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Abstract

The creep behaviour of high-alumina refractories
containing increasing amounts of a fused mullite—
zirconia aggregate (MZA) of eutectic composition
was studied experimentally. The MZ A has been added
with the intention of improving the work of fracture and
the thermal shock resistance through microcrack tough-
ening. The creep resistance was found to decrease with
increasing MZA content. This was attributed to the
Jformation of an increasing fraction of a substructure
composed of small grains and an amorphous binder
phase situated between the large agglomerate particles.
Creep deformation mainly occurred within these fine-
grained interagglomerate regions, but rate controlled
by mullite formation kinetics as an accommodation
process. This interpretation is substantiated by the
measured values of the stress exponent (n =
1-2-2-7) and the activation energy for creep (Q =~
720 kJ/mol) and by the finding that the creep rate
was distinctly reduced by a preceding heat treatment.

1 Introduction

During the last decade, modern refractories have been
developing into a class of highly sophisticated
multiphase composite materials. As pointed out
recently by Bradt' in a review on present day
refractories, the manyfold and complex reactions
between the constituents of the microstructure
which are dynamic and transient in nature must be
understood when a critical assessment of the physi-
cal and mechanical properties is to be obtained.
Among the mechanical properties of refracto-
ries, the deformation behaviour at high tempera-
ture under compressive load is of particular
interest. Knowledge of the creep data of refracto-
ries is a prerequisite for selecting materials that
exhibit a minimum of creep in a given application,
as well as for establishing engineering design
parameters for the construction of stoves and
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furnaces, as has been clearly demonstrated by
Ainsworth and Kaniuk.? Furthermore, it has been
pointed out by Evans et al’® that the availability
of creep data is an indispensable basis when
stresses and strains in refractory components and
structures in service are to be calculated. By using
the O projection concept developed by Evans and
Wilshire* they demonstrated that the creep
strength of refractories under service conditions
can be extrapolated from the creep data deter-
mined in the laboratory within a limited range of
test conditions.® Finally, the investigation of basic
creep mechanisms is the key for developing new
materials of improved creep resistance for use in
refractory settings where creep is to be minimized.

A series of experimental creep studies on a vari-
ety of refractories of different compositions have
been reported in the literature.> >3 It is generally
recognized that creep of refractories is strongly
affected by the microstructure. Fundamentally,
there are three microstructural features which
influence the creep behaviour, i.e. (1) the mineral
content (size and distribution of the crystalline
aggregates); (2) the flux content (amount, compo-
sition and distribution of the glassy phase), and (3)
the apparent porosity.

The aim of the work presented here was to eval-
uate the creep behaviour of an experimental high-
alumina refractory particularly designed for high
thermal shock resistance.'* To achieve this, differ-
ent amounts of a mullite-zirconia aggregate
(MZA) were added with the purpose of taking
advantage of the zirconia toughening effect on
room temperature mechanical properties. In fact,
an increase in both the work of fracture and the
retained strength after thermal shock was
observed as the MZA content was increased,
pointing at an increased microcrack density
caused by the preserice of zirconia particles.!*
Likewise, a pronounced loss of high-temperature
strength was found to occur at 1400°C. This was
attributed to increasing fractions of glassy phase
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Table 1. Compositions of the refractory materials

Composition
(wt%)

Grain size
range (mm)

Materials

Tabular alumina* 0-044-2 90 80 70 60 50
Calcined aluminaf <0-01 10 10 10 10 10
Mullite-zirconia aggregate 0-21-1 — 10 20 30 40

*T-60, Alcoa (Germany).
+APC-2011 SG, Alcoa (Brazil).

introduced by the MZA additive.!* It was to be
expected that the increase in glass phase content
should also degrade the creep resistance of the
material which was actually found in this paper.

