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ABSTRACT
The compressive creep of a typical 50% α-/50% β-alumina fusion-

cast refractory block was examined. Test temperatures (1450-1650ºC)
were chosen to correspond to those typical of service conditions.
Relatively high compressive test stresses (0.6 and 1.0 MPa compared
to 0.2-0.4 MPa which is typical of service) were chosen to promote
extensive deformation and to provide for more accurate creep strain
measurements. It was found that the measured creep strain respons-
es in this alumina were a sum of (contracting) compressive creep
strain and expansive strain attributed to time and temperature
dependent microcracking. Long term, isothermal expansion tests con-
ducted in parallel allowed for the deconvolution of the compressive
creep and expansive strains present in the measured creep strain. The
analysis shows that in spite of complications associated with conflict-
ing expansion and contraction effects, classical creep analysis may be
applied to this alumina refractory provided the strains associated with
the non-steady-state mechanism are considered.

INTRODUCTION
Tighter environmental standards and cost constraints have driven many

industrial glass plants to consider converting older, conventional air-fuel
fired furnaces to oxy-fuel firing, or are building new oxy-fuel fired fur-
naces. Consequently oxy-fuel technology has become the primary tech-
nology of interest to the glass industry as it promises not only pollution
abatement, but also increased glass pull effectiveness and capital cost sav-
ings1.

Yet, the new internal furnace environment produced by oxy-fuel firing
creates many problems with refractory life that were not previously
encountered with conventional firing involving air and natural gas.
Furnaces employing oxy-fuel firing have increased potential for corrosion
and “rat holing” along with deterioration of traditionally used convention-
al silica crown refractories2, 3. Also, more intense alkali attack occurs under
this environment as water vapor reacts with alkali from the glass melt and
batch to form hydroxide vapors resulting in a significant increase in the
concentration of volatiles in the furnace2.

Therefore, alternatives to silica-based refractories have been considered
for superstructure applications. Fusion-cast alumina (FCA) is one such
alternate, but little data exists regarding the characterization of this refrac-
tory material. Therefore, there is a need to generate the data essential to
both engineering design and performance predictions. The present study
attempts to relate the compressive creep behavior of FCA refractory
blocks to their respective microstructure as a function of stress and tem-
perature. However, the non-classical creep behavior observed for these
50% α-/50% β-alumina fusion-cast refractories warranted that a non-tradi-
tional creep analysis technique be employed to interpret the observations.
This paper reports the compressive creep results obtained from the testing

of characteristic bulk samples of FCA and addresses the underlying phe-
nomena believed to be causing the unusual behavior.

BACKGROUND
FCA refractories are formed by melting the batch materials in an elec-

tric-arc furnace and then casting in steel or graphite molds. After a shell
has solidified forming the exterior of the casting, the blocks (with a still
molten core) are removed from their molds and placed in bins surrounded
by alumina annealing powder where they are allowed to cool. Complete
cooling can take several weeks to months depending on the casting size.
The nature of the solidification process promotes the variable microstruc-
ture that is characteristic of fusion-cast refractory.  Similar to metallic cast-
ings, a zone of columnar grains oriented in the direction of cooling (heat
flow) on the exterior of the block surrounds a more homogeneous and
equiaxed interior4. This varying microstructure leads to local differences in
physical properties such as thermal conductivity, elastic modulus and
creep resistance within a casting. These effects are discussed in greater
detail elsewhere5.

These refractories are well suited for glass contact exposure since the β-
alumina (Na2O•11Al2O3) crystals are dispersed in size and continuity by
α-alumina crystals creating a dense structure with a large average crystal
size of several hundred microns6. Additionally, these blocks typically pos-
sess a low level of porosity (<2%) and a high density (≈3.5g/cm3)6. The lit-
erature also reports low intergranular glass contents of less than 1.8 wt%
and low levels of impurities (<1 wt% of Fe2O3 and TiO2) coming prima-
rily from processing conditions6. Collectively, these properties make
fusion-cast alumina highly attractive as a structural material in glass fur-
nace crowns and superstructures as the large grain size and low porosity
promote excellent creep resistance.

