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Abstract

Novel alumina-based refractories were assessed with regard to their thermo-mechanical behavior from room tem-
perature to 1000 °C within the framework of the DFG SPP “FIRE” program. These refractories are being developed
for use in slide gates or entry nozzles. Their elastic behavior was investigated with the impulse excitation technique.
Wedge splitting tests were used to determine their fracture resistance behavior. The evaluated material characteristics
and thermal shock resistance were compared to those of a standard refractory material, permitting conclusions to be
drawn regarding the effect of the additives used (TiO2, ZrO2) on apparent elastic behavior, crack propagation and
thermal shock resistance.
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I. Introduction
Their high corrosion resistance in contact with steel/slag

has led to widespread use of alumina-based materials in re-
fractory applications. Such refractories with high alumi-
na content exhibit rather poor thermal shock resistance,
which is usually enhanced with the addition of carbon 1.
However, this also increases the materials’ thermal con-
ductivity and hence energy consumption in industrial pro-
cesses.

In the DFG Priority Program “FIRE”, new refracto-
ry ceramics are being developed with the aim of reduc-
ing the necessary carbon content while preserving excel-
lent thermal shock resistance. One of these is an alumina-
based composite doped with TiO2 and ZrO2 (abbreviated
AZT). The incorporation of small amounts of TiO2 and
ZrO2 led to an improvement of the thermal shock behav-
ior for these carbon-free materials 2. In fact, it is suggested
that the formation of new phases and the decomposition of
Al2TiO5 lead to thermal expansion mismatches and there-
by aid the formation of micro-crack networks 3, 4.

Since elastic modulus and fracture resistance are basic
properties needed to assess failure and to determine ther-
mal shock parameters 5, these parameters were studied at
room and elevated temperatures up to 1000 °C and com-
pared for AZT and pure alumina using impulse excitation
and wedge splitting, respectively. In order to explain the
observed rather complex behavior, complementary elevat-
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ed-temperature X-ray diffraction (XRD) investigations
were also performed.

II. Experimental

The investigated materials were produced at the TU
Freiberg. One is a pure alumina (A1) and the second a
95-wt.% alumina doped with 2.5 wt.% of both TiO2 and
ZrO2 (A1AZT). All materials were sintered at 1600 °C for
2 hours. The open porosity is 12.7 and 13.9 % for A1 and
A1AZT, respectively 6. The maximum grain size is 1 mm
for both materials with similar grain size distributions.
A detailed description of the production and microstruc-
tural images can be found in 7. The composition of the
raw materials is listed in Table 1. Aneziris et al. 4 investi-
gated the microstructure of a fine-grained AZT-material.
They derived a thermal expansion coefficient model based
on the different expansion coefficients of Al2O3-, ZrO2-
and TiO2-rich zones. The model suggests that a micro-
crack network forms during thermal cycling owing to the
large mismatches of the thermal expansion behavior of the
different zones dominated by the different oxides.

An impulse excitation technique was used to assess the
elastic behavior. Based on the resonant frequency of the
fundamental bending mode (ff), the apparent elastic mod-
ulus of bar-shaped specimens can be calculated following
ASTM E 1876 – 01 8:
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Table 1: Composition of A1 and A1AZT

Raw materials/Producer Particle size [mm] Composition [wt%]

A1 A1AZT

Alumina, T60 – 64/Almatis 1.0 – 0.5 13 12.35

0.6 – 0.2 10 9.50

0.5 – 0 10 9.50

0.2 – 0 25 23.75

0.045 – 0 12 11.40

0.020 – 0 10 9.50

Alumina, CT9FG/Almatis 0.007 – 0.002

Alumina, Martoxid/Martinswerk 0.0008 20 19

3.5 wt% Mg-PSZ/Saint Gobain d50 = 1.1 lm 2.50

Titania, Tronox T-R/Crenox d50 = 1.0 lm 2.50

where m is mass, L length, b width, t height and T1 a ge-
ometry correction factor. Measurements were conducted
using a commercial GrindoSonic set-up (Lemmens N.V.,
Belgium) from room temperature (RT) to 1000 °C. A bar
geometry of 45 × 14 × 6 mm³ was chosen, taking into ac-
count the limited space of the test set-up, while still ensur-
ing the required height/maximum grain size and length/
height ratio of > 5 7. Complementary powder XRD was
used to analyze the phase composition. The measure-
ments were performed using a D5000 X-ray diffractome-
ter (Siemens, Germany) from RT to 1000 °C.

