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Abstract
Owing to their high refractoriness and slag resistance, high-alumina refractories are widely used in the lining of

steelmaking furnaces, glass furnaces and cement rotary kilns in high-temperature industries. The impurities in the
raw materials react to form the glass phase, which can melt into liquid at high temperatures. The modulus of rupture
of refractories depends intensively on the content and composition of the glass phase. In this work, the cold and hot
modulus of rupture for high-alumina bricks were investigated by means of fitting based on different theories. The
effect of the glass phase on the modulus of rupture was analyzed by combining the phase composition, morphology
of fracture surfaces and porosity for high-alumina refractories.
Keywords: Modulus of rupture, high-alumina refractories, glass phase

I. Introduction
High-alumina refractories are defined as those contain-

ing more than 45 % alumina (Al2O3) 1. According to their
alumina content, high-alumina bricks are subdivided into
three categories as class A (45 – 65 %), B (65 – 75 %) and C
(> 75 %) 2. Because of their high refractoriness and slag re-
sistance, high-alumina refractories are widely used in the
lining of steelmaking furnaces, glass furnaces and cement
rotary kilns. Various raw materials, including calcined
bauxite, the sillimanite group of minerals (andalusite, silli-
manite and kyanite), fused and sintered corundum as well
as mullite, are used to produce high-alumina bricks 3, 4. In
order to replace expensive alumina, high-alumina prod-
ucts made from bauxite chamotte are manufactured on
tonnage scale in Chinese refractory enterprises. For exam-
ple, high-alumina bricks with 70 % alumina might contain
a bauxite aggregate (about 90 % alumina) and various clay
minerals containing less than 45 % Al2O3. This class of
bricks is usually fired to relatively low temperatures to
prevent excessive expansion, which leads to deviation in
the final sizes.

The raw materials and their associated impurities impact
on the quality and service life of any class of high-alumina
bricks. For refractories, the phase equilibrium based on the
overall composition is hardly reached. Generally, the fired
high-alumina bricks consist of mullite and corundum, sili-
ca and glass phase 5. The raw materials contain amounts of
alkalis (Na2O and K2O), iron oxide (Fe2O3), and titania
(TiO2) 6. The above-mentioned impurities react with alu-
mina and silica to form glass phase, which forms the liquid
phase at high temperatures.

Modulus of rupture at elevated temperatures is a criteri-
on to evaluate the strength of refractories in service. The
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cold and hot modulus of rupture (CMOR and HMOR) of
high-alumina refractories were studied based on compar-
ison of the grain size of mullite and the retained strength
after quench cycles 7, 8. Stress-strain curves, elastic modu-
lus and modulus of rupture of high-alumina bricks were
investigated 9. Regarding raw materials with the limited
amounts of impurities, the quantity of glass phase in high-
alumina ceramics has been determined as ranging from 10
to 15 % 10. The presence of a considerable content of glass
phase has a great influence on the evolution of phase, mi-
crostructure and mechanical properties 11 – 13. Because the
glass phase is unstable during service, it was found to be
difficult to predict the mechanical properties of refracto-
ries at elevated temperatures, especially the correlation be-
tween the modulus of rupture and temperature, which was
significant for the development of long-life refractories.
However, further studies are required.

The aim of the present work is to evaluate the effect of
the glass phase on the modulus of rupture of high-alumi-
na refractories. For this purpose, the chemical and phase
composition, porosity, cold and hot modulus of rupture
of high-alumina refractories were characterized. In order
to understand the interaction between the glass phase and
corundum, thermodynamic calculations were performed.
The fractal dimensions of fracture surface of high-alumina
refractories were analyzed.