Since these materials are expected to perform satisfactorily at extremely
high temperatures (in excess of 1600ºC for many cases), testing must be
performed at equivalent temperatures to be meaningful. Additionally, the
measured strains during testing are very small because the representative
service stresses are low. Therefore, extremely sensitive methods must be
employed to experimentally measure those small strains. Furthermore,
chemical compatibility between the specimen and text fixture material can
become an issue at high test temperatures. Previous testing has shown that
standard SiC push-rods react with FCA test specimens when subjected to
elevated temperatures. Such reactions alter the test specimen and compro-
mise the validity and accuracy of the resulting creep data.

Analysis of the creep deformation in this material initiated with assum-
ing applicability of classical creep theory as defined by the Norton-Bailey-
Arrhenius (NBA) equation is shown below.  

(1)
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where: ε
•

= strain rate (h-1)
A = constant
σ  = stress (Pa)
n  = stress exponent
Q = activation energy (J/mol)
R = gas constant (8.314 J/(mol * K))
T = temperature (K)

When creep deformation is well-represented by this theory, an exten-
sive, secondary creep regime will exist from which a steady-state creep
rate can be determined. This form of creep will be termed “classical”,
while deformation which deviates from this creep representation is termed
“non-classical” in this study. Examples of refractory materials that creep
“classically” at stresses typical of service include CaO/SiO2-containing
MgO refractories, mullite refractories, and fused silica refractories7. Other
refractory materials, such as conventional sintered silica, have been shown
to follow “non-classical” creep deformation trends7.

Both “classical and “non-classical” behavior can be represented by
Equation 2. It simply states that the measured strain is a sum of all strain
activity occurring during testing. In the case of the results discussed in this
paper, it was observed that the measured strain was a combination of actu-
al negative creep strain associated with the material being in equilibrium
and the contraction in response to the applied compressive stress (εcreep)
along with a positive strain component (represented as εexpansion) associ-
ated with the material being in a non-equilibrium state (i.e., a non-equi-
librium state which produced stress-independent bulk expansion).

(2)

For “classical” creep behavior the material can be considered to be in a
state of nearly complete equilibrium,  therefore εcreep>>εexpansion.
Because εcreep is much larger than εexpansion, the conventional power-
law creep analysis (i.e. application of the NBA equation) is possible.
Measured “non-classical” creep, on the other hand, presents a situation
where the material is not near a state of equilibrium, therefore
εcreep≤or≈εexpansion*. For this case, the NBA equation is not sufficient
for representing the complex behavior caused by the presence of the non-
equilibrium state without additional manipulation of the data.

If one subtracts the effects of the expansion (εexpansion ) from the meas-
ured creep data (εmeasured) in the “non-classical” case, a deconvoluted
curve can be produced which then can be analyzed using the NBA equa-
tion. This curve should exhibit a non-zero secondary strain rate similar to
the “classical” condition and should represent the actual creep (εcreep)
experienced by the test sample.  It is this curve that represents the actual
“creep” condition of the material.

The expansion effects present in the measured “non-classical” creep
behavior can be caused by any combination of several mechanisms (phase
changes, porosity changes, etc.). In previous studies8, phase transforma-
tions were reported to cause an “unrecoverable expansion” effect in con-
ventional silica refractories. This resulted in the counter-intuitive result of
compressive creep samples which were actually larger after testing than
they were prior. In silica, it was shown that tridymite reverts to cristobalite
during thermal exposure resulting in a positive volume change and thus
accounts for the expansion and explains why a measured “non-classical”
creep response is observed in this material.

