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Fracture mechanisms in a stoichiometric

3A1,0,2Si0, mullite

C. BAUDIN

Instituto de Ceramica y Vidrio (CSIC), E-28500, Arganda del Rey, Madrid, Spain

The mechanical behaviour from room temperature up to 1400 °C (strength, toughness,
Young’s modulus) of a 3Al,03-2Si0, dense mullite material containing 0.2 wt % alkali has
been studied. Microstructure has been characterized by scanning electron microscopy
(SEM) and transmission electron microscopy (TEM). Toughness, bend strength and static
Young’s modulus have been determined from room temperature up to 1400°C. The
influence of strain rate on fracture behaviour has been investigated and a correlation of the
mechanical parameters to fractographic observations by SEM has been stated. A strong
influence of loading rate on microstructural modifications during fracture at 1300 °C has

been found.

1. Introduction

During the last decade, several methods to obtain
highly reactive, homogeneous and pure mullite pow-
ders have been developed [1, 2, 3]. In these powders
there are always small amounts of impurities whose
nature depends on the synthesis route. When powders
are obtained by sol-gel methods the main con-
taminants come from milling after mullite crystalliza-
tion and mullite powders obtained from natural raw
materials contain alkalis and alkaline-earths. Impu-
rities such as iron oxide or titania [4], that enter in
solid solution in mullite in rather large quantities or
zirconia, which remain as isolated particles in the
material [ 5], do not degrade mechanical properties at
high temperature. Conversely other impurities such as
alkaline oxides strongly affect the high-temperature
mechanical behaviour of the material as they form
liquids at rather low temperatures (eg. T ~ 1000°C
for Na,O [6]) which remain as glassy phases after
sintering. Softening temperature and viscosity of these
residual amorphous phases are determined by their
composition [7, 8]. Moreover, quantity and distribu-
tion in the microstructure of these remaining phases
depend on sintering temperature and content and
nature of impurities.

From a mechanical point of view, the most studied
property of mullite materials at high temperature has
been creep [9-13]. A variety of mechanisms, from
solid state diffusion to viscous flow, and activation
energies, ranging from 500kJmol™! [9,10] to
1300 kJmol ! [11], have been reported for stoichio-
metric mullite creep. This diversity in data, in spite of
the similar ranges of test temperatures and loads,
could be attributed to slight differences in impurity
content and nature as small amounts of additives
greatly change not only the viscosity of liquids [7, 8]
but also their wetting characteristics and, thus, their
distribution in the microstructure.
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Fracture mechanics parameters in mullite have
been less analysed, probably due to its inherent brittle-
ness. Little attention has been paid to fracture mecha-
nisms and most of the work has been devoted to
establish relationships between mullite stoichiometry
or microstructure and parameters such as toughness
and modulus of rupture [14-24]. In most conven-
tionally sintered high purity 3:2 stoichiometric mul-
lites, in which very little or no glassy phase is detected,
bend strengths between 250 and 400 MPa at room
temperature are reported and these values are main-
tained up to temperatures ranging from 1200 to
1400°C [11, 16, 18, 20, 24]. This mechanical behavi-
our is usually claimed as being linear elastic and,
consequently, not affected by the presence of remain-
ing glassy phases [16, 18, 20]. But, in linear elastic
materials a decrease of Young’s modulus with temper-
ature due to elastic bond relaxation is expected and
mechanical properties should decrease accordingly, as
reported for a highly pure mullite [21]. Then, some
kind of viscous phenomena must take place in the
materials whose room temperature bend strength
values are maintained at high temperature, even
though no peak in strength is detected, as in other
mullite materials in which softening of the glassy
phase is considered to be responsible for their behavi-
our [14, 22, 24]. When viscous phenomena take place
an influence of loading rate on the values of the
mechanical parameters is expected.

In the present work, the mechanical behaviour of
a stoichiometric 3A1,0;- 2510, mullite material con-
taining alkaline impurities has been studied. The se-
lected parameters have been toughness, bend strength,
stress—strain relations and Young’s modulus. The in-
fluence of temperature and strain rate on these para-
meters has been studied, paying special attention to
correlate the parameter trends to the aspect of the
fracture surfaces.
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2. Experimental procedure

A mullite material has been prepared from
commercial powders. The starting powders are coarse
grained (1.8 pum) and were attrition milled with
mullite balls (down to 0.8 pm) before isostati-
cally pressing (200 MPa) and sintering at 1630°C
for 4 h.