2 Experimental Details

2.1 Materials and sample preparation

Five different high-alumina refractories were
tested. These consisted of a basic mixture of a tab-
ular and a calcined alumina to which varying
amounts of a fused mullite-zirconia aggregate
(MZA) have been added. The pressed bricks were
fired at 1510°C for 12 h as indicated in Ref. 14.
Table 1 shows the compositions of the materials
tested, as well as their grain-size ranges. In the fol-
lowing, these five materials are identified by the
weight fraction of their MZA content. Samples for
compressive testing having dimensions of 20 X 20
X 40 mm® and 12 X 12 X 20 mm?® were prepared
by cutting blocks from the as-fired bricks and
grinding them to the final dimensions. Specimens
for microstructural examinations were ground and
polished using a diamond paste down to a size of
I wm. Micrographs were obtained by scanning
electron microscopy on as-polished microsections.

2.2 Mechanical testing

Experimental techniques used in the literature for
generating creep data are: (1) the refractoriness-
under-load test (RUL test) where under a constant

load and at a constant heating rate the temperature
of the onset of plastic deformation is determined,
and (2) compressive creep tests under constant
load and temperature. Both techniques were applied
in the present study. RUL tests were carried out
according to DIN 51053 using a heating rate of
5°C/min and a compressive stress of 0-2 MPa.

Creep tests were performed in a constant-load
creep machine in air at 1400°C and 3 MPa until
failure occurred. Both as-received materials (all
compositions) and samples annealed for 10 days
at 1400°C (compositions 0, 10 and 30% MZA
content) were tested. Stress change tests at 1400°C
from 1 to 10 MPa and temperature change tests at
3 MPa from 1300 to 1450°C were made to obtain
the stress exponent, #, and the activation energy
for creep, Q, respectively (see eqn 1).

3 Results

3.1 Micrographic examinations
The microstructures of the five refractories studied
in this work are shown in Figs 1 and 2. Figs 1(a)
and (b) compare the materials without MZA and
with 20% of MZA at a low magnification. In both
micrographs, the large grains of tabular alumina
prevail. These particles are considered to be rigid
even under creep conditions and therefore do not
contribute to the deformation. Between these large
crystalline components, there is a substructure
consisting of small grains and an amorphous
binder phase. A fine-grained interaggregate sub-
structure of similar appearance was also reported
by Wiederhorn and Krause'® in a magnesium—
chromite refractory. The comparison of Figs 1(a) and
(b) demonstrates that the volume fraction occupied
by the interaggregate substructure is increased and
that the grain size of the small grains within this
substructure is decreased when MZA is added.

In Figs 2(a), (b) and (c), micrographs of the
refractories containing 10, 20, and 40% of MZA

Fig. 1 SEM micrographs of refractories studied: (a) 0% of MZA content; (b) 20% of MZA content.
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Fig. 2 Microstructure development with an increasing amount of MZA: (a) 10% of MZA conte}lt; (b) 20% of MZA content;
(c) 40% of MZA content; {(d) 20% of MZA content at higher magnification.

are shown at a higher magnification. The micro-
structure is composed of large particles of tabular
alumina and the mullite-zirconia aggregate. These
two components represent the major part of the
crystalline phase content of the refractories.

The MZA can easily be detected in Fig. 2 by its
dotted or striped appearance. The light phase is
zirconia and the dark phase is mullite, as was
proved by an EDX analysis. It is the mullite-zirco-
nia eutectic which is formed in the Al,O;-SiO,—-
ZrO, phase diagram. It has a eutectic temperature
of 1750°C." Within the MZA particles, the zirco-
nia phase has a rod-like shape and forms periodic
arrays of parallel orientation which are embedded
in the continuous mullite matrix, as is shown in
Fig. 2(d). This micrograph also demonstrates that
there is a reasonable fit between the two phases of
the eutectic since no microcracks can be detected
within the MZA particles. However, considering
the thermal expansion coefficients of mullite and
zirconia, ay and az, (ay = 5-3 X 10°% K™ and «;,
= 10-0 X 10°¢ K! '), the value for the embedded
phase is nearly twice that of the matrix phase.
Thus, it may be concluded that thermally induced
residual stress is created on cooling. In fact, evi-
dence of microcrack formation at the ZrO,/mullite
interface was obtained on several micrographs.