A similar “unrecoverable expansion” has been observed in FCA5.
During prolonged exposure (hundreds of hours) to temperatures in the
range of 1450-1650ºC, “unrecoverable expansions” of 0.2-0.4% were

measured. Although there is silica present in the grain boundary phase of
the fusion-cast alumina refractory, it only constitutes a small portion of the
overall composition (≈1 wt%).  Expansion attributable to the phase
changes in this small amount of silica would result in a maximum expan-
sion of ≈0.002%, much less than the expansions measured for FCA prod-
ucts subjected to extended thermal exposure. Additionally, there is a phase
transformation possible for FCA refractories. Sodium rich β-alumina (ρ =
3.25 g/cm3) can revert to a sodium deficient α-alumina (ρ = 3.46 g/cm3)
during thermal exposure resulting in a negative volume change.  Therefore
additional mechanism(s) must be operating to account for the observa-
tions.

Thermal expansion hysteresis observed in cyclic dilatometry resulting
from microstresses or microcracking may be an indication of such a mech-
anism. As described by Kingery et al.9, residual stresses may develop in a
material from differences in thermal expansion coefficients between con-
stituents or from crystallographic anisotropy. These stresses may remain
residual or may be sufficient to cause microcracking. Both conditions may
lead to thermal expansion hysteresis as these stresses are relieved or the
cracks close during cyclic heating. Such hysteresis has been seen in hexag-
onal materials such as titania9 and graphite10 and has been shown to be pre-
dominant in large-grained samples. For such large-grained anisotropic
ceramics, a “critical grain size” has been derived and experimentally
observed at which materials with grains smaller than the critical size will
not form microcracks and materials with grains larger than the critical size
are prone to form microcracks11, 12.  This “critical grain size” is defined to
be on the order of 70 µm for Al2O3

13. It is further shown by Adams et al.14

that pre-existing microcracking exists in many bonded alumina-containing
refractories, although fusion-cast materials have not been analyzed for
such features.

EXPERIMENTAL PROCEDURES
A fusion-cast alumina block (50% α-/50% β-alumina) with an average

grain size on the order of 200 µm and approximate dimensions (0.60 x
0.50 x 0.30 m) was commercially prepared under normal commercial pro-
cessing conditions. The block was sectioned to obtain creep samples
(cylindrical dimensions: 38 mm diameter, 76 mm length) from a location
representative of the equiaxed center region of the block.

Compressive creep testing was performed using a frame consisting of a
resistance-heated clamshell furnace capable of 1750ºC and a pneumatical-
ly controlled load cell capable of up to 4500 N. M-type fusion-cast alumi-
na was used to fabricate push rods for the load train, and both a linear vari-
able differential transformer (LVDT) and a contact extensometer were
employed as censoring for monitoring axial dimensional changes in the
test specimen.  Creep tests were accomplished using digitally controlled
pneumatic power (by LabVIEW software, National Instruments, Austin,
TX). Temperature fluctuations were approximately ±2ºC to comply with
ASTM guidelines15 and load fluctuations were less than 1% of test load.
The specimen was compressed by two push-rods with the unheated ends
connecting to water-cooled anvils. The upper compression anvil was fixed
to the upper platen by a universal joint and leveled using four turnbuckles.
The lower compression anvil rested on an active self-aligning coupler that
plays a critical role in maintaining load-train stability and uniform com-
pression. Additional details of the compressive creep system are given
elsewhere16.

Tests were performed in ambient air at 1450, 1550, and 1650ºC with
applied stresses of 0.6 and 1.0 MPa for durations of 200–300 hours. These
temperatures were characteristic of normal operation for oxy-fuel glass
tanks currently in service (as specified by the glass manufacturing com-
munity). However, the stresses at which testing was performed are inten-
tionally high relative to expected service exposure. A standard crown
refractory is only expected to experience stresses on the order of 0.2 MPa,
but may be under static loading in a furnace campaign lasting many* The material discussed in this work showed bulk expansion, but hypothetically Equation

2 would still apply for a material exhibiting a non-equilibrium bulk contraction.
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Fig. 1. Creep specimen assembly with H-shell arrangement. Fig. 2. Test assembly for thermal stability testing.

months or even years. At such low stresses, very small amounts of accu-
mulated strain are produced (on the order of 1% or less). 

