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Abstract

Thermal shock parameters (R, R” and R””) have been calculated using measured strength and modulus values for model magnesia-
spinel composite materials. The R” and R”’ parameters vary with both spinel content (0-30%) and spinel particle size (3-22 um). In
general, the larger the spinel content, the higher the values of R” and R””. It is predicted that the coarsest (22 um) spinel provides a
significant improvement in resistance to thermal shock damage through maximised difficulty of crack propagation, with a max-
imum at ~20% addition. These predictions were also matched by thermal shock testing. After quenching from 1000 °C, the 20%

22 pm spinel composite had a retained strength ~4.5 times higher than that for similarly quenched pure magnesia.

© 2002 Elsevier Science Ltd. All rights reserved.
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1. Introduction

A traditional standardised method used to character-
ise the thermal shock resistance of ceramic materials
involves quenching samples from high temperatures by
using water, oil or air as a cooling medium. A variety of
post-quench responses is possible. If the material is
initially strong and the temperature drop is not large,
there will be a small loss in strength; if the material is
initially strong and the temperature drop is large, there
will be a catastrophic loss in strength. This is the typical
response of engineering ceramics. For typical refractory
materials, the initial strength may be low — but the
strength after quenching shows little drop. Obviously,
quench tests can be repeated and in this case the number
of cycles necessary to cause a defined damage or weight
loss can be used as a measure of thermal shock resistance. !
On the basis of these tests, two types of parameters have
been used? to predict the thermal shock behaviour of
magnesia (MgO) and spinel (MgAl,O4) composites:

* Corresponding author.
E-mail address: caksel@anadolu.edu.tr (C. Aksel).
! Now at: Department of Materials Science and Engineering, Anadolu
University, iki Eyliil Campus, Muttalip, 26555 Eskisehir, Turkey.
2 Now at: Pilkington plc., Group Research, Technology Centre,
Hall Lane, Lathom, Lancs L40 SUF, UK.

(1) thermal stress resistance, and (ii) thermal shock damage.
The first determines the minimum thermal shock required
to initiate a crack, and resistance to initiation of fracture by
thermal stresses. The second expresses the degree of possi-
bility for further damage caused by thermal shock.

1.1. Thermal stress resistance parameters

The appropriate parameter for a material initially
damaged or undamaged, which expresses the tendency
for cracks to be developed, and therefore loss in
strength, can be considered to be that for the initiation
of fracture caused by thermal stresses. This has been
expressed>™’ by using an infinite slab symmetrically
heated or cooled with a constant heat transfer coeffi-
cient to derive thermal shock fracture resistance para-
meters R, R and R” using the equations:
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where oy is the bend strength, E is Young’s modulus, o
the mean thermal expansion coefficient, v Poisson’s
ratio, k thermal conductivity, and ¢ a stress reduction
term.

The use of these parameters depends on the exact
details of the temperature gradients in the material,
controlled by the Biot modulus, 8= ah/k, where a is the
radius or half-width of the specimen and / is the heat-
transfer coefficient between the body and the quenching
specimen. The parameter R is applicable for the case of
an instantaneous change in surface temperature for
conditions of rapid heat transfer; R’ is for a relatively
low Biot modulus (8<2) for conditions of slow heat
transfer, R” is for a constant heating or cooling rate.”
The stress reduction term ¢ is a function of the Biot
Modulus. R defines the minimum temperature differ-
ence to produce fracture under conditions of infinite
heat-transfer coefficient, i.e. ¢ =1. Looking at the para-
meters R, R' and R’ it is clear that high resistance to
fracture initiation can be achieved in materials with high
strength and thermal conductivity, and with low values
of thermal expansivity and Young’s modulus. However,
avoiding thermal fracture by increasing strength in
order to make initiation difficult is dangerous because
once initiated, the high level of attained elastic strain
energy means that crack propagation will be fast and
catastrophic.

