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bstract

mprovements and the effects of additions of ZrSiO4–3 mol% Y2O3 into MgO–MgAl2O4 composite refractories on mechanical properties and
hermal stress resistance parameters were investigated. Significant improvements were achieved on mechanical properties and R–Rst parameters
p to ∼2 and ∼3-fold ratios. The major parameters improving mechanical properties and thermal behaviour of refractories were determined as
ollows: (i) the increase in resistance to crack initiation and propagation due to formation of Mg2SiO4 phase after decomposition of zircon; (ii)
ropagation of the microcracks formed in the structure for a short distance by interlinking each other; (iii) arresting or deviation of microcracks

hen reaching pores or ZrO2 grains released after dissociation of zircon, located together with Y2O3 particles, and furthermore; (iv) co-presence of
oth intergranular and transgranular types of cracks, and with incorporation of zircon–Y2O3; (v) increase in density; and (vi) a significant reduction
n MgO grain size.

 2011 Elsevier Ltd. All rights reserved.
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.  Introduction

Magnesium aluminate spinel (MgAl2O4) is obtained by
eaction of mixtures of MgO and Al2O3. Theoretically, the sto-
chiometric composition of MgAl2O4 contains 71.68% Al2O3
nd 28.32% MgO by weight. MgO is one of the most impor-
ant inputs of the refractory materials industry due to its high

elting point. Although MgO–chrome refractories and MgO
nd dolomite origin refractories are adequate in many aspects
n terms of their fields of application, their resistance against
hermal shock is low.1,2 It was found that this shortcoming

ay be covered by producing MgO–spinel refractory mate-
ials with addition of MgAl2O4 spinel particles to the MgO
atrix.1,2 The fact that toxic Cr6+ ions produced from Cr2O3

ave allergenic, ulcerogenic and carcinogenic effects on the skin
n MgO–chrome refractories has been cause of concern, bring-

ng out the need for use of alternative MgO–spinel refractories
ot containing chrome.3 When chrome ore reacts with alkalis to
orm potassium chromate or potassium dichromate (containing
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r6+), this can result in the destruction of the brick.4,5 Hex-
valent chromium diffuses from the refractory into the cement
linker, and increases the risk of toxic reactions during process-
ng of the cement.6 The most important factor in prevalent use
f MgO–spinel refractories among other MgO and dolomite ori-
in refractory materials is their having higher resistance against
hermal shock and alkali attacks.7 MgO–spinel materials have

1.5–2 times longer useful lives compared to other basic bricks
ike MgO–chrome.6

The main advantages of using MgO–spinel bricks in cement
ilns can also be summarised as follows8–11: (i) low thermal
xpansion coefficient of MgO–spinel bricks, (ii) high resistance
o thermo-mechanical stress, (iii) chemical resistance to oil and
sh deposits, (iv) high resistance to corrosion and changes in kiln
tmosphere, (v) low content of secondary oxides, which results
n minimal alteration in structure of the hot face in service, (vi)
limination of chromite, which makes the brick less susceptible
o alkali attack in service, (vii) no toxic Cr6+ ions leached from
aste materials, and (viii) white cements can be made without

iscoloration problems caused by transition metal cations.

As compared to MgO-based materials, MgO–spinel refrac-
ory materials display a higher resistance against thermal shocks.
t is reported12,13 that incorporation of (i) spinel into MgO

dx.doi.org/10.1016/j.jeurceramsoc.