In order to determine the amount of alkalis in
the remaining glass five samples (3 x4 x50 mm?3),
machined from the sintered blocks, were etched with
HF and the obtained solution was chemically
analysed.

Polished and thermally etched (1500°C) samples
were observed with a scanning electron microscope
(SEM). Grain size distributions were obtained by im-
age analysis of 150 grains in SEM micrographs
(Imagist PGT). The diameter of the particles, assumed
spherical, was calculated as that of the equivalent area.
For transmission electron microscope (TEM) obser-
vations, specimens were thinned, dimpled and Ar mil-
led. Density was determined by Archimedes’ method,
using distilled water.

All samples for mechanical testing were diamond
machined from sintered mullite blocks. Room temper-
ature dynamic Young’s modulus was obtained from
the resonance frequency of 3 x4 x50 mm bars. For
bend strength and static Young’s modulus measure-
ment bars of 4 x 3 x 50 mm? were used, bend strength
bars were polished and chamfered after machining.
For toughness measurements, single edge notched
beam (SENB), bars of 4 x 6 x 50 mm?> were used and
notches of about 3 mm long and 25 pm width were
introduced with a fine diamond disc.

For mechanical tests, four-point bending fixtures
(2040 mm, inner—outer span) made of steel, SiC
or Al,O; for room temperature, 800—1000°C and
1100-1400 °C, respectively were used. Tests at 800 and
1000 °C were also performed with the Al,O3 supports
to check their equivalence to the SiC ones. A universal
load testing machine (Instron 8600) with an electri-
cally heated furnace was used for all tests.

For bend strength measurements loading rates from
10 to 1000 N'min ! were used. For K;c measurements
the actuator travelled at different rates ranging from
0.005 to 5mmmin~!. Reported values of bend
strength and K;c are the average of at least five
measurements.

Strain of the bend bars was calculated from their
central point deflection measured using a SiC probe
attached to a linear variable displacement transducer
(LVDT) through an alumina tube. For stress—strain
relations at different temperatures samples were loaded
at 1000 Nmin ! four times up to a load about 50% of
the average fracture load. Identical curves were ob-
tained after the first load cycle and the lower slope of
the first cycle was attributed to the setting of the LVDT
system. Static Young’s modulus was calculated from
the stress—strain relations of the second load cycle and
reported values are the average of three measurements.
Additional stress—strain relations were obtained at
1300 °C for loading rates 10-100 N min ~ !. Fracture sur-
faces of the bend strength and toughness samples were
observed by a scanning electron microscope (SEM).
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3. Results

Chemical analysis of the milled powder is shown in
Table I, total alkali (Na,O + K,0) is about 0.2 wt %.
General properties of the sintered material are col-
lected in Table II. The analysis of the remaining glass
are summarized in Table III. Alkaline content in the
remaining glass is larger than in the average composi-
tion of the powder.

Fig. 1 shows the microstructure of the studied mul-
lite material. It has a fine microstructure and porosity
is mainly intergranular (Fig. 1a). Remaining glass was
scarcely observed and it always located at triple grain
junctions (Fig. 1b), being alkaline impurities concen-
trated at those glassy areas as energy dispersive X-ray
(EDX) analysis revealed (Table III). At the level of
resolution employed no glassy phase films were ob-
served along grain boundaries in any sample.

In Fig. 2 characteristic stress-strain relations are
depicted. When a loading rate of 1000 Nmin !
was used, linear relations were obtained at all
temperatures (Fig. 2a). For loading rates of 100
and 10 Nmin~! linearity was lost at 0.0004 and
0.00035 strain respectively in samples tested at
1300°C (Fig. 2b). No lack of linearity was found in
samples tested at room temperature at any loading
rate.