It should be noted that the above equations take no
account of the variations of the material parameters
with temperature. The coefficient of thermal expansion
normally increases with increasing temperature; how-
ever, thermal conductivity decreases.

1.2. Thermal shock damage resistance parameters

Hasselman approached the problem of thermal shock
damage by considering the conditions for relative com-
parison of the ‘degree of damage’ on the basis of crack
propagation, rather than those for fracture initiation.
Once cracking is initiated, the maximum surface area
(Smax) of the fracture face is limited by S;,.x < U/ywor,
where U is the elastic stored energy per unit volume and
ywor is the effective surface energy or work of frac-
ture per unit projected area of fracture face. It is sug-
gested that! a thermal shock damage or toughness
parameter involving U/ywor should be useful for
comparing amounts of cracking. (The work of frac-
ture, ywor, represents the energy to propagate a crack
over a large area, rather than that to initiate fracture.®
ywor is usually interpreted as the work done in pro-
pagating a crack to break a notched specimen, divided
by twice the fracture surface area, since two new faces
are created.)

Hasselman derived the following thermal shock
damage resistance parameters R” and R”’, expressing
the ability of the material to resist crack propagation

and further damage and loss of strength on thermal

shocking:?>?
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The R"” parameter gives information about the mini-
mum in the elastic energy at fracture available for crack
propagation, high values of the modulus indicating an
improvement in thermal shock resistance. The R"’
parameter is the minimum in the extent of crack pro-
pagation on initiation of thermal stress fracture. The
parameter R”’ can be used to compare the degree of
damage of materials with widely different values of
ywor, such as brittle and ductile materials. R” can also
be used to compare the relative degree of damage to
materials with similar crack propagation properties, i.e.
the same values of ywor.'°

The criteria for minimising the extent of crack propa-
gation, and for obtaining a low degree of damage,? are
high values of the Young’s modulus, Poisson’s ratio,
and surface energy, and low strength. Although high
values of the thermal shock damage resistance para-
meters R” and R’ are desirable, it is clear that these
parameters can not be maximised by letting the strength
(og) approach zero. There must be some intermediate
value of strength and a resulting degree of damage such
that the strength (after thermal shock) remains acceptable.

1.3. Applications to refractory materials

Refractories are not very resistant to the initiation of
fracture from thermal stresses, but may have a sig-
nificant resistance to crack propagation or extension
caused by thermal shock.!! Therefore, predictions made
from the calculated R” and R”’ parameters should be
taken into account in characterising thermal shock
damage and the retained strength of materials, rather
than the thermal stress resistance parameters, i.e. R, R’
and R”.

The addition of spinel into MgO-spinel refractories
leads to a noticeable improvement of thermal shock
resistance, compared to MgO refractories. Retained
strength and Young’s modulus of both MgO and MgO-
spinel materials have been reported as a function of
number of quenching cycles.!? Both retained strength
and Young’s modulus of MgO decrease significantly with
increasing number of quenching cycles; however, those
values for MgO-spinel refractories remain almost at the
same level with increasing number of quenching cycles.
The reason for the improved thermal shock resistance!?
has been linked to the large difference in thermal expan-
sion coeflicient between MgO (~13.5 MK~!) and spinel
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(~7.6 MK~1).1%15 On cooling from the fabrication tem-
perature in the region of 1700 °C it is believed that the
thermal expansion mismatch leads to large tensile hoop
stresses and microcrack development around the spinel
grains. The fracture mechanism in MgO-spinel refrac-
tories relies on the development of microcracks, in which
fracture occurs in a quasi-static manner, and crack
branching makes propagation more difficult.!3-16

In this work, the effects of spinel particles (as a func-
tion of both size and volume fraction) in high purity,
fully dense and relatively fine grain MgO on the Has-
selman thermal shock parameters (R, R”, and R") are
predicted from determination of the relevant thermo-
mechanical parameters. The predicted thermal shock
parameters are then compared with actual thermal
shock behaviour. The intention of this work was to
confirm the reliability of thermal shock parameters and
establish the influences of both spinel particle size and
level of addition of these model finer grain composite
materials. It is considered that this paper will provide a
platform for extended work on less pure materials, and
for predicting the detailed modelling of the thermal
shock behaviour and high temperature properties of
materials with compositions and microstructures
matching those of commercial refractory materials.

