expansion coefficient mismatch caused
micro-cracks thatinteracted with cracks resulting from
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thermal shock load. Observed transgranular and inter-
granular cracks resulted in pull-out effects as well as bridg-
ing mechanisms 9, 10. The use of andalusite, well known for
its good thermal shock resistance, in a model system with
glass showed interesting effects like debonding and mi-
crocrack generation depending on the thermal expansion
mismatch. The anisotropic behavior of andalusite and al-
so after mullite transformation at higher temperatures was
made responsible for the effects described 11, 12.

II. Experimental Procedure
As a reference castable, a standard LCC formulation was

used. The castable was composed of 82.5 mass% tabular
alumina aggregates, 12.5 mass% fine reactive alumina and
5 mass% calcium aluminate cement (Table 1). The sintered
Al2O3 raw material used was provided by Alteo and the
cement by Kerneos. From the reference formulation, the
granular fraction 2.24 – 3.0 mm of tabular alumina was sep-
arated by sieving, approximately 12.0 wt% of the mixture,
and replaced with the same amount of eutectic aggregates
Al2O3-ZrO2-SiO2 (AZS) and Al2O3-ZrO2 (AZ) or an-
dalusite (A). The AZS material was supplied by REFEL,
the AZ by Alteo and the andalusite by DAMREC.

The samples were cast as prismatic bars with the follow-
ing geometry: 160 mm ⋅ 40 mm ⋅ 40 mm. Each composition
was cast after mixing and then cured for 48 h at room tem-
perature in a humid environment and dried at 110 °C for
24 h. The samples were sintered for 6 h at 1500 °C with a
heating and cooling rate of 2 K/min. The elastic properties
were determined with a Resonant Frequency Damping
Analyzer (RFDA) according to ASTM C 1548 – 02 (2012).
The automatic impulse excitation measurement system
was fabricated by IMCE. Modulus of Rupture (MOR)
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was measured with an Instron Universal Testing Machine
after heat treatment and after 1,3,5,7 and 10 thermal shock
cycles according to DIN EN 993 – 6. Three samples were
measured for the thermal shock cycles and the averages
are presented. The thermal shock tests were performed ac-
cording to DIN EN 993 – 11 with quenching in air at a
temperature of 850 °C.

Table 1: Formulation of the reference castable.

Ref A AZ AZS

wt% wt% wt% wt%

CA Cement Secar71 5 5 5 5

Reactive
Alumina

PFR 12.5 12.5 12.5 12.5

Tabular
Alumina

0 – 0.045
mm

10 10 10 10

Tabular
Alumina

0 – 0.3
mm

10 10 10 10

Tabular
Alumina

0.2 – 0.6
mm

10 10 10 10

Tabular
Alumina

0.5 – 1
mm

17.5 17.5 17.5 17.5

Functional 2.24 – 3.0
mm

11.8 12.3 11.7

Tabular
Alumina

1 – 3 mm 35 23.2 22.7 23.3

Total 100 100 100 100

Water H20 5 5 5 5

Deflocculant FS40 0.15 0.15 0.15 0.15

Retarder Citric
acid

0.03 0.03 0.03 0.03

III. Results and Discussion
This examination was conducted to get an impression of

the mechanisms of crack formation and crack propagation
after a defined thermal shock with different types of aggre-
gates. The elastic properties and modulus of rupture, the
fracture surfaces and polished micro sections were consid-
ered in the mentioned order.

As documented 13, the use of functional aggregates re-
duced the modulus of rupture (MOR) and the Young’s
modulus after sintering because of microstructural effects.

Addition of A and AZ aggregates reduced the initial val-
ues of the Young’s modulus. The tested formulation based
on eutectic and andalusite aggregates showed the same
trend of evolution of the Young’s modulus after the dif-
ferent thermal shock cycles (Fig. 1). The reference castable
exhibits a very high retained value of Young’s modulus.
After the strong impact of the first three thermal shock
cycles with a decrease between 25 % and 54 %, the val-
ues dropped for the next seven thermal shock cycles only
slightly by around 10 – 15 % (Table 2).