Young’s modulus values are summarized in Fig. 3.
For the highest loading rate, a steady decrease
takes place as testing temperature increases (Fig. 3a).
Room temperature Young’s modulus does not vary
with loading rate (Fig. 3b) and is lower than the
dynamic one (Table II). When the linear part of the

TABLE I Chemical analysis of the milled powder

(Wt%)
Ignition loss 1.66
SiO, 2598
Al O, 71.52
Fe,O, 0.10
TiO, 0.006
Na,O 0.18
K,O 0.017
Zr,0 0.02
Y,0, n.d.
CaO 0.082
MgO 0.02

TABLE II Characteristics of the studied material

Dynamic Young’s Density Average grain size
modulus (GPa) (gem™?) (nm)
195+ 4 3.01 +0.02 07405

TABLE III Remaining glass analysis

Chemical analysis TEM-EDX analysis

Mass loss in HF = 0.23 wt %
K,O in extracted glass = 0.8 wt %
Na,O in extracted glass = 2.3 wt %

K,0 =04 wt %
Na,O = 1.5wt %




Figure 1 Microstructure of the studied mullite material. (a) SEM, polished and thermally etched (1500 °C, 1 h) surface. (b) TEM, ion thinned

sample.
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Figure 2 Characteristic stress—strain relations. (a) Effect of temperature.

(b) Effect of loading rate at 1300 °C.

stress—strain curves obtained at 1300°C (Fig. 2b) is
adjusted, an increase in Young’s modulus as loading
rate increases is found (Fig. 3b).

Bend strength values are depicted in Fig. 4. Values
obtained using the highest loading rate decrease from
room temperature to 800°C and from this temper-
ature an increase up to a peak in strength at 1200 °C is
observed (Fig. 4a). Variations of bend strength with
loading rate are always inside the experimental varia-
bility at room temperature as well as at 1300°C
(Fig. 4b).

In Fig. 5, characteristic fracture surfaces of bend
bars are shown. Critical defects were large
(~ 2540 um) isolated pores (Fig. 5a) or zones
( =~ 100 pm) of coalescence of smaller pores (Fig. 5b).
In some samples tested at 1300 °C using a loading rate
of 10 Nmin~"! critical defects were surrounded by

80
1 1000 N min™
100 N min™
60 — 10 N min™
©
o
2
- i
(2]
2
»
40 —
20 T T T T T T
0.0002 0.0003 0.0004 0.0005 0.0006
(b) Strain
Loading rate = 1000 Nmin~!.----, RT; ——800°C; —-— 1300 °C.

zones of subcritical crack growth pattern, such as the
one shown in Fig. 6.

Toughness values obtained using an actuator speed
of 0.05mmmin~! as a function of temperature are
represented in Fig. 7a. A decrease from room temper-
ature up to 800 °C followed by a slight increase for
temperatures from 1000 to 1200 °C is observed. Maxi-
mum value is maintained from 1200 to 1400 °C.

Fig. 7b shows K¢ data as a function of the actuator
speed for tests performed at room temperature and
1300°C. At room temperature, average K;c values
remain constant and variability decreases as actuator
speed increases. At 1300°C, a non-monotonous de-
pendence of toughness on actuator speed is observed:
maximum values are obtained using the slowest speed
(0.005 mm min~ ') and a minimum is found for a speed

of 0.01 mmin~ 1.
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Figure 3 Young’s modulus. (a) Effect of temperature. Loading rate = 1000 N min . (b) Effect of loading rate at room temperature (@) and

1300°C (O).

400

300

200

Bend strength (MPa)

100 —

0 T T |

0 400 800 1200 1600
(a) Temperature (°C)

Figure 4 Bend strength. (a) Effect of temperature. Loading rate =
1300°C (O).

No special features were observed in the fracture
surfaces of toughness samples tested at room tempera-
ture, the fracture being mainly transgranular through
the specimen. Characteristic fracture surfaces of
notched bars after toughness testing at 1300 °C are
collected in Figs 8 and 9. Differentiated zones close to
the notch were found in the samples tested using
actuator speeds lower than 5mmmin~' (Fig. 8a—c).
Most of these zones had a semicircular shape as the
ones shown in Fig. 8a, b, being their size minimum for
samples tested at 0.005mmmin~!. Some of these
zones were made of several distinct areas as the one
shown in Fig. 8c and no correlation of their size to
loading rate was possible in these cases. Higher mag-
nification (Fig. 9) reveals a sharp transition from inter-
granular to transgranular fracture at the boundary of
these zones (Fig. 9a) in which significant cavitation is
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observed. Far from the notch transgranular fracture
patterns were found in all the samples (Fig. 9c). In the
samples tested using the lowest loading rates, partial
dissolution of the grains located in the areas close
to the subcritical—critical interphase was observed
(Fig. 10). No special features were observed for sam-
ples tested at 5 mmmin ! (Fig. 8d).