II. Experimental Procedure
One typical type of high-alumina bricks produced by

a domestic enterprise was selected. The chemical com-
positions of the overall, crystalline and glass phase were
measured by means of inductively coupled plasma atomic
emission spectroscopy (ICP-AES, IRIS Advantage ER/S,
Thermo Elemental, USA) following GB/T 6900 – 2006
and the acid leaching method reported in 14.
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High-alumina bricks were cut into several samples in the
size of 25 mm × 25 mm × 150 mm. The surfaces of sam-
ples were polished. CMOR and HMOR at 1000 – 1400 °C
for the bar samples were tested with a tester made by Lu-
oyang Precondar Instruments Co. Ltd according to GB/T
3001 – 2007 and 3002 – 2004 standards. The average value
of five samples was used to determine values for different
temperatures. The apparent porosity of samples was eval-
uated with the Archimedes technique (GB/T 2997 – 2000).
Closed porosity of samples was calculated based on the
true density measured by using pycnometer (AccuPyc
1330, Micromeritics, USA).

The phase composition of the castables was analyzed by
means of X-ray diffraction with CuKa radiation (XRD,
Philips, X’pert Pro MPD, Netherlands). XRD results
were quantitatively evaluated by means of the RIR method
(MDI Jade 6.0, USA). The photos of whole fracture sur-
faces were taken with a digital camera. The fractal dimen-
sion of fracture surfaces was estimated with the slit island
method. The photos were converted to grayscale images
based on a certain threshold. The white-colored area in
grayscale images was considered the “island”. The area
A and the perimeter P of each “island” were determined
with Image-Pro Plus 6.0 software. The fractal dimension
D was calculated based on a rectilinear slope of (D-1)/2 in
the logP-logA scale curve 15.

The phase equilibrium calculations for the glass phase
were performed with the FactSage software (version 6.2).
The interactions between the glass phase and corundum
were modeled from 1000 to 1400 °C with the addition of
corundum (x) to the glass phase (1-x).

III. Results and Discussions
The chemical compositions of high-alumina bricks in-

cludingoverall, crystallinephaseandglassphaseareshown
in Table 1. Mullite is the only stable intermediate phase
with 71.6 wt% Al2O3 according to the Al2O3-SiO2 dia-
gram 16. The equilibrium state was not reached particu-
larly in the fired refractory. The Al2O3/SiO2 ratio of 1.83
for the overall composition indicated that there was excess
alumina in the bricks compared to the stoichiometric mul-
lite. The amount of glass phase in high-alumina bricks was
13.03 wt%, which was close to the value for high-alumi-
na refractories based on kaolin 17. The impurities except
Fe2O3 in the glass phase were somewhat higher than in
the overall bricks. The lowest solidus line temperature in
a six-component Al2O3-SiO2-TiO2-Fe2O3-CaO-MgO
system was less than 1130 °C 18, which demonstrated that

the glass phase in the bricks would melt into liquid at high
temperatures. Regarding the acid-insoluble residue as the
crystalline phase, the major phases were considered to be
corundum and mullite on account of high Al2O3/SiO2
ratio of 2.65.

Fig. 1: Thermodynamic simulations of the glass phase obtained by
means of chemical analysis.

The chemical composition of the glass phase presented
in Table 1 was used as input values for the thermodynam-
ic calculations to predict the phase composition at high
temperatures, as shown in Fig. 1. Minor phases such as
CaAl2Si2O8, MgTi2O5 and Al2TiO5 only existed below
1200 °C. The content of liquid drastically increased above
1280 °C, meanwhile silica and leucite (KAlSiO4) com-
pletely dissolved into the liquid. At 1400 °C, the equilibri-
um phases included 82.6 % liquid and 17.4 % mullite with
regard to the glass composition. Similarly, it was reported
that the fired porcelain comprised 10 – 25 % mullite and
65 – 80 % potassium aluminosilicate glass 19. In compli-
ance with the glass formation boundary concept 20, non-
equilibrium conditions for the porcelain could be estimat-
ed based on leucite-mullite-silica phase diagram. Owing
to the limitation of the solubility of alumina in the glass,
excess alumina takes part in the mullite formation. For
the glass composition obtained by chemical analysis, the
composition of liquid phase shifted to the glass formation
boundary with the temperature, which demonstrated that
the liquid phase could be solidified as the glassy phase af-
ter cooling. In spite of the inhomogeneity for refractories,
the above-mentioned analysis was of great value for eval-
uating the glass phase in refractories.