Beside the rod-like zirconia component, there
are also larger zirconia particles present in the

micrographs of Figs 2(a), (b) and (c). These parti-
cles may be responsible for the toughening effect
found in Ref. 14. Figures 2(a), (b), and (c) also
show that the aggregate particles are surrounded
by small layers of amorphous phase.

3.2 RUL tests

RUL test plots of the compositions 0, 20, and
40% MZA are presented in Fig. 3. The curves
show a regime of linear thermal expansion and,
at temperatures >1200°C, small deviations caused
by the very onset of plastic deformation, the 20
and 40% materials going through a strain maxi-
mum at about 1400°C. According to DIN 51053,
the upper temperature limit of the test is 1500°C
and the softening temperature 7, is defined
as that temperature where the compressive defor-
mation attains a value of 0-5% with respect to
the strain reached at the maximum. As can be
seen from Fig. 3, T, > 1500°C for all compo-
sitions.

Since the sample deformation was very small
when the temperature limit of 1500°C was reached
the tests were continued at this temperature and
stress for an additional 24 h to get a first idea of
the creep resistance. By that means, creep curves
€(?) are developed which are also plotted in Fig. 3.
From these curves the time ¢, to reach a defor-
mation € = 0-5% was taken for each composition
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Table 2. Comparison of mechanical properties at high temperatures

Aggregate MOR* to.5oe €} ti e} ot n g
(wt%s) (MPa) (h) (%) (h) (s) (s*) (kJ/mol)
0 11-1 17 >10 >185-4 1-1 x 107 -— 1.3-2:0 692
10 85 — 7-63 63 1.7 x 10 4-6 x 1077 1.7-2-7 668
20 68 39 6-06 22 39 x 10°¢ -— 1-6-2:4 715
30 50 — 803 10-2 1-2 X 107 6 x 1077 1.3-2.0 735
40 4-5 4.0 8-54 96 1-3 X 107 — 1.2-2-1 778

* At 1400°C, Ref. 14.
1 At 1500°C and 0-2 MPa.
1 At 1400°C and 3 MPa.

and listed in Table 2. For the material without
MZA content, this time is about 4 times that of
the two other materials, indicating its superior
creep resistance.

3.3 Creep tests
Creep curves plotted as creep rate € versus strain €
are shown in Fig. 4 for all materials in the as-
received state at 1400°C and 3 MPa. The form of
the creep curves is typical of many other ceramics
and also refractories, exhibiting a primary, sec-
ondary or steady-state and tertiary creep stage. In
some cases, no steady-state creep stage was found.
The material without MZA had the lowest creep
rate and did not exhibit any signs of creep damage
up to € = 10% where the test was stopped. The
other compositions crept much more readily and
exhibited failure by creep rupture at strains
between 6 and 9%. Values of rupture strain e,
rupture time t, and the steady-state or minimum
creep rate € are listed in Table 2 for comparison.
The steady-state creep rate of a material is usu-
ally described by the equation

&= A(S) - o - exp (—%), (1)

where A(S) is a structure-dependent constant, o is
the stress, » is the stress exponent, Q is the activa-
tion energy for creep, and R and T have their
usual meaning. To determine n» and Q of eqn

performed. Examples of such tests are shown in
Fig. 5 (stress changes) and Fig. 6 (temperature
changes) for the refractory containing 30% of
MZA. The stress exponent is calculated from the
height of the € steps of Fig. 5 and the activation
energy from the step height of Fig. 6. The n and Q
values which were thus obtained are listed in
Table 2.

The stationary creep rates measured at different
stress levels at 1400°C are presented in Fig. 7 in a
log-log plot. In this type of presentation, all five
materials tested are close together, the difference
increasing a little with increasing stress and reach-
ing a factor of 5 at 10 MPa. The stress exponent
derived from the slope of the curves has values
between 1 and 2 and increases slightly with
increasing applied stress level.