4. Discussion
4.1. Microstructure
The mullite studied here has a fine microstructure
with a majority of grains being equiaxed (Fig. 1la,
Table 1I).

No glassy films along grain boundaries were ob-
served with the available techniques, but the small
angles formed by the glassy pockets at triple points



Figure 5 Characteristic critical defects in fracture surfaces (SEM) of
bend strength bars. (a) Pores. Sample tested at room temperature
using a loading rate of 1000 N min~!. Bend strength = 263 MPa.
(b) Coalescence of pores. Sample tested at 1000 °C using a loading
rate of 1000 Nmin~'. Bend strength = 210 MPa. (c) Coalescence
of pores. Sample tested at room temperature using a loading rate of
10 Nmin !, Bend strength = 202 MPa.

(Fig. 1b) indicate that at least partial penetration of
the liquid has occurred. Moreover, thin glassy films of
~ 10 nm at mullite-mullite interfaces have been ob-
served by other authors by high resolution TEM
(HRTEM) in highly pure stoichiometric materials
[13,24].

The amount of alkalis (Na,O + K,O) in the re-
maining glass determined by TEM-EDX is lower
than the amount determined by chemical analysis of
the solution (Table I1I). This last value must be closer
to reality as EDX data are masked by the surrounding
crystalline mullite. Even though the amount of alkalis
in the average composition of the material is rather
low (Table I), the concentration of these compounds in
the remaining glass, determined by both methods, is
large (x 9.5, x15.5 for chemical analysis and EDX,
respectively, Table III). This glass will have low viscos-
ity at high temperatures due to the concentration of
the alkaline impurities in it. For example, a silica glass
with 3.5 wt % Na,O has a viscosity of about 107 dPa
at 1300 °C, which is in the working range of the glass
[8]. In this range, viscosity of glasses maintained at
a certain temperature diminish with exposure time
and stress. The glass in the material considered here
(Na,O + K,O = 3.1 wt %) might have a still lower
viscosity due to the presence of small amounts of
Al Os.

4.2. Room temperature mechanical
behaviour
Room temperature dynamic Young’s modulus
(Table II) is lower than that reported by other authors
(246,224 GPa [17,11]), and, as expected, is larger
than the static one (Fig. 3). Room temperature bend
strength and toughness values are in the average of
those reported for conventionally sintered stoichio-
metric mullites (250-400 MPa, 2-3 MPam'? [3]).
No dependence of stress—strain relations, Young’s
modulus, bend strength or K¢ values on loading rate
(Figs 2b, 4b, 7b) and no subcritical crack growth pat-
terns were observed close to the critical defects bend
strength specimens (Fig. 5a, ¢) or close to the notches
in toughness specimens tested at room temperature. In
fact, room temperature bend strength values (Fig. 4)
can be correlated to K¢ values (Fig. 7) through the
general equation

Z K¢
°r = Yonr
Substituting the constant values for a semielliptical
(Z = 1.6) surface (Y = 2) crack or radius ¢ [25] and
introducing K¢ and o¢; minimum and maximum
values into the expression, critical defect sizes (2¢)
ranging from 60 and 200 um are obtained which
agrees with fractographic observations (Fig. 5). It is
interesting to note that the range of loading rates that
have been used is large, so thus no slow crack growth
by stress corrosion takes place in this mullite and it
behaves linearly until fracture, as reported for other
high purity mullites tested at room temperature in
air [15].
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Figure 6 Fracture surface (SEM) of a bend strength sample tested at

1300°C using a loading rate of 10Nmin~!. Bend
strength = 156 MPa. (a) General aspect. (b) Defect-subcritical
crack growth zone interphase. (c) Subcritical crack growth zone-
sample interphase.

4.3. Mechanical behaviour up to 1400°C
The most striking feature of high temperature mech-
anical data and fracture patterns in the studied material
is their strong dependence on loading conditions.
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High temperature bend strengths of a 74 wt %
Al,O3; mullite, in which no remaining glass was
reported, as a function of loading rate have been
analysed by Kumazawa et al. [21]. In this material
and for the range of loading rates used by these
authors (0.01-0.5mmmin~!), no dependence of
strength data at 1300°C on loading rate was found.
Moreover, a steady decrease of bend strength from
room temperature up to 1300 °C occurred.