2. Experimental

MgO of >98.0% purity (‘light’: GPR, BDH, Poole,
UK), a nano-particle size powder, was calcined at
1300 °C for 2 h to produce a powder with a mean par-
ticle size of 0.5 pm. Alcoa MR66 spinel powder (99.5%
purity) was air classified to obtain more narrow dis-
tributions of median sizes 3, 11 and 22 um. MgO discs
30 mm in diameter were hot-pressed in graphite dies at
1700 °C and 20 MPa for 25 min, to yield material of
>97% density. The MgO-spinel composites, prepared
using 5 to 30 wt.% spinel, could be obtained theoreti-
cally dense (~99%), by hot-pressing at 1720 °C and 20
MPa for 25 min. Bulk density and apparent porosity
were measured using the standard water immersion
method.!” To obtain suitable samples for mechanical
property measurements, disc surfaces were ground with
progressively finer SiC grits down to 1000 mesh, and the
tensile faces were finally diamond polished to 1 pum.
Discs were then cut into bars ~26x3x3 mm? for
strength measurements. Mechanical measurements of
all the spinel composites have been carried out in three-
point bend, where the support roller span was 20 mm,
and the cross-head speed was 0.2 mm min~!. The
standard equations for the strength'® (o) and Young’s
Modulus'® (E) of a bar in three-point bend are:

3PL

= awD? ©)

L3m
T 4WD3 )
where P=load at fracture, L=outer (support) span,
W=specimen width, D=specimen thickness, and
m=slope of the tangent of the initial straight-line por-
tion of the load-deflection curve corrected for machine
stiffness. Five specimens were normally tested to obtain
a mean value, using a tensile testing machine (Mayes,
SMT50). ywor was calculated from load-deflection
curves obtained from notched bars (¢ is the notch
depth) deformed in three-point bend, by measuring the
area (A) under the load-deflection curve, as given by the
following equation:2°

A

YWOF = m ®)

Thermal shock parameters R and R” were calculated
using the strength and mechanical modulus values.
Thermal expansion coefficients of composites, depend-
ing on the Young’s modulus, volume fraction and coef-
ficient of thermal expansion of each component, were
calculated for a two-component system with the equa-
tion derived by Turner.?! The R” parameter was cal-
culated from R” using the experimental values of ywor,
determined from the areas under the load-deflection
curve.

Thermal-shock tests were made by holding the rec-
tangular specimens for at least 20 min to allow for tem-
perature equilibration in a vertical tube furnace
maintained at 1000 °C and dropping them into a con-
tainer of silicon oil at room temperature, which was
being stirred with a magnetic stirrer (at room tempera-
ture). After cleaning with acetone, samples were dried in
an oven at 110 °C before breaking in three-point bend.
The strengths of the quenched samples were measured,
and retained strengths of both MgO and composites were
determined. Thermal shock results were then evaluated
on the basis of the calculated R” and R” parameters.

The CamScan 4 SEM used in this study was equipped
with an EDAX system for element analysis. Secondary
electron images (SEI) were used to examine the size and
shape of the grains in the fracture surface of both MgO
and composites; back scattered electron images (BEI),
which provide atomic contrast, were used to indicate the
presence and position of spinel particles in the polished
surface of the composite materials.