Figure 8 is an Arrhenius plot of the creep rates
of the five materials at 3 MPa. Straight and nearly
parallel lines were obtained which point at an acti-
vation energy for creep that is independent of
temperature and equal for all compositions.

The effect of the MZA content on the steady-
state creep rate at 1400°C and 3 MPa is shown in
Fig. 9. It can clearly be recognized that the addi-
tion of MZA accelerates the creep deformation
process. The maximum increase (by a factor of 25)
was observed for the samples containing 20%

(1), stress and temperature change tests were 15103
1 1400°C, 3 MPa . P
) 0% 109%s D%
0 6 12 18 24 11044 SN
15 ; . 1 15 7 EA ;
1500 °C = XY f
. " . 0.2 MPa :}-‘1)(10_5_ A
14 - - . b s 1 ?“' W'
.1 HESPTTEIN BT o
g 1k : Treeeet ¥ & 1x10°
= of . = ]
4% 0.5 & b 05 .% 6
= r? PRI = 0 % aggregate
2 ' aggregate e, e, 1 1x1077
0 .l' content: “A.A‘ "’-o-... ﬂt
w 0% | e o &
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A 40% 1x10°8 T ! T T
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Fig. 3 RUL test plots.

Fig. 4. Creep curves of high-alumina refractories in the
as-received state.
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Fig. 5. Stress changes to determine the stress exponents, 7.
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Fig. 6. Temperature changes to determine the activation
energy for creep, Q.
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Fig. 7. Stress dependence of the stationary creep rate.

MZA. Figure 9 additionally contains modulus-of-
rupture (MOR) data taken from Ref. 14. The
MOR data are also listed in Table 2. The compar-
ison of the two curves of Fig. 9 demonstrates that
the high-temperature strength is degraded by the
MZA addition in the same way that the creep rate
is increased. From this finding it may be argued
that the two mechanical parameters are controlled
by the same microstructural features.

It has been reported by many investigators® '
that a post-fabrication heat treatment or hard
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Fig. 8. Arrhenius diagram for the stationary creep rates.
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Fig. 9. Effect of MZA content on creep behaviour and high-
temperature strength.
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Fig. 10. Effect of heat treatment on the creep behaviour of
10% MZA refractory.

firing condition reduces the creep rates of fired
bricks. To examine the validity of this observation
for the refractories studied here, compositions of
10 and 30% MZA were-annealed at 1400°C for 10
days prior to creep testing. In Fig. 10 the creep
curves of 10% MZA materials after the heat treat-
ment and in the as-received state are compared.
Minimum creep rate data of the two annealed
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refractories are contained in Table 2. It was found
that annealing altered the shape of the creep curve
considerably, reducing minimum or steady-state
creep rate by a factor of 4 in the material contain-
ing 10% and by a factor of 2 in the 30% MZA
refractory.

4 Discussion

The creep behaviour of fired high-alumina refrac-
tories is strongly affected by their microstructure.
There exists agreement in the literature that the
two most important microstructural parameters
are the crystalline phase content and the inter-
granular glassy phase. The results of the present
research will be discussed in terms of these two
features.

4.1 Crystalline phase content

According to the silica-alumina phase diagram,
the equilibrium phases formed at elevated temper-
atures are mullite and corundum. Therefore, in
high-alumina refractories mullite may be formed
from alumina and excess silica by the reaction

3AL,0, + 28i0, — 3 ALO, - 2810,  (2)