As discussed in section 4.1, the remaining glass in
the material studied here would have a viscosity in its
working range and, thus, viscous phenomena imply-
ing time and stress intensity dependent properties can
be expected. Most ceramics, like the mullite studied
here, contain remaining glassy phases that have been
formed during sintering. In these materials peak in
strength behaviour as testing temperature increases is
found, which indicates that non-elastic phenomena
contribute to bend strength. In materials such as
aluminas, silicon nitride and glass ceramics peaks in
strength with temperature have been associated with
several phenomena derived from softening of those
remaining glassy phases [26-29]. A variety of mech-
anisms, from blunting of critical flaws to grain bound-
ary sliding, crack branching or formation of crack
bridges by viscous flow during crack propagation
have been proposed. Moreover, in most materials
not a single mechanism takes place but an interaction
of several occurs depending on composition and dis-
tribution of the glass, testing temperature and strain
rate.

As shown in Fig. 2b, the mullite studied here be-
haves linearly elastic at high temperature when the
highest loading rate is used. The decrease in Young’s
modulus values determined using this rate with tem-
perature (Fig. 3a) is related to the decrease in elastic
properties as temperature increases due to elastic
bond relaxation. Bend strength values determined us-
ing this high rate do not follow the same trend as the
temperature increases over 800 °C, following the usual
peak in strength behaviour of ceramic materials con-
taining glass (Fig. 4a). Conversely, linearity at 1300 °C
is lost as loading rate decreases (Fig. 2b) which reveals
the occurrence of non-elastic phenomena during load-
ing at low rates which do not contribute to bend
strength values (Fig. 4b). The lack of correlation be-
tween Young’s modulus values, stress—strain relations
and bend strength data indicates that the increase in
strength values determined using the highest loading
rate as temperature increases is due to viscous phe-
nomena that do not take place during loading such as
healing of the critical cracks during heating of the
samples. The conclusion agrees with the diminution of
variability in strength data of samples tested at
1300 °C (Fig. 4a).

When large defects are found in the fracture surfaces
of bend strength samples tested at the lowest loading
rates subcritical crack growth zones are observed next
to the critical defects (Fig. 6) in which intergranular
fracture and cavitation are apparent and a sharp
transition to transgranular fracture takes place. This
feature was not observed when larger loading rates
were used being fracture transgranular through the
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Figure 7 Toughness, Kic. (a) Effect of temperature. Actuator speed = 0.05 mmmin~*. (b) Effect of actuator speed at room temperature (@)
and 1300 °C (O).

Figure 8 General aspect of characteristic fracture surfaces (SEM) of notched bars after toughness testing at 1300 °C using the following
actuator speeds: (a) 0.005 mmmin~!, Kic = 2.9 MPam'/?; (b) 0.01 mmmin %, Kjc = 2.3 MPam'/%; (c) 0.05 mmmin~*, K;c = 2.6 MPam!/?;
(d) 5Smmmin~!, Kic =2.9 MPam!/2,
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Figure 9 Characteristic features of fracture surfaces of samples
tested at 1300 °C. High magnification. (a) Subcritical crack growth
zone-sample interphase. Sample tested using an actuator speed of
0.01 mmmin . (b) Subcritical crack growth zone. Sample tested
using an actuator speed of 0.01 mmmin . (¢) Critical fracture far

from the notch. Sample tested using an actuator speed of

0.005 mmmin 1.

Figure 10 Characteristic features of fracture surfaces of samples
tested at 1300 °C using an actuator speed of 0.005 mm min~!. High
magnification. (a) Subcritical crack growth zone-sample inter-
phase. (b) Subcritical crack growth zone. (c) Critical fracture zone
close to the subcritical crack growth zone.




sample. This kind of microstructure modification
(shown in Fig. 6) during fracture has also been ob-
served by other authors around porosity nests in bend
samples of a translucent mullite tested at 1400 °C [14]
and surrounding defects in creep samples of a high
purity mullite [11]. It is interesting to notice that for
this feature to be observed in the material studied here,
a combination of large defects (i.e. large stress inten-
sities) and long times under load (i.e. low loading rates)
is needed.

