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Abstract This paper presents the results of a combined
experimental and theoretical study of microstructure and
thermal shock resistance of an aluminosilicate ceramic.
Shock-induced crack growth is studied in sintered struc-
tures produced from powders with different particle size
ranges. The underlying crack/microstructure interactions
and toughening mechanisms are elucidated via scanning
electron microscopy (SEM). The resulting crack-tip shield-
ing levels (due to viscoelastic crack bridging) are estimated
using fracture mechanics concepts. The implications of the

work are discussed for the design of high refractory
ceramics against thermal shock.

Keywords Viscoelastic crack bridging . Crack-tip
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Introduction

In recent years, significant efforts have been made to
develop fracture mechanics approaches for the modeling of
thermal shock-induced crack growth [1–5] and crack-tip
shielding [6] under thermal shock conditions. These models
have been applied to the study of thermal shock in layered
mullite and silica-containing structures in which viscoelastic
tractions are applied to cracks through uncracked ligament
bridges behind the crack-tip [5, 6]. These give rise to
shielding components that can be controlled by doping with
sodium oxide (Na2O) and calcium oxide (CaO) to vary the
viscosity-temperature characteristics [5].

One way of producing viscoelastically toughened
ceramics is to explore the thermally-assisted decomposi-
tion of kyanite, sillamanite and andalusite. These are
minerals with the same chemical formula (Al2O3.SiO2),
but different crystal structures, Table 1. Upon heating,
they decompose into mullite (3Al2O3.2SiO2) and SiO2,
and the structures in which SiO2 can provide viscoelastic
toughening. Furthermore, most natural deposits of kyanite
contain (Na2O and K2O) that can give rise to improved
levels of viscoelastic crack bridging. This possibility will
be explored in the current paper using a combination of
experiments and models.

This paper presents the results of a combined experi-
mental and theoretical study of crack-tip shielding in
kyanite-based ceramic samples of the same nominal
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composition, as shown in Table 2. The paper is divided into
5 sections. In Section 2, the materials and experimental
procedures are described. The theoretical models for the
quantification of crack-tip shielding are then described in
Section 3 before presenting the results and discussion in
Section 4. Salient conclusions arising from this work are
then summarized in Section 5.

Experimental Procedures

Materials

The kyanite used in this study was supplied by the Federal
Institute for Industrial Research in Oshodi, Lagos, Nigeria.

Processing

Four samples of kyanite powders with particle sizes ranging
from 45–63 µm, 63–90 µm, 90–125 µm and 125–250 µm,
were studied in this work. To achieve the desired particle
sizes, the dry kyanite was ball milled. The different size
fractions were then obtained by sieving. The sieved powders
were then compacted in a die at a pressure of 150 MPa. This
was used to produce elongated bars of height, 2H=6.35 mm,
width, W=6.35 mm, and length, L=50 mm. The green
bodies were subsequently sintered at 1450°C for 8 h, prior to
furnace cooling to room temperature. The shrinkage due to
sintering of the samples is negligible.

Microstructural Characterization

The microstructures were characterized via scanning
electron microscopy, after grinding on silicon carbide
paper (of different grit sizes starting with the coarsest
and ending with the finest). This was followed by
polishing with diamond paste. For microstructural stud-
ies, the samples were first etched using concentrated
hydrofluoric acid (HF 48%) for 3 min. They were then
rinsed thoroughly in water and ultrasonically cleaned in
acetone. To facilitate viewing in a scanning electron
microscope, the microstructural samples were gold-
coated to a thickness of ∼0.0045 μm. The specimens
were then examined in a Philips XL 30 (FEI, Hillsboro,
Oregon, USA) scanning electron microscope equipped
with Energy Dispersive X-ray Spectroscopy (EDS)
capabilities. This semi-quantitative EDS measurement
was used to characterize the microstructure and local
chemical compositions of the microstructural constitu-
ents, Figs. 1 and 2. X-ray diffraction (XRD) was
performed on powders of sintered kyanite to determine
its phase compositions with a Rigaku Miniflex (Rigaku,
Texas, US) working at 30 kV, 15 mA and using the Cu-Kα
radiation (λ=0.15418 nm). The scanning rate was 0.8 deg
(2θ)/min over the interval 22°<2θ<75°. The peaks (as
identified in the XRD diagram) confirm the formation of
mullite, 3Al2O3.2SiO2 (tagged “M”, JCPDS card 15-0776)
and SiO2 (tagged “S”, JCPDS 46-1045) due to thermal
decomposition of the kyanite (Al2O3.SiO2) at a sintering
temperature of 1450°C, Fig. 3.