The amount and morphology of the mullite phase
controls the creep strength of high-alumina refrac-
tories since mullite formation increases the frac-
tion of crystalline phases and reduces the
amorphous phase content in the microstructure.
Clements and Vyse® pointed out that best creep
resistance is achieved when a three-dimensional
network of mullite laths is present. Hulse and Pask®
arrive at the same conclusion; namely that creep is
controlled by the continuous mullite microstruc-
ture. Similar observations were made by Burdick
and Day’ and by Matsumara et al.'° who found
that all means of accelerating the rate of mullite
formation resulted in a decrease of the creep rate.
Other crystalline phases, such as large aggregate
grains, are thought to be rigid and therefore do not
contribute to the deformation. Furthermore, all
four of these studies’"!® agree upon the observa-
tion that the mullite content and hence the creep
resistance of high-alumina refractories is increased
through a heat treatment, either during initial
firing or afterwards. A further observation con-
cerning the effect of the crystalline phase content
on the creep strength of refractories was made by
Coath and Wilshire’ and by Evans er al'' They
reported that the creep rate of CaO/MgO doloma
refractories decreased by up to an order of magni-
tude when the magnesia content was increased
by admixing additional MgO powder to the raw
material.

There is strong evidence that the creep
behaviour of the refractories studied here is con-
trolled by their mullite formation kinetics as well,
as may be seen from the following arguments: (1)
In metallographic observations a mullite lath net-
work was observed at the interface between large
alumina grains and MZA particles'* where most
of the local deformation is likely to occur. (2) The
activation energy for creep is nearly the same for
all five grades tested (Fig. 6). It has an average
value of 720 kJ/mol and is very close to the activa-
tion energy for creep of mullite which has been
reported to be 740 kJ/mol.® On the other hand,
creep control by one of the other main con-
stituents of the microstructure, ie. the glassy
phase and the large alumina grains, can be
excluded since both of them have activation ener-
gies for creep much smaller than the measured
figure of 720 kJ/mol. After Hulse and Pask.’ silica-
based glass has an activation energy in the
range of 210-340 kJ/mol, whereas that of pure
polycrystalline alumina is about 580 kJ/mol.”” (3)
The creep resistance was found to increase after a
prolonged heat treatment (Fig. 8). This can be
explained by temperature-activated mullite forma-
tion and silica consumption according to eqn (2).
(4) Creep of the high-alumina refractories studied
here is not a merely viscous process that would
exhibit a stress exponent of n = 1. Instead, » values
significantly greater than unity were found (Table
2 and Fig. 5). This finding indicates that the defor-
mation additionally involves an accommodation
process which probably actuates at the mullite—
mullite and mullite-glass junctions and interfaces
and which has a non-linear stress dependence.

4.2 Intergranular glassy phase

Even though the mullite phase is regarded to be
rate-controlling in the creep of high-alumina
refractories the properties of the glassy phase also
affect the deformation behaviour. As pointed out
by Hulse and Pask,® refractories with a high glass
content will have a high deformation rate. Evi-
dence of the effect of glassy phase content on the
creep behaviour was also found in this study: (1)
The MZA content caused the creep rate to be
increased (Figs 2 and 7). This is attributed to an
increased fraction of the amorphous phase in the
microstructure because it was found in Ref. 14
that the addition of MZA resulted in an increased
glass content. (2) In the presence of MZA, tertiary
creep was observed to occur (Fig. 2) which is
indicative of creep damage formed during defor-
mation. The formation of creep damage generally
decreases the rupture time ¢, and reduces the duc-
tility €, as indicated by the respective data in
Table 2. It is well known that creep cavitation in
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Fig. 11. Comparison of creep data from previous creep studies
— data taken from Burdick and Day,’ Matsumara et al.'’
Chien ef al.,' and Hou and Kréger.?

structural ceramics is extraordinarily promoted by
the presence of an amorphous phase. (3) The
increase in creep rate and the decrease of rupture
time must have the same origin. This follows from
the fact that the ¢ and ¢, data of the four MZA
containing refractories (Table 2) obey the Monkman—
Grant relationship:'®

€, = const. (3)

The €, product of the four data sets of Table 2
is about 0:040. The basic idea of the Monkman-
Grant relationship is that, for a given failure
mechanism, the strain at rupture is a constant.'
Thus, if eqn (3) is valid for a given material, both
the acceleration of the creep process and the reduc-
tion of the failure time are solely two different
aspects of the same underlying mechanism. The
Monkman-Grant relationship was found to hold
for a series of glass-containing structural ceramics."”