Stresses of the magnitudes employed in this study are expected to result
in greater amounts of creep deformation that is experimentally easier to
measure.  It is expected that these values may be extrapolated down to the
expected in-service stress regime (≈0.2 MPa) with little or no error from
the data obtained at these higher stress levels assuming that the stress
exponent is constant. Yet, small measured amounts of strain are still
expected. Therefore, a method of strain measurement is needed that is both
extremely precise and which possesses excellent long-term stability.
Extensometry has been shown to be such a method7, 17.  In addition, a
LVDT is utilized as a complementary method of measurement to ensure
alignment, monitor creep, and any settlement of the load train.

The cylindrical specimens described above were encased in a fine-
grained (100% β-alumina) fusion-cast alumina shell (illustrated in Fig. 1)
to inhibit soda evolution from the test specimens into the furnace atmos-
phere during testing.  This is a problem since β-alumina is thermodynam-
ically driven to revert to α-alumina during exposure at elevated tempera-
tures (>1000ºC) as the Na atoms in the β-alumina structure become high-
ly mobile and leave the structure18. As a result, when in service at high
temperatures the covering of the refractory by glass will isolate it from the
volatizing alkali environment of the furnace and will cause β-alumina
crystals to revert to α-alumina thereby releasing Na into the atmosphere of
the furnace19. This also occurs during testing when these refractories are
heated in ambient air since there are no alkali present in this environment
to inhibit Na evolution. Consequently, a pure α-alumina layer eventually
develops on the exposed surfaces of the refractory with sufficient thick-
ness to inhibit further evolution of sodium from the interior regions of β-
alumina. Despite this passivation, the original creep sample becomes mod-
ified chemically and microstructurally into a material other than the sub-
ject of investigation.  Therefore, a β-alumina encasement practice was
developed. 

The success of a β-alumina shell at inhibiting soda evolution is based on
the theory that β-alumina has a relatively high soda content (compared to
that of the α/β-alumina specimen) and will provide a relatively high par-
tial pressure of soda adjacent to the exterior of the specimen. Compared to

testing in ambient air, soda evaporation in this arrangement is thermody-
namically unfavorable. This theory has been substantiated by microstruc-
tural characterization of FCA materials heated in air with and without such
a shell arrangement.

Long-term thermal stability (in the absence of an applied stress) was
evaluated using a frame consisting of a furnace capable of 1750ºC enclos-
ing a dual-rod dilatometer to monitor linear changes in the dimensions of
a cylindrical test specimen (38 mm length, 13 mm diameter) taken from
the equiaxed bulk region of the commercially prepared block. The speci-
men was supported by a high purity alumina disk resting on a fixed SiC
push-rod while the test assembly was supported by the body of the fur-
nace. The test assembly for monitoring the linear dimensional changes
consisted of two sapphire rods in contact with individual linear variable
differential transformers (LVDT) and parallel to one another within a
sheath of insulation (as shown in Fig. 2).

The linear sample dimension (length) of the tested specimens was con-
tinuously monitored using the LVDT in contact with the sample. The ini-
tial and final values of the LVDT at room temperature were compared, as
well as before and after dimensions of the sample, to ascertain any unre-
coverable expansion of the sample associated with the thermal treatment.
This change was compared to any unrecoverable expansion sampled by
the second (control) LVDT.

Lastly, deconvoluted creep curves were produced by subtracting the
measured expansion curves (as measured by the dilatometry technique)
from the measured creep curves. Creep analysis using the NBA equation
was then applied to these deconvoluted curves.

RESULTS AND DISCUSSION
As expected, all samples showed an increase in diameter associated with

the compressive creep testing. Counter-intuitively, all of the tested creep
samples exhibited a greater length after compressive creep testing with the
exception of the samples tested at 1650ºC/1.0 MPa, which showed con-
traction. This measured “non-classical” creep response, related to the
increase in length, provided the motivation for interpreting this response
using Equation 2. The sample expansion was supported by the dilatome-
try measurements which showed unrecoverable expansion of test speci-
mens by 0.10% at 1450ºC (100 hour soak at temperature), 0.18% at
1550ºC (100 hour soak at temperature), and 0.40% at 1650ºC (100 soak
time at temperature). Testing consisting of heating the sample to 1450,
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Fig. 3. Measured expansion and creep strain along with deconvoluted curves at 1450ºC.