Cold Thermal Shock Experiments

A cold quench technique was used to study the thermal
shock behavior of the samples. The samples were first
heated in a furnace until a specified uniform temperature,
TF∼1280°C was reached throughout the sample. The
samples were then cold shocked by immersing them into
a water bath maintained at a temperature, TA, of ∼5°C.
This procedure was repeated for each sample until it
fractured by separation into two or more pieces. The
number of cycles to failure, N, for each sample was
recorded for the temperature range, ΔT=TF–TA. To study

Table 2 Chemical composition of kyanite in wt.-%

Compound Composition wt%

SiO2 42.7

Al2O3 54.0

CaO 0.4

Fe2O3 0.78

MgO 0.35

K2O 0.80

Na2O 0.04

TiO2 0.1

LOI 1.21

Kyanite Andalusite Sillimanite Mullite

Chemical formula Al2O3.SiO2 Al2O3.SiO2 Al2O3.SiO2 3Al2O3.2SiO2

Mohs’ Hardness 5.5–7 6.5–7.5 6.5–7.5 6–7

Specific gravity [g/cm3] 3.53–3.65 3.13–3.16 3.23–3.27 3.15

Final Decomposition

Temperature (°C) 1410 1500 1625

Crystalline structure Triclinic Orthorhombic Orthorhombic Orthorhombic

Table 1 Characteristics of the
sillimanite-group minerals [7]
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the crack/microstructure interactions, the surfaces of the
thermally shocked samples were viewed under the same
Philips XL30 SEM that was used in the microstructural
studies.

Modeling

A crack-free infinite plate of thickness 2H is considered
here, as shown in Fig. 4(a). This is a reasonable assumption
since L/2H is large. The plate is assumed to be a uniform,
linear thermo-elastic solid with orthotropic axes aligned
with the Cartesian coordinates given in Fig. 4(a). The
normalized stress field induced inside a plate by thermal
shock, for a coordinate system in Fig. 4(a) has been derived
by Lu and Fleck [3]. This is given by:

sT z; tð Þ ¼ sT z;tð Þ
EaΔT

¼ 2
P1
n¼1

exp �B2
n

t
Γ

� � sin bn
bnþsin bn cos bn

cos bn
z
H

� �� sin bn
bn

h i

ð1Þ
where E ¼ 1=Ex � u2xy=Ey, a ¼ ax þ uxyay and ΔT is the
difference between the initial temperature of the plate, Ti,
and the ambient temperature, T1, and the eigenvalues βn
arise from the imposition of the homogeneous boundary
conditions: @T=@z ¼ � Bi

H T1 � Tð Þ at the lateral surfaces
z=±H, Fig. 4(a). The constant Bi is the Biot number, which,
for the infinite flat plate [3], the eigenvalues are found to

satisfy the equation βn tan βn=Bi. A Biot number Bi=10 is
used which is typical for current experimental conditions
[3]. The thermal relaxation time, Г, is defined by
Γ ¼ H2

�
k, where κ is the thermal diffusivity. It should

be noted that the plate model used here is very close to its
limits of validity. The resulting slight variations in the
thermal stresses in the samples are not considered here.

Fracture mechanics models have also been used [5, 6]
to quantify the viscoelastic toughening of ceramics
materials subjected to high temperatures. These models
incorporate the material properties, the microstructure
variables, and the details of the viscoelastic bridges
[Fig. 4(b)].

Crack bridging acts to restrict the opening of the cracks,
and thereby promote the shielding of crack [7]. The
effective stress intensity factor, (Keff) at the crack tip is,
therefore, given by:

Keff ¼ Krem � KB ð2Þ
where Krem and KB are the stress intensity factors due to the
remotely applied stress and bridging tractions, respectively.