Fig. 1a: Load-notch opening curve from a WST.

Wedge splitting tests (WST) were conducted to deter-
mine the crack resistance R and thermal shock parameter
R’’’’. The WST is a commonly used method to determine
the work of fracture (WOF) for brittle materials. With
this method, pre-notched samples of cubic or rectangu-
lar shape (cylindrical samples are also possible) are load-
ed by means of a wedge that is driven into the notch with
a constant displacement speed. When stable crack prop-
agation is reached for the whole splitting process, WOF
(and therefore R’’’’ values) and also R-curves can be cal-
culated from the horizontal load-displacement diagrams
(Fig. 1a; see also below for a more detailed explanation).
The experimental set-up is based on the method reported
by Tsechegg 9, 10 and was modified since small samples

were necessary for tests with in-situ observation in SEM,
which have been reported previously 6. Further informa-
tion on the microstructure and porosity as well as infor-
mation on impurities and micro-cracks can also be found
in this work.

The reduction of the specimen size permitted a high-
er number of tests since efforts for specimen prepara-
tion and experiment duration were reduced. The hori-
zontal displacement at RT was measured using displace-
ment transducers. To assess specimen geometry effects in
the current study, samples of 20 × 20 × 20 mm³ and 40 ×
40 × 20 mm³ were tested. High-temperature (HT, up to
1000 °C) experiments were performed in an Instron test-
ing machine. A long-distance microscope was used since
the notch opening at HT could not be measured direct-
ly, recording 30 images per minute (resolution 1.7 lm/pix-
el). The notch opening was determined from these images,
which were synchronized with the vertical force data. All
experiments were conducted using a vertically crosshead
speed of 25 lm/min. Either a metallic (RT, angle a of 40°)
or a ceramic wedge (HT, a of 20°) was used. The horizon-
tal force (FH) was calculated from the applied vertical force
(FV) with:

FH = μ · FV
2tan ( α

2 ) (2)

For the friction coefficient l, a value of 0.24 was used 6.
Fig. 1b illustrates schematically a WST set-up. Seven small
A1 and seven small A1AZT samples were tested at RT.
Additionally one A1 and one A1AZT with the geometry
40 × 40 × 20 mm³ were tested and one 20 × 20 × 20 mm³
sample at HT.

The crack resistance R was determined in order to gain
insight into the crack propagation behavior. It was calcu-
lated from the load-displacement curves by applying the
energy based concept after Bornhauser et al. 11. The crack
length was calculated using a compliance function derived
by Saxena and Hudak 12. The notch opening-vertical dis-
placement behavior was described by mathematical fits in
order to limit the effect of uncertainties of individual da-
ta points in the HT load-notch opening curves. For the
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increasing (elastic) part of the load displacement curve, a
linear fit was chosen. The decreasing (notch opening) part
could be described well with a logarithmic equation of the
form (a+b·ln(x+c)) (see Fig. 2a). The calculated load-notch
opening curve is shown in Fig. 2b.

Fig. 1b: Experimental set-up for WST at RT.

Fig. 2a: HT WST fit of notch opening.

Fig. 2b: HT WST load-notch opening curve.