The role of the intergranular glass phase in the
creep of refractories was further elucidated by
Wiederhorn and Krause.'* They recognized that a
substructure of small grains plus binder phase is
present between the large rigid aggregate particles,
and that it is this fine grain-size interaggregate
microstructure which represents an easy path for
dissolution and mass transport of the rate-control-
ling crystalline phase. After Ref. 13 the deforma-
tion occurs more easily within the fine grain-size
bonding structure, leading to an effective interag-
glomerate viscosity of the bond phase that is
smaller than in the absence of the fine interag-
glomerate grains. In the present investigation, evi-
dence of increasing volume fractions of the fine
grain-size Interagglomerate microstructure with

increasing MZA content were found in metallo-
graphic examinations as described in Section 3.1.
This observation is taken as a further explanation
of the decrease of the creep resistance due to the
addition of MZA.

A further experimental result that emphasizes
the role of the intergranular amorphous phase in
the creep process of refractories is the work of
Evans, Wilshire and co-workers.>!"? In both
CaO/MgO-based doloma refractories>!' and in
magnesia refractories'? it was observed that the
creep rate increased drastically (up to a factor of
30) when the impurity level, specifically Fe,O;, was
increased by intentional doping. It must be sup-
posed that the Fe,O; impurities were dissolved in
the silicate-based glass phase. Due to its trivalent
state, Fe’* is known to substitute Si-Si bonds,
thereby reducing the viscosity of the glass and
accelerating the creep process.

4.3 Comparison with previous creep studies

In Fig. 11, the results of the present creep
investigation are compared with creep data from
previous creep studies. The comparison is limited
to materials of similar basic compositions, i.e.
other high-alumina refractories. Creep data of
such materials were reported by Burdick and
Day,” Matsumara et al.,'® Chien et al.'® and Hou
and Kroger.?

To compare the results measured at different
applied stresses, the data were normalized to a
common stress of 1 MPa before plotting them in
Fig. 11. For that, the stress exponent n given in
the respective paper was used, or, if no stress
exponent was indicated, » = 1 was assumed. As
can be seen from Fig. 11, the creep data at a given
temperature cover a range of about three orders
of magnitude.

The spread of the data must be attributed to
differences in both the grain size and glassy phase
content of the various materials investigated.
Unfortunately, the grain size is not reported in
most of the papers, with the exception of Ref. 20
where creep rates of three different aluminas hav-
ing grain sizes of 6, 35 and 55 um, respectively,
were measured. For the comparison of Fig. 11 the
data of the 35 and 55 um grain size material were
selected since this figure is close to the lower limit
of the grain-size range of the tabular alumina
given in Table 1.

The glass-phase content of the high-alumina
refractories studied in Refs 19 and 20 was 33-44%
and 1%, respectively. For the refractories of the
present investigation, a value between 10 and 20%
seems to be a reasonable assumption. The creep
data of these three studies are ranked in the same
sequence in Fig. 11: the data sets of Refs 19 and
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20 form the upper and lower boundary of the
experimental data whereas the creep data of the
present study are intermediate. Thus, it may be
concluded that the fundamental microstructural
feature that controls the creep rate of these refrac-
tories is the volume content of the glassy phase.

5 Conclusions

It was shown previously in Ref. 14 that the
addition of a fused mullite-zirconia aggregate
results in a considerable improvement of the
work of fracture and the thermal shock resistance
of high-alumina refractories. Unfortunately, high-
temperature mechanical properties such as the
strength and creep resistance are deteriorated by
increasing amounts of MZA in the microstructure
as 1s demonstrated by Fig. 9. Thus, to take full
advantage of zirconia-induced microcrack tough-
ening of the high-alumina refractories studied
here, a balance must be achieved between the
opposing influences of MZA on the mechanical
properties. This may be obtained by optimizing
the MZA content for a given application.
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