3. Results and discussion

Because of the importance of the strength and
Young’s modulus (¢/E or E/c?) ratios for calculation of
thermal shock parameters (R, R”, and R"), it was of
interest to investigate how strength and Young’s modulus



304 C. Aksel, P.D. Warren | Journal of the European Ceramic Society 23 (2003) 301-308

varied for each composition. Strength and Young’s
moduli of composites, containing spinel, decreased with
increasing spinel content, for all particle sizes (Table 1).
The influence of the spinel was greater, the larger the
particle size.

Fig. 1 shows that there was not such a marked fall off
in Young’s modulus values with increasing spinel con-
tent, compared to strength. The strength was more sen-
sitive to spinel content than was Young’s modulus. The
22 pum spinel composite showed a marked decrease (by a
factor of ~3.5) in Young’s modulus with increasing
spinel additions, whereas the corresponding strength
values declined by a factor of ~4 over the same range.

3.1. R parameter

The R parameter initially decreased very slightly with
spinel content, for 3 and 11 um spinel composites, and
reached a minimum at about 10% addition: further
additions of spinel resulted in slight increases in the R
parameter (Fig. 2). The R parameter for 22 um spinel
composites decreased with additions of up to ~20%,
and then increased with further additions of spinel to
the value for pure MgO, within experimental error. The
reason for the marked decline in the R parameter is that
thermal expansion mismatch between MgO and spinel
led to extensive pre-existing connecting microcracking
in composite materials (Figs. 3 and 4). The 22 pm spinel
composites showed the greatest sensitivity to spinel
content, and would be expected on the basis of the R
parameter to show less resistance to fracture initiation
by the thermal stresses than those of finer spinel com-
posites (Fig. 2). This indicates that strength is more
sensitive to composition than is Young’s modulus
(Table 1 and Fig. 1). It appears that both strength and
Young’s modulus are controlled by the extent of
microcracking with strength being influenced more
strongly, until very high spinel contents are reached
(Figs. 3 and 4). It would not be expected on this basis
that spinel additions would improve the thermal shock
resistance of MgO, through improvement of resistance
to fracture initiation by the thermal stresses. It would be

Table 1
Strength and Young’s modulus of MgO-spinel composites as a func-
tion of spinel content and particle size

Spinel Particle size/um
content
(Wt.%)
3 11 22 3 11 22
Strength (MPa) Young’s modulus (GPa)
0 233+7  233+7  233+7  268+30 268+30 268+30
5 206+14 16347 158+10 247423 229415 215+42
10 1494+22  129+£45 110+£24 2114+52  1824+42 152438
20 124+31 11143 65+8 168+49 14749 111£20
30 111+47 7611 61+4 146+ 54 93+14 80+£5
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Fig. 1. Strength as a function of Young’s modulus for different spinel
particle size and composition of MgO-spinel composites.
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Fig. 2. R parameter as a function of spinel content and particle size.

Fig. 3. SEM micrographs of thermally etched polished surfaces of
30% 11 pm spinel composite materials, showing microcracking (dark
gray: MgO, light gray: spinel).
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Fig. 4. SEM micrographs of polished surfaces of 20% 22 um spinel
composite materials, showing microcracking (dark gray: MgO, light
gray: spinel).
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Fig. 5. R” parameter as a function of spinel content and particle size.

expected that resistance to initiation of fracture caused by
thermal stresses would be best with materials containing
very high (> 30%) loading of the finest spinel particles (3
pm), and worst for the 22 pm spinel composites. Since the
MgO-spinel composites are not very resistant to fracture
initiation by the thermal stresses, the R” and R"’ para-
meters must be taken into account in characterising fur-
ther thermal shock damage due to the marked resistance
to crack propagation caused by thermal shock.