The area under the curve in Fig. 1a is the dissipated energy
U. The work of fracture (cWOF) can be calculated via its
ratio in respect of the fracture surface areas (2A):

γWOF =
1

2A

∫ δH,max

0
FHdδH (3)

RT elastic modulus E and fracture strength rf data were
provided by TU Freiberg (Table 2) based on ultrasonic
run-time and three-point bending tests, respectively, per-
mitting finally a calculation of the thermal shock parame-
ter R’’’’:

R′′′′ =
γWOF · E

σ2
f

(4)

Table 2: Elastic moduli and fracture strengths used for the
calculation of R’’’’

A1 A1AZT

Elastic modulus/GPa 166 ± 2 68 ± 12

Fracture strength/MPa 88 ± 8 15 ± 1

III. Results and Discussion
The temperature dependences of the apparent elastic

moduli A1 and A1AZT are compared in Fig. 3. The mod-
ulus of A1 decreases linearly by ∼ 11 % with increasing
temperature from RT to 1000 °C (see Fig. 3a), which agrees
with the typical behavior of ceramic materials 13. For the
material A1, congruent curves were obtained for heating
and cooling. Contrary to this, A1AZT reveals in the first
heating cycle a strong modulus decrease of about 60 % up
to ∼ 500 °C, which was not observed anymore in reheating
experiments (see Fig. 3b). Repeated heating cycles were
carried out for the AZT materials and more curves and de-
tails are given in 6. In fact, this decrease was not observed
in four-point bending experiments, suggesting that the
effect might be a result of sample preparation. Decreases
of the modulus in a similar temperature range have been
associated in the past with dehydration effects or decom-
position of binders 14. Initial investigations suggest that
the glue used for sample preparation affected the measured
elastic properties for the current material remnants. This
glue decomposes completely at 550 °C.

Fig. 3a: Relative change of elastic modulus with temperature of A1.

At higher temperatures a strong hysteresis effect is ob-
served (that also occurred in reheating experiments), the
modulus increase starts at about 800 °C during heating and
the decrease during cooling starts at about 650 °C. XRD
investigations verified that this effect corresponds to the
occurrence of a ZrO2 phase transition (see Fig. 4). The
purely monoclinic ZrO2 phase that exists at low temper-
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ature completely transforms to a tetragonal phase at about
900 °C, which transforms back to the monoclinic phase
during cooling down below 500 °C. It might be expected
that such a phase transition would occur above 1000 °C,
but the incorporation of TiO2 in the ZrO2 lattice lowers
the transition temperature 15. Although no microstruc-
tural changes could be observed after the heating cycles,
the phase transition is accompanied by a volume change of
3 to 5 %, which might lead to debonding and damage, sim-
ilar to that reported for other refractory composites where
modulus effects were related to damage owing to thermal
expansion mismatch between grains and matrix 16. Sinter-
ing effects owing to exposure to the testing temperature
are not observed and are also not expected since the prepa-
ration of the materials involves a sintering step at 1600 °C.

Fig. 3b: Relative change of elastic modulus with temperature of
A1AZT.

Fig. 4: Excerpt of the XRD pattern of A1AZT.

For refractory ceramics it is preferred to have a rising
R-curve behavior, implying low crack initiation energies
but limited crack extension that avoids catastrophic fail-
ure. Pure alumina shows at RT a linear proportionality
of crack resistance and crack length (see Fig. 5). In fact,
the crack resistance of alumina has already been report-
ed in various studies 17, 18. It has been verified in 19 that
the main mechanism for a rising R-curve is a “wake zone
shielding” owing to specific microstructure-related phys-
ical contacts between rough fracture surfaces (large grains

in a matrix). It can be expected that crack resistance reach-
es a plateau value once the crack opening is large enough
such that the length of the contact zone remains constant.
Although previous investigations using a compact tension
set-up confirmed this plateau for A1 6, neither the small
nor the bigger sample used in the current study seem to be
sufficient to reach this plateau value, implying that there is
no equilibrium in fracture surface interaction even for the
sample with a length of 40 mm (see Fig. 5).