Under large-scale bridging conditions, fully consistent
solutions of the viscoelastic toughening levels have been
derived by Baker et al. [6]. For a single straight mode I
crack of length a, if we assume that the temperature and
stress distributions are insensitive to the presence of the
crack, the stress intensity factor at the crack tip (that arises

Al: 47.2 wt.-% 
Si: 22.9 wt.-% 
O: 29.9 wt.-% 
Fe:  -   wt.-% 

(a) (b)

(c)

Al: 43.0 wt.-%
Si: 25.1 wt.-%
O: 30.3 wt.-%
Fe: 1.7 wt.-%

(d)

Fig. 1 (a) Microstructure of
kyanite processed from 45–
63 μm particles (b) Microstruc-
ture of kyanite processed from
63–90 μm particles. (c) and (d)
are their corresponding chemical
composition, respectively
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from the thermal shock) is given by the following
expression [6]:

K a; tð Þ
K0

¼ 1ffiffiffiffiffiffiffi
pH

p
ZH

H�a

W z; að ÞsT z; tð Þdz ð3Þ

where Ko ¼
ffiffiffiffiffiffiffi
pH

p
EaΔT is a normalizing constant for stress

intensity, E is the Young’s modulus, 2H is the thickness of
the plate, and ΔT is the thermal shock temperature difference.
The weight function is W(z,a) is given by [8]:
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where Aνμ are constants and ν, μ are the Fett-Munz
parameters, which for single-edge notched bend (SENB)
specimens, are presented in [8].

Baker et al. [6] have also presented a fully consistent
viscoelastic bridging model in which the viscous bridging
stress is a function of the Crack Opening Displacement
(COD), u(z,t), and the rate of change of the COD, �u z; tð Þ.
This gives the viscous bridging stress as:

sB z; tð Þ ¼ 2Lf
dh

h 1þ h

w

� 	
p �u 1� 2u

p

� 	
ð6Þ

where Lf is a pre-factor that accounts for the fraction of the
crack covered by the laths, δ is the separation between
adjacent grains and η the viscosity of the glassy intergranular
phase.

Baker et al. [6] have also shown that the normalized
COD, u z; tð Þ , may be expressed as:

u z; tð Þ ¼ u z; tð Þ
HaΔT

¼

L sTð Þ � 2guðzÞL du

dt
1� 2muð Þ

� 
ð7Þ

Fig. 2 Microstructure and EDS compositional analysis of kyanite fabricated from particle size range 90–125 µm and 125–255 µm. (a) and (b) are
the SEM images of two spots in the samples, whereas (c) and (d) are their corresponding chemical composition, respectively
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where linear operator L and the two dimensionless
constants, γ and μ, that relate the microstructure variables,
plate half height and thermal relaxation time Г, to the grain
dimensions p, h and w and the viscous relaxation time of the
glassy phase matrix, which is defined as in [6]. They have
also shown that the upper bound for the bridging length, lB in
the viscous bridging model [Fig. 4(b)] is given by:

lB
H

<
p2K2

o

32H2a2 ΔTð Þ2K2
M

ð8Þ

where KM(a)=0.2Ko is the maximum tip stress intensity
factor for a crack of length a the a/H=0.3. Note that, in this
inequality, a small value of p results in a small bridging
length, lB, and consequently small shielding effect.

The numerical procedure used to solve the integro-
differential equation, equation (7), is presented in Baker et
al. [6]. Linear interpolation functions have been used to
estimate the crack opening profile. Hence, the shielding due to

the viscous bridges is computed from the actual crack opening
profile resulting from cold shock stresses. The physical
parameters/properties of the refractory specimens used in the
model are given in Table 3. Three-point bending experiments
were performed on five specimens in each category.