3.2. R” parameter

The R” parameter increased with all spinel additions
(Fig. 5). Previous researchers reported that?>23 Al,O;
had an appreciable solubility in MgO at high tempera-
ture, in which the equilibrium mole fraction of Al,O5 in
MgO is corresponding to ~0.02, at the temperature of

1725 °C used for preparation of composites. It is con-
sidered that the actual spinel content of the composites
is approximately 4-5% by weight of Al,Oj3 less than the
spinel amounts used because of the solubility of Al,O3
in MgO and incomplete re-equilibration on cooling.
However, high temperature saturation of the MgO is
achieved with increasing additions of spinel (10% and
upwards). For this reason, there was probably very little
particle size effect, up to 10% spinel additions. The
resistance to thermal shock damage of the 3 pm spinel
composites would be expected to be similar to that of
the 11 um spinel composites. The strength and Young’s
modulus values decreased with spinel additions, and the
influence of the spinel was observed to be more marked
the larger the spinel particle size. Strengths of the coar-
ser spinel composites were in general very much more
sensitive to composition than was Young’s modulus
(Table 1). Composites containing the 22 um spinel stand
out as having significantly higher R” values, at >10%
loading. The anticipated improvement in thermal shock
resistance predicted by the R” parameter and observed
experimentally can be explained by a large decrease in
strength, and lesser decrease in modulus (Fig. 1). The
large thermal expansion coefficient difference between
MgO and spinel, leads to extensive microcracking in
composite materials with loss of modulus and strength
values.?*27 The smaller the spinel particle size, the les-
ser the concentration of pre-existing connecting cracks
due to the thermal expansion mismatch (Figs. 3 and 4).
Finer spinel particles (3 and 11 pm) resulted in shorter
crack propagation distances from the spinel particle
(Fig. 3). However, the 22 pum spinel particles were the
origin of longer cracks, and more crack initiation sites
(Fig. 4). The micrographs show clearly the tendency for
the interlinked networks of cracks to develop, appar-
ently nucleated at the spinel particle surfaces. This ten-
dency is the greater the larger the spinel particle size,
and the higher the volume loading. It might therefore
have been expected that resistance to crack propagation
in general would be greater with materials containing
the coarsest spinel particle size.

On the basis of the calculated R” values, very coarse
(> >22 pm median) spinel particles (at >10% loading)
appear to be generally more beneficial than the finer
particles, for which a very much larger volume appears
to be required to achieve the same improvement. It
would here be predicted on this basis that the coarsest
(22 pm) spinel would provide a significant improvement
(by a factor of >5) in resistance to thermal shock
damage through maximised difficulty of crack propaga-
tion, with a maximum at ~20% addition.

3.3. Work of fracture (Ywor)

Values for the measured work of fracture (obtained
from the areas under the load—deflection curve) in this
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work are comparable to that of 35 J m~2 for poly-
crystalline fully dense MgO (3.56 Mg m—3) of ~100 pm
average grain size.”® In the composites, there was a
general marked increase in ywor, by a factor of ~2, up
to 30% additions (Fig. 6). The effect of spinel content is
much more important than the particle size, within the
large scatter band.

Fracture surfaces of pure MgO showed a large pro-
portion of transgranular cracks, with some inter-
granular cracks (Fig. 7). At low additions of spinel,
transgranular cracks were still present with some inter-
granular cracks, in the fracture surfaces of each spinel
composite. However, at higher additions of spinel
(=20%), mostly intergranular fracture occurred. The
20% 22 pm spinel composite showed mostly inter-
granular fracture with some transgranular (Fig. 8). It
appears that intergranular cracks in the MgO grains

“= 100

m

0 5 10 15 20 25 30
Spinel / %

Fig. 6. Work of fracture as a function of spinel content and particle
size.

Work of Fracture / J
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Ngfj-ét-{ract .

Fig. 7. Fracture surface of dense MgO.

with increasing spinel additions require much more
energy for fracture than MgO (Fig. 6). Spinel compo-
sites showed stable crack growth, which indicated sig-
nificant microcrack extension and bridging (Figs. 3 and 4).
Therefore, the higher values of ywor are associated with
the occurrence of more intergranular fracture (Fig. 8).