1550, or 1650ºC and immediately returning to room temperature through
natural cooling resulted in no measured unrecoverable sample expansion;
indicating that the expansion occurred during thermal exposure and not
during heating or cooling.

Testing at 1450ºC produced the curves shown in Fig. 3. Thermal stabil-
ity testing resulted in 0.114% expansion over a 200 hour time period. Over
the same period, creep samples contracted by 0.046% and 0.094% under
stresses of 0.6 and 1.0 MPa, respectively. Shapes of the creep curves take
on the form of a rapid period of strain accumulation followed by a level-
ing off of the accumulated strain to a point of near zero strain rate. This is
considered “non-classical” creep behavior as described above. Therefore,
the NBA equation can not be used directly to accurately evaluate these
curves. Upon subtraction of the expansion data from the measured strain
curves, deconvoluted curves are produced that exhibit standard non-zero
secondary creep rates. Rates were calculated by linearly fitting the sec-
ondary regime portions of the curves and analyzing the slopes of the
resulting lines. This analysis yielded the minimum creep rates shown in
Table 1.

Testing at 1550ºC produced the curves shown in Fig. 4. At this temper-
ature, thermal stability testing produced 0.198% expansion over a 200
hour time period. In the same time period, creep samples contracted
0.038% and 0.090% at 0.6 and 1.0 MPa, respectively. Shapes and magni-
tudes of the creep curves were similar to those seen at 1450ºC resulting in
measured “non-classical” creep behavior again being present. As before,
the NBA equation could not be used directly to accurately evaluate these
curves, but upon subtraction of the expansion data from the measured
strain curves, deconvoluted curves were produced that exhibited non-zero
secondary creep rates. Analysis was carried out as described above yield-
ing the minimum creep rates shown in Table 1.

Testing at 1650ºC produced the curves shown in Fig. 5.  Thermal stabil-
ity testing produced 0.430% expansion over a 200 hour time period. Over
this same period, creep samples contracted 0.093% and 0.242% at 0.6 and
1.0 MPa, respectively. The shape of the curve at 0.6 MPa was similar to
that seen previously at 1450ºC and 1550ºC and was characterized as meas-
ured “non-classical” creep behavior for which the NBA equation was not
directly applicable. Similar to the earlier analysis, upon subtraction of the
expansion data from the measured strain curve, a deconvoluted curve was
produced which exhibited a non-zero secondary creep rate as shown in
Table 1. The 1.0 MPa curve shows an increase in accumulated strain fol-
lowed by a region of accumulated strain characterized by a constant neg-
ative slope. Thus, this test exhibits what is accepted as apparent “classical”
creep behavior. The expansion curve was still subtracted from the meas-
ured strain curve to produce a deconvoluted curve representative of the
actual creep strain (εcreep) experienced by the sample. After producing the
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Fig. 4. Measured expansion and creep strain along with deconvoluted curves at 1550ºC.

Fig. 5. Measured expansion and creep strain along with deconvoluted curves at 1650ºC.
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sis of the scale which would account for the unrecoverable expansion
reported here.

Furthermore, elastic modulus testing of these materials displays trends
also characteristic of materials containing microcracks5. It has been shown
that brittle materials containing microcracks will experience a depression
in elastic modulus attributable to the presence of the cracks21-24 similar to a
heterogeneous composite structure consisting of a solid matrix containing
elliptical voids25, 26. This effect has also been specifically shown for the case
of microcracked alumina at high temperatures27. These microcracks then
heal during thermal exposure and a higher elastic modulus is measured at
elevated temperatures as well as during cooling of the heated samples. This
trend illustrated in Fig. 7 shows the room temperature elastic modulus
measurements for FCA samples before and after a thermal exposure.