Results and Discussion

Microstructure

The chemical composition of the kyanite that was used in
this study is given in Table 2. Note that SiO2 and Al2O3 are
predominant, with the volume percentage of these two
oxides being ∼96.7%. The microstructure of the sintered
material is presented in Figs. 1 and 2. These show lamellar
structures that consist of mullite needles in silica matrices.
The mullite (3Al2O3.2SiO2) and (SiO2) phases are formed
as a consequence of kyanite (Al2O3.SiO2), decomposition

z 

u(z,t)

p 

H 

H-a

Bridging stress 

Thermal stress 

lB 

Fig. 4 (a) Coordinates for an infinite plate with thickness 2H suddenly exposed to different temperature. (b) Schematic of the McNaney Crack
Bridging Model

Fig. 3 XRD patterns of kyanite
after sintering at 1450°C
for 8 h
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during high temperature sintering, Fig. 3. Note that their
morphology changes to a tabular one with rounded edges at
elevated temperatures. This is consistent with microstructural
descriptions from other studies [9]. The SEM images also
revealed that sintered compacts produced from larger particle
sizes result in larger pore sizes than those produced from
smaller particle sizes, Table 4.

Thermal Shock

Histograms of the number of cold-shock cycles to failure
are presented for different particle size ranges in Fig. 5.
These were obtained from triplicate tests. They show
clearly that the number of shock cycles to failure
increases with increasing particle size range. Also,
although porosity reduces the mechanical strength and
stiffness of materials, it has been established [10] that
the presence of pores can increase the thermal shock
resistance of brittle solids, particularly in cases where the
pores are small and uniformly distributed. Such improve-
ments are attributed to the effects of crack-tip blunting.
However, for a given pore volume fraction, this beneficial
effect diminishes rapidly as the pore size increases,
presumably as a result of cracking due to increasing stress
concentration.

The crack/microstructure interactions observed after ther-
mal shock are presented in Fig. 6. Evidence of viscoelastic
bridging is quite apparent. The sample sizes and material
properties of the samples and bridging ligaments are
presented in Table 5. These ligaments are partly responsible
for microstructural resistance of crack growth under thermal

shock loading. The shielding contributions from ligament
bridging are discussed in the next section.

Crack-Tip Shielding

The predicted viscoelastic toughening ratios obtained for the
four particle size ranges are presented in Fig. 7. This shows
that the overall shielding levels increase with increasing
particle size ranges. The trends in the viscoelastic shielding
levels are consistent with the trends in the shock lives shown
in Fig. 5. This suggests that the viscoelastic shielding has a
strong effect on the shock lives of the sintered aluminosil-
icate ceramics that were examined in this study. However, it
is also important to note here, that the shock lives may also
be influenced by pores that blunt cracks, as they propagate
through the porous structure. Further work is clearly needed
to establish the extent to which the pores promote crack-tip
blunting or stress concentration effects. These are clearly
challenges for future work.

Figure 7 shows the calculated crack tip stress intensity
factor values from equation (7). It shows that the crack tip
stress intensity factor increases to a maximum before
decreasing with increasing distance from the crack-tip.
The appropriate values of the bridging parameter γ are

Table 3 Measurement of mechanical/physical properties of kyanite

Particle Size (μm) Fracture Toughness,
KQ (MPa√m)

MOR (MPa)

45–63 4.4±0.1 68.7±3.0

63–90 4.0±0.1 49.8±0.1

90–125 3.5±0.3 35.1±1.7

125–250 2.0±0.3 16.6±1.7

Table 4 Microstructural details of the bridging ligaments in the kyanite specimens

Particle size range
(µm)

Porosity
(%)

Lath (mullite) width (w)
(µm)

Lath (mullite) length (p)
(µm)

Lath (mullite) depth (h)
(µm)

Lath (mullite) separation
(δ) (µm)

45–63 5.0 0.21±0.02 16±0.1 0.21±0.02 0.16±0.01

63–90 5.4 0.32±0.02 17±0.2 0.32±0.02 0.11±0.02

90–125 15.0 0.37±0.03 29±0.2 0.37±0.04 0.10±0.01

125–250 24.8 0.72±0.02 31±0.5 0.72±0.05 0.04±0.01

0
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Fig. 5 Variation of the number of thermal shock cycles to failure with
particle size for kyanite cold shocked from 1280°C
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shown in the third column of Table 6. The bridging
parameter, γ, is defined as

g ¼ Lf 1þ h

w

� 	
p

h

� � H

d

� 	
h

EΓ

� 	
ð9Þ

Note that it is assumed in the calculations that the
bridging viscous ligaments occupy a volume fraction that
corresponds to the maximum ligament bridging length, lb,
which is computed form equation (8). It is also known that
the viscosity varies exponentially with inverse of temper-
ature, i.e. h / exp 1=Tð Þ. Hence, the viscosity, η, values
were estimated to be about 504.8 Pa s for at 1280°C.