Fig. 5: Fracture resistance as a function of normalized crack depth
for A1 – 1600.

The RT R-curve of AZT (see Fig. 6) reveals a similar be-
havior as A1 at HT. The crack initiation energy is lower
than for A1 at RT but reaches higher values when the nor-
malized crack extends to a/W > 0.9. It has been verified in
previous works 6 using in-situ SEM wedge splitting exper-
iments that crack branching is the main shielding mecha-
nism for AZT.

Fig. 6: Fracture resistance as a function of normalized crack depth
for A1 – 1600 and A1AZT - 1600.

The alumina R-curve behavior was also studied at
1000 °C in order to investigate crack propagation closer to
service conditions. The elastic modulus used for calcula-
tion of the crack length was estimated to be 150 GPa (as-
suming a decrease of ∼ 1 % per 100 °C). R-curves obtained
experimentally along with the fitted notch openings are
shown in Fig. 7. The shape of the HT R-curve differs from
the one obtained at RT, which might be an indication of a
different crack propagation mechanism related to a larger
elevated-temperature ductility. However, the HT experi-
mental procedure still needs further refinement since the
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notch opening cannot be measured as accurately as at RT
and the friction correction is based on RT experiments.
The notch opening values obtained from the mathemati-
cal description might not be valid for the crack initiation
and/or low a/W, thus the beginning of the R-curve might
be inaccurate. Furthermore, for the HT measurements a
wedge with an angle of 20° was used, whereas a 40° wedge
was used at RT (the use of different wedge angles resulted
in different horizontal displacement speeds).

Fig. 7: Fracture resistance as a function of normalized crack depth
for A1 – 1600 at 1000 °C.

Finally, Table 3 summarizes the results for work of frac-
ture and R’’’’. A high R’’’’ value implies a higher damage
resistance and therefore indicates better thermal shock re-
sistance. No difference is observed for different sample ge-
ometries in the case of pure alumina, for samples with the
same relative notch depth. Previous results have shown
that the work of fracture decreases with increasing notch
depth for small AZT samples (20 × 20 × 20 mm³) in 6. Thus
a size effect is not negligible for the small samples. The
specimen geometry was not varied for AZT. At 1000 °C
the alumina work of fracture is lower than at RT (R’’’’ was
not calculated since rf data were not available at the time).
A1AZT yields lower work of fracture values and a higher
R’’’’, which indicates improved thermal shock behavior.

Table 3: Work of fracture and R’’’’ (size * 20 × 20 × 20 mm³
and ** 40 × 40 × 20 mm³)

A1 (RT)* A1 (RT)** A1 (1000 °C)* A1AZT (RT)*

WOF (N/m) 38 ± 4 36 21 27 ± 3

R’’’’ (mm) 0.8 ± 0.1 0.8 - 8 ± 1

IV. Conclusions
Thermo-mechanical properties of refractory materials

were measured at RT and elevated temperatures. Addition
of small amounts of ZrO2 and TiO2 led to large changes
in elastic modulus and thermal shock resistance. The ap-
parent dynamic elastic modulus for alumina decreased lin-
early with increasing temperature. The AZT materials ex-
hibited a complex temperature-dependent elastic modu-
lus behavior partly occurring along with an experimental-
ly confirmed ZrO2 phase transition, which might also af-
fect the thermal shock behavior.

The additives also led to different R-curve behavior com-
pared to pure alumina. The R-curves showed different
behavior at 1000 °C than at RT for pure alumina, which
might be related to the materials’ higher ductility. AZT re-
fractories are predicted to have an improved thermal shock
resistance compared to alumina based on RT data owing to
a different crack growth mechanism.

Experiments at higher temperatures are planned since
application temperatures for sliding gates and entry noz-
zles are significantly higher than the current test temper-
ature, which requires an improvement of the horizontal
displacement measurement accuracy. A determination of
R’’’’ parameters based on elevated-temperature fracture
stresses will be the focus of further work.
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