CONCLUSIONS
An unrecoverable expansion phenomenon is occurring in the fusion-cast

alumina compressive creep samples described in this paper. Thermal
expansion hysteresis caused by the presence of microcracks in the fusion-
cast alumina samples is thought to be leading to this unrecoverable expan-
sion phenomenon. This effect is believed to be responsible for the appar-
ent “non-traditional” creep behavior which can not be characterized by tra-
ditional methods such as the direct use of the Norton-Bailey-Arrhenius
(NBA) equation. Through the use of a revised equation incorporating the
sum of the strain attributable to compressive creep and the strain associat-
ed with unrecoverable expansion resulting from time and temperature
dependent microcracking, it was possible to deconvolute the compressive
creep response from the expansion effects present in the as-measured
strain test data. This allows for the subsequent use of the NBA equation to
represent the actual creep response exhibited by this material.

Therefore, in spite of complications associated with conflicting expan-
sion and contraction effects, classical creep analysis may be used with this
alumina refractory (and possibly other materials exhibiting such complex
creep behavior) after the strains associated with the non-steady-state mech-
anisms are considered. However, the activation energy and stress expo-
nents derived from the minimum creep rates were lower than expected.
This may indicate that multiple rate-limiting mechanisms control the
strains of fusion-cast alumina materials under these experimental condi-
tions. 
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Fig. 6. Minimum strain rates calculated from deconvoluted strain curves.
(note:  0.8 MPa data included for completeness)

deconvoluted curve, the NBA equation was applied to the analysis. The
resulting calculated strain rate is shown in Table 1.

Stress exponents and activation energies were calculated from the
minimum creep rate data (shown in Fig. 6) by performing multiple linear
regression on information from multiple stresses and temperatures. This
analysis produced a calculated activation energy of -25.56 kcal/(mole*RT)
and a stress exponent of 0.64.  Both of these values are lower than expect-
ed. The reported activation energy for fine-grained alumina is on the order
of -130 kcal/(mole*RT), while for diffusional creep of ceramics, a stress
exponent of ≈1.0 is expected20. This would seem to indicate that multiple
mechanisms are controlling the creep behavior of this material at the dif-
ferent temperatures and stresses.  This further complicates the use of the
NBA equation for characterizing the behavior of this material system.

The effect of unrecoverable expansion of the specimens during exposure
to temperature is important. This effect has not only been seen in previous
thermal expansion testing5, but also in the creep samples described in this
work. As mentioned previously, all samples with the exception of the
1650ºC/1.0 MPa samples increased in length as well as diameter  as a
result of thermal exposure during creep testing. The linear increase gener-
ally ranged from 0.1-0.2%. Only at the most extreme condition was the
creep strain great enough for samples to actually show the intuitive expec-
tation of a linear reduction in size after creep testing.

The presence of this phenomenon is thought to be the cause of the
apparent “non-classical” creep behavior seen in all compressive creep
testing performed on this material at temperatures and loads up to
1650ºC and 0.8 MPa. It has been shown that as temperature increases, the
amount of unrecoverable expansion also increases and that when samples
are heated and immediately cooled with no hold time at temperature, no
unrecoverable expansion occurs5. This would indicate that the mechanism
causing this effect occurs during the prolonged exposure of the sample to
high temperatures and is therefore influential during both creep testing
and in service during a furnace campaign. Although not investigated in
this work, FCA materials are likely inherently microcracked as a result of
the combination of a rapid initial cooling cycle prior to being placed in the
alumina annealing bin and the relatively large grain size (on the order of
several hundred microns) this material possesses. As discussed previous-
ly, such microcracks are known to be prevalent in non-cubic materials
(including alumina) and are shown to lead to thermal expansion hystere-

Fig. 7. Room temperature elastic modulus measurements for fusion-cast alumina
samples before and after thermal exposure at 900ºC5.
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