The results of the numerical computation for four ranges
of sample particle sizes are presented in Fig. 7. These were
obtained from sintered compacts produced from powders
with particle size ranges of: 45–63 μm, 63–90 μm,
90–125 μm and 125–250 μm. It was also assumed that
the crack length to specimen height ratio, a/H, was 0.3. The
geometrical and material property data that were used in the
numerical modeling are presented in Table 5. The parame-
ter γ for the four ranges of particle sizes, corresponding to
these material and geometrical property, are 0.1121, 0.4336,
0.7037 and 0.4832. The results show that the shielding
contributions from viscoelastic toughening are greater in
the sintered compacts produced from larger particle size
ranges. The trend in the viscoelastic toughening data is also
consistent with the trends in the thermal shock life data
(Fig. 5) which also increase with increasing particle size.

Implications

The effective stress intensity factor at the crack tip,
which represents the force responsible for crack growth,
can be calculated from the viscous bridging model, once
the bridging parameter γ has been determined. The values
of γ estimated from the bridging ligaments microstructure
show an increasing trend, with samples fabricated from
larger particle sizes generally having higher values than
those obtained from smaller particle sizes. This is
consistent with prior results by Obwoya et al. [11]
obtained from ball clay specimens fabricated from larger
particle sizes. These exhibited higher values of thermal
shock lives than those fabricated from smaller particle
sizes.

In any case, the current results suggest improved crack
growth resistance can be engineered in alumino-silicate
refractory ceramics with a range of compositions. The
microstructure of such systems can also be changed by
varying the compositions and particle sizes in ways that

Mixture of 
grain and 
viscous 
Bridging 
ligament 

Direction of 
Crack Growth

Viscous Bridging 
Ligament 

Direction of 
Crack Growth

Viscous bridging Ligaments

Direction of Crack Growth

Viscous bridging Ligaments

Direction of Crack Growth

(a)

(b)

(c)

Fig. 6 (a) Figure showing mixture of grain and viscous ligament
bridging in sample of grain range 63–90microns. (b) Viscous bridging in
sample of grain range 90–125 microns (c) Viscous bridging sample of
grain range 125–250 microns)

Table 5 Material parameters for kyanite

Parameter Symbol Numerical
Value

Sample half height (m) H 3.175×10−3

Young’s modulus (Pa) E 0.85×109

Thermal conductivity (W m−1K−1) K 3.5

Specific heat (J kg−1K−1) s 969

Density (kg m−3) ρ 1.3–1.96×
103

Thermal diffusivity k=K(sρ)−1 (m2sec−1) k 2.22×10−6

Thermal relaxation time Γ=H2k−1 (s) Γ 4.06

Coefficient of thermal expansion (K−1)
of glassy phase

α 5.5×10−6
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promote different levels of viscoelastic toughening. This
may involve the addition of alkali metals such as Na [12]
which change the viscosity-temperature characteristics, or
the use of different silica/mullite volume fractions to vary
the viscoelastic shielding parameters.

Conclusions

This paper presents the results of a combined experi-
mental and theoretical study of the thermal shock
behavior of aluminosilicate refractory ceramic with
different pore sizes. Salient conclusions arising from this
study are as follows:

1. The number of thermal shock cycles to failure increase
with increasing pore size range. This increase is
associated with crack/microstructure interactions that
give rise to crack-tip shielding by viscoelastic crack
bridging.

2. The shielding contributions from viscoelastic crack
bridging increase with increasing pore size. The trends

in the computed shielding levels are also consistent
with the trends in the measured sample lives due to
cold shock. Further work is needed to establish the
extent to which the pores promote crack-tip blunting or
stress concentration effects, both in terms of pore sizes
and the silica and impurities content.

3. Although viscoelastic bridging plays a key role in
retarding crack growth during thermal shock, it is
important to note that the shock-induced crack
growth is also influenced by the stress concentra-
tions associated with different pore geometries and
possible crack-tip blunting phenomena associated
with crack/pore interactions.
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