Table 1: Chemical composition of high-alumina bricks (overall, crystalline phase and glass phase) measured with the acid-
etched method and ICP

Chemical composition (wt%)

SiO2 Al2O3 Fe2O3 CaO MgO K2O Na2O TiO2

Al2O3/
SiO2

Mass
fraction
(wt%)

Overall 22.27 69.25 2.20 0.47 0.46 0.54 0.10 2.98 1.83 100

Crystalline
phase 17.01 76.65 2.37 0.32 0.43 0.04 0.08 2.69 2.65 86.97

Glass phase 64.17 22.21 1.19 1.65 0.74 4.33 0.22 5.50 0.20 13.03
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Fig. 2: Predicted phase content ((a) liquid and (b) mullite) on the
interface between glass and corundum by means of thermodynamic
simulations.

The transport and diffusion in the liquid were quicker
at high temperatures. Therefore, the interaction between
corundum and glass should be considered. The predicted
equilibrium compositions (only selected liquid and mul-
lite) on the interface of glass in contact with corundum
are shown in Fig. 2. The left side (x = 0) and right side
(x = 1) were regarded as the glass phase (taken from Ta-
ble 1) and corundum respectively. It can be seen that the
prominent reaction occurred at the interface of glass and
corundum. Liquid gradually penetrated into the corun-
dum side with the temperature (Fig. 2(a)). High amounts
of mullite formed at the interface region, and the mullite
content on the interface-near corundum side was almost
independent of the temperature (Fig. 2(b)). For the local-
ized composition, mullite was formed in situ at the expense
of the liquid and corundum, which bonded with each other
to obtain a mullitic binder matrix 21. The variation of mul-
lite and corundum content in high-alumina refractories af-
ter modulus of rupture tests at different temperatures was
evaluated with the reference intensity ratio (RIR) method
based on XRD patterns as seen in Fig. 3. The corundum
content dropped off as the result of the increase of mullite
content with the test temperatures, which differed from
the trend presented in Fig. 2(b). Thus, the phase evolution
for refractories was controlled by kinetic rather than ther-
modynamic factors. Owing to the sintering and pores fill-

ing with liquid, the total porosity as well as closed porosi-
ty of high-alumina refractories generally dropped with the
test temperatures from Fig. 4, which was evident of the ef-
fect of glass phase on the densification 22.

The hot modulus of rupture for the refractory castables
has been described using the models based on the Varshni
and Adam-Gibbs theories for different temperatures 23. In
Varshni theory (VT) model, HMOR (r) is given by the
following formula:

σ=A –
B

exp(C/T) – 1 (1)

where T is the thermodynamic temperature, A, B and C
are parameters.

In the Adam-Gibbs (AG) theory, HMOR (r) is assumed
to be proportional to viscosity at high temperature. The
equation can be written as:

lnσ=A’ +
B’

Tln(T/C’) (2)

where T is the thermodynamic temperature, A’, B’ and C’
are parameters.

Fig. 3: The contents of mullite and corundum in high-alumina
refractories after modulus of rupture tests at different temperatures.

Fig. 4: The porosity of high-alumina refractories after modulus of
rupture tests at different temperatures.
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Fig. 5 illustrates the hot modulus of rupture values for
high-alumina refractories, in which the lines indicate the
calculated data. The mechanical behavior of high-alumina
bricks at elevated temperatures may be divided into three
stages: elastic, plastic and viscous flow stages 9. HMOR
values dropped with the increase in the test temperatures,
which indicated that the contribution of the mullite forma-
tion and densification to the strength was limited. Changes
of HMOR at different temperature ranges presented the
distinct trends. For instance, the decline in the HMOR was
12.3 MPa from 1000 °C to 1250 °C, while it was 4.1 MPa
from 1250 °C to 1400 °C corresponding to the viscous flow
stage. However, the HMOR above 1250 °C fell to the lev-
el of less than 7 MPa, which was only 1/3 of the value at
1000 °C. The phenomenon could be attributable to the in-
crease in liquid content above 1280 °C and bridging of liq-
uid phases at high temperatures 24.