Table 2: Residual Young’s modulus after 1, 3, 6, 10 thermal
shocks.

Residual Young’s modulus in [%]

1.TS 3. TS 6. TS 10. TS

A 63.9 46.1 35.7 29.3

AZ 74.0 57.2 45.8 39.1

AZS 78.5 60.5 53.5 45.8

Ref 90.9 78.6 75.1 67.5

Fig. 1 : Evolution of Young’s modulus after different thermal shock
cycles.

For the modulus of rupture (Fig. 2) results, two groups of
castables could be distinguished: castables AZ and A ex-
hibit the highest values after the whole series of thermal
shock cycles. AZS and Ref exhibited very high initial val-
ues with a considerable depletion of mechanical strength
after ten thermal shock cycles. As for the Young’s mod-
ulus, all castables showed a strong depletion during the
first three thermal shock cycles. Afterwards, the values of
the modulus of rupture remained almost on the same con-
stant level. The slight increase of the values after some ther-
mal shocks could be explained by statistical deviation from
samples.

Fig. 2 : Residual Modulus of Rupture after different thermal shock
cycles.
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The fracture surfaces after the three-point bending test
showed interesting features. The castable with andalusite
aggregates transformed into mullite (Fig. 3), revealed a
brittle transgranular fracture with large cracks between the
aggregates and the matrix as well as small cracks inside the
aggregates. In contrast to this, the AZ aggregates remain
in their original shape, as shown in Fig. 4. Debonding be-
tween aggregate and matrix was observed for most of the
samples regardless of the count of thermal cycles, even af-
ter firing. Friction between the aggregates and the matrix
is a possible phenomenon. The samples were still coherent
even after catastrophic failure.

Fig. 3 : Castable A after 1 thermal shock cycle (fracture surface).

Fig. 4 : Castable AZ after 1 thermal shock cycle (fracture surface).

Fig. 5 : Castable AZS after 1 thermal shock cycle (fracture surface).

Fig. 6 : Castable Ref after 1 thermal shock cycle (fracture surface).

Fig. 5 represents the fracture surface of a AZS sample af-
ter the bending strength test. The back-scattered detection
picture on the left side (Fig. 5) showed a brittle fracture sur-
face. The amorphous SiO2 phase left the aggregate, leav-
ing a very porous grain after sintering. The rough surface
is clearly seen in Fig. 6.

The polycrystalline tabular alumina grain showed a brit-
tle fracture surface, as shown in Fig. 6. No debonding was
observed between aggregates and matrix.

In case of andalusite-based castables, the matrix and the
aggregates showed a considerable density of progressively
propagating trans- and intergranular cracks. During sin-
tering the andalusite transformed almost completely in-
to mullite associated with the irreversible expansion above
1280 °C 11, 12. This transformation and the thermal shock
experiments induced a dense microcrack network inside
the aggregates (Fig. 7). Large cracks also expand from the
center to the grain boundaries. At these boundaries, the
grain partially debonded from the matrix. This debonding
and the number of cracks are responsible for the low elas-
tic and mechanical properties.

Fig. 7 : Castable A microstructure after 10 thermal shocks.

In addition to this, a needle-like-shaped structure was
developed at the interface between aggregate and matrix
(Fig. 8). Those needles were constituted mainly of alumi-
na. Some cracks were also deflected by needles embedded
in the mullite aggregate.
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Fig. 8 : Castable A after 5 thermal shocks.

AZ-based castables showed a lesser dense crack network
than in andalusite sample. After firing, debonding of the
AZ and some severe microcracking within the tabular alu-
mina aggregates were observed (Fig. 9), resulting in low
elastic properties and strength values.

Fig. 9 : Overview of AZ after firing.

After one thermal shock, some AZ aggregates exhibited
some severe internal cracking (Fig. 10) caused by the phase
transformation of ZrO2 during firing or by the first ther-
mal shock cycle. This effect was, however, not observed
in all samples. Indeed, even after ten thermal shock cycles,
some aggregates did not show any crack formation.

Fig. 10 : Castable AZ after 1 thermal shock cycle.