3.4. R" parameter

The R”’ parameter also increased with spinel addi-
tions (Fig. 9). The R” parameter for the 11 pm spinel
composites showed similar values to the 3 um spinel
composites up to 20% additions, but was more sensitive
to particle size with further additions. The 22 pm spinel
composites showed the similar trend but there was a
larger effect on R above 10% additions, as compared
to the other composites. It would be expected that the

0 5 10

15 20 25 30
Spinel / %

Fig. 9. R" parameter as a function of spinel content and particle size.
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Table 2
Fraction of initial strengths of MgO and MgO-spinel composites
quenched from 1000 °C

Fraction of initial strength

AT MgO 20% 11 pm 20% 22 pm 30% 22 pm
©C) (233 MPa®) (111 MPa?) (65 MPa®) (60.5 MPa®)
1000 0.2340.06 0.450.09 1.000.10 0.890.10

@ Initial strength.

20% 22 pm spinel composite would have the highest
resistance to thermal shock damage, with an improve-
ment by a factor of ~8, as compared to pure MgO.
This increase in R parameter appears mainly to be the
result of the marked increase in ywor with spinel addi-
tions (Fig. 6), and the greater sensitivity of strength to
composition and particle size than Young’s modulus
(Table 1 and Fig. 1).

Basically the R” and R parameters exhibited similar
patterns in terms of variations in spinel content (Figs. 5
and 9). However, the increase in R”” is more significant,
at higher spinel additions, than the increase in R”,
because of the increase in ywor (Fig. 6). The amount of
extra damage caused by thermal shock is again there-
fore predicted to be significantly lower with the addition
of coarse spinel particles.

For 3 and 11 um spinel composites, it may be that
additions of 30-40% could provide some improve-
ments. Further deterioration of strength in the coarsest
spinel composite as a result of thermal shock should be
a minimum with 20-30%. In general coarser (22 pm)
spinel powders appear to be more beneficial than finer
powders, but there is no obvious advantage with addi-
tions of >30%.

3.5. Retained strength after thermal shock

An increase in quench temperature up to 1000 °C
resulted in a sharp decrease (77%) in strength for pure
MgO (Table 2). In contrast, the spinel composites had a
higher retained strength than pure MgO up to the max-
imum quench temperature used. There was about 55%
loss of strength for 20% 11 um spinel composites, and
11% for 30% 22 pum spinel composites. However, the
20% 22 pm spinel composite did not lose further
strength after the quench tests, and in this respect was
the most stable of the composites tested. These results
showed clearly that the resistance to thermal shock
damage for all these materials had the trends expected
on the basis of the calculated R” and R”" parameters.

4. Conclusions

MgO-spinel composites showed less resistance to
fracture initiation by the thermal stresses than MgO

because of the pre-existing cracks caused by thermal
expansion mismatch. Finer spinel particles resulted in
shorter initial crack propagation distances from the
spinel particles; the coarser spinel particles were the
origins of longer cracks. It might therefore have been
expected that resistance to thermal shock damage,
resulting from resistance to microcrack propagation and
interlinking, would be higher with materials containing
the coarser spinel particle. The occurrence of more
intergranular fracture with increasing spinel additions
indicated significant microcrack extension and branch-
ing, leading to higher ywor values.

The R” and R” parameters showed similar patterns
in terms of variations with spinel content and particle
size, and one was as good as the other. This work con-
firmed that the R” and R"’ parameters were good indi-
cators for a quantitative evaluation of the retained
strengths. The R” and R”’ parameters for these model
composite materials suggested an optimum composition
of 20 to ~30% 22 um spinel particles. The R” and R"”’
parameters predict that the spinel composites should
have greater thermal shock resistance than pure MgO
materials (up to 5 to 8 times). Thermal shock results
also confirmed that the retained strengths of composite
materials after shocking remained much higher (by a
factor of 4.5) than those of MgO, and the 20% 22 pm
spinel composites are the best at resisting further ther-
mal shock damage and loss of strength.
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