Toughness values determined at an intermediate
loading (0.05mmmin~! equivalent to 194 and
147 Nmin~! for E = 171 and 130 GPa, respectively)
increase from temperatures larger than 800°C as do
bend strength values (Figs 4a and 7a). However, crack
healing cannot be the only mechanism playing a role
here as the evolution of K;¢ values with loading rate
(Fig. 7b) is different from that of bend strength
(Fig. 4b). Even though high temperature K- values
are larger than the room temperature ones at all
loading rates, the trend that they follow with loading
rate is opposite to that shown by materials in which
plastic deformation during fracture is an energy ab-
sorbing mechanism and leads to larger values of the
mechanical parameters for lower loading rates. The
K¢ fracture surfaces of these samples (Figs 8 and 9)
show slow crack growth zones close to the notch, in
which intergranular fracture and cavitation occur as
in the bend strength samples in which large defects
and long times under load are combined (Fig. 6).

Slow crack growth at high temperature in ceramics
is commonly related to the presence of a secondary
glassy phase. In the regime of temperatures and stresses
that this phenomenon occurs, two different processes
take place [14]: plastic deformation by grain bound-
ary sliding and reduction of crack-tip stress intensity
in the plastic zone by energy dissipation through plas-
tic deformation occurring in the viscous glassy phase.
The dominance of grain boundary sliding in materials
containing low viscosity silicate glasses produces very
fast slow crack growth resulting in a decrease in
strength. High viscosity glasses minimize the contribu-
tion of grain boundary sliding to strength and the
dominance of energy dissipation at the crack tip over
grain boundary sliding results in an apparent
strengthening of the material. The former of these
processes is a weakening one whereas the latter is
energy consuming. Grain boundary sliding in mater-
ials with no or small amounts of glass is accommod-
ated by cavitation as observed in this mullite (Figs 6¢c
and 9c) and reported by other authors for mullite
creep [11, 13]. This weakening process will be mini-
mized for high loading rates, as occurs for samples
tested at rates between 0.01 and 5 mm min ! in which
the size of subcritical crack growth areas decreases and
K¢ values increase as loading rate increases (Fig. 8).
The “toughening” process is usually more effective for
low loading rates but, due to the low viscosity of the
liquid formed in the material studied here, this energy
dissipative mechanism does not dominate over grain
boundary sliding for low loading rates. Moreover, in
the mullite studied here, viscosity of the liquid will
decrease as time under load increases (as discussed

in Section 4.1), improving grain boundary sliding ver-
sus crack tip yielding. In fact, in bend strength sam-
ples, subcritical crack growth zones are only observed
when long times under stress (i.e. low loading rates)
are added to large defects (i.e. large stress intensities)
(Fig. 6).

The above discussion does not include toughness
samples tested using the lowest strain rate, as they
should be the weakest and slow crack growth zones in
these samples should be the largest. Conversely, slow
crack growth zones in these samples are the smallest
(Figs 9 and 10) and K¢ values are the largest (Fig. 7b).
The microstructural changes observed close to the
notch at the fracture surfaces of these samples (Fig. 10)
might be responsible for this behaviour. Solution—
precipitation and/or crystallization phenomena at the
crack tip will act as sintering mechanisms during frac-
ture, leading to the observed increase in toughness.

5. Conclusions

Small quantities of alkalis in a 3Al,05-2SiO,
stoichiometric structural mullite concentrate at the
remaining glassy phase. Alkali amount in the glassy
phase is orders of magnitude larger than in the aver-
age composition of the material.

The mechanical behaviour of a 3Al,0;-2Si0,
stoichiometric structural mullite with 0.2 wt % alka-
line impurities and small grain size has been studied
from room temperature up to 1400°C. The main
characteristics are the following:

1. Mechanical behaviour at room temperature is lin-
ear at all loading rates used and no subcritical crack
growth takes place.

2. Mechanical behaviour at high temperature is deter-
mined by the residual glassy phase which softens dur-
ing testing.

3. Mechanical behaviour at high temperature strong-
ly depends on loading rate and stress concentration
due to the different processes that take place during
heating or testing:

(a) Crack healing takes place during heating.

(b) Decohesion of grains and liquid migration take
place during testing, leading to a weakening of the
material when low loading rates are added to large
stress concentrations.

(c) Very long times under load lead to microstructural
modifications that increase toughness values.
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