The amorphous SiO2 of the eutectic AZS aggregates re-
acted during sintering with the alumina and calcium alu-
minate phases of the matrix leading to the formation of
a very porous microstructure (Fig. 11). Microcracking in
the Al2O3 matrix of the aggregate appeared after transfor-
mation of the ZrO2 phase during sintering. The porous
aggregates acted as structural elements preventing crack
propagation. Strong stresses induced severe cracking in-
side the aggregates after ten thermal shock cycles.

Fig. 11 : Castable AZS aggregate after 10 thermal shock cycles.

Large isolated cracks can also be observed within the mi-
crostructure of AZS sample (Fig. 12). These cracks are in-
tergranular in sections with small grains and transgranular
in sections with large grains. Transgranular crack forma-
tion could only be detected after ten thermal shock cycles.
The microstructure after sintering was free of cracks.

Fig. 12 : Overview of AZS after 10 thermal shocks.

The reference castable (Ref), as shown in Fig. 13, exhib-
ited almost no damage after the first thermal shock. With
increased number of cycles some damage occurred in the
microstructure, notably intergranular cracks propagating
along alumina aggregates and cracks inside the aggregates
(Fig. 14). The low crack density in the microstructure of
the castable can explain the high retained Young’s modu-
lus after ten thermal shocks.
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Fig. 13 : Overview Ref after 3 thermal shocks.

Fig. 14 : Cracks in Ref after 10 thermal shocks.

IV. Conclusions
The addition of eutectic and andalusite aggregates with

a grain size of 2.24 – 3.00 mm had a strong impact on the
elastic and thermo-mechanical properties of high-alumina
castables. The following aspects could be evaluated:

All four castables showed the same trend of stiffness evo-
lution after each thermal shock cycle. The values of the
retained Young’s modulus for the Ref castable were dis-
tinctly higher than those of the formulations with eutectic
and andalusite aggregate addition. Two groups of materials
could be distinguished: Ref + AZS with a drastic decrease
of toughness from a very high initial value. The A + AZ
formulation started with a low initial modulus of rupture
value but the depletion was not so strong after the thermal
shock cycles 13.

The addition of A resulted in mullite aggregate forma-
tion after sintering. The grain developed at parts of the
grain boundaries a transition zone of pores and needle-like
structures. With increasing number of thermal shock cy-
cles the damage inside the grains and the matrix became
more severe and is responsible for the low residual val-
ues of Young’s modulus (around 30 % for A and 40 %
AZ). AZ aggregates resulted also in a strong decrease of
the Young’s modulus. The debonding caused by the ther-
mal expansion mismatch could also explain the low me-
chanical and elastic values for this formulation. The ther-
mal shocks and the crack generation combined with pre-

formed cracks after sintering resulted in pull-out effects.
The high retained strength after several thermal shock cy-
cles was an effect of the lower amount of stored elastic en-
ergy which is proportional to r²/E 1.

The tested Ref and AZS showed the same toughness and
stiffness after sintering. After three-point bending tests,
both castables showed a brittle fracture surface. The rough
surface of the AZS aggregates was induced through the
porous structure after the amorphous SiO2 infiltrated the
matrix during sintering. The distribution of the pores in-
side the aggregates is random and therefore the fracture
area, too. The crack path changed with increased num-
ber of thermal shock cycles from intergranular cracks to a
combination of inter – and transgranular cracks. This cor-
responded to the around 55 % lower values for the elastic
modulus and strength.

For further explanations, the focus will be on the crack
bridging and friction between aggregates and matrix and
their effect on R-curves. The fracture energy is also an im-
portant parameter for better understanding of the energy
consumption by the different mechanisms. The extension
of Hasselman’s thermal shock theory 14, 15 showed clear-
ly the influence of crack interaction in the microstructure,
fracture energy and R-curves. In addition to the use of ag-
gregates of different nature, the impact of the exchange of
aggregates of the granular fractions 0.2 – 0.6 mm will be
examined. Finally, the thermal shock test results will be
compared with a new high temperature thermal shock test
where the samples are shocked between two high temper-
atures (e.g. between 1600 °C and 750 °C) with the same DT.
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