Fig. 5: Comparison of measured and predicted hot modulus of
rupture (HMOR) values.

The temperature dependence of HMOR was fitted
with the VT and AG models for the temperature be-
low and above 1250 °C respectively. The fitted param-
eters are listed in Table 2. Considering the weakening
of bonds in front of the crack tip 25, the temperature
(T0 MPa) corresponding to zero strength based on VT
model was 1346.7 °C, which was higher than that of
castables (1279 – 1300 °C) 23. High-alumina bricks were
superior to cement-bonded castables with regard to this
aspect. The transition of fracture mechanism as a result
of the glass phase was shown at high temperatures. Ow-
ing to the viscous bridging in the following wake region,
HMOR values would not reach zero at T0 MPa in practice.
HMOR at 1600 °C (r1600°C) calculated based on extrap-
olation according to measured data was little more than
that of no-cement castables 23. However, the degradation
of high-alumina bricks depended on various factors in-
cluding physical, chemical and mechanical. The impuri-
ties especially Fe2O3 and TiO2 resulted in an increase of
glass phase and a decrease of its viscosity at high tem-
peratures, which could speed up creep of refractories 26.
Titanium-bearing slag with high alkali content severely
attacked high-alumina bricks 27. So this type of high-alu-
mina bricks with high impurity level did not satisfy the

rigorous requirements for some specific applications such
as hot blast stove and glass tank furnace. The glass phase
was deduced as the key factor of service life for refracto-
ries at high temperatures.

Table 2: The fitted parameters of VT and AG model and
the predicted values (the temperature at which HMOR
equals zero, T0 MPa and HMOR at 1600 °C, r1600°C).

VT model AG model

A (MPa) 23.52 A’ (MPa) -7.22

B (MPa) 38793.51 B’ (MPa) 10000

C (MPa) 12000 C’ (MPa) 1000

T0 MPa (°C) 1346.7 r1600°C
(MPa) 1.29

Irregular fracture surfaces could be characterized by us-
ing the fractal dimension based on self-similarity 28. The
correlation between fractal dimension and mechanical
properties depended on the microstructure and phase of
the materials 29, 30. The comparison of fractal dimension
and modulus of rupture indicated that variation of frac-
ture behavior was not straightforward as shown in Fig. 6.
Although HMOR at 1000 °C was higher than CMOR as
the consequence of the reaction and sintering, the fractal
dimension for high-alumina bricks was proportional to
the flexural strength in the temperature regions of room
temperature (RT)-1000 °C and 1050 °C – 1150 °C. On the
contrary, the fractal dimension increased with the further
decline of HMOR at the temperature above 1150 °C. It
could be taken into account that pullout mechanism be-
came more and more dominant for high-alumina bricks at
high temperatures owing to the glass softening and liquid
flow.

Fig. 6 : The variation of fractal dimension and modulus of rupture
(MOR) for high-alumina refractories with the temperature.

IV. Conclusions
The glass phase has a significant influence on the hot

modulus of rupture of high-alumina refractories. The
porosity of high-alumina bricks after calcining at high
temperatures decreased owing to the liquid phase sinter-
ing and the mullite formation. The modulus of rupture
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of high-alumina refractories at 1000 °C was higher than
that at room temperature. HMOR gradually decreased
with the elevated temperature and fell off especially above
1250 °C because of the melting and viscous flow of the
glass phase. The measured data of HMOR have been de-
scribed by Varshni theory in the temperature range from
1000 °C to 1250 °C and by Adam-Gibbs theory above
1250 °C. Moreover, HMOR at higher temperatures could
be predicted based on the latter model. Fracture surfaces
in high-alumina refractories exhibit fractal characteristics
over the range of the scales. The variation of HMOR with
the temperature (above 1150 °C) is inversely proportion-
al to the fractal dimension, which demonstrated that the
degradation of refractories was accelerated by the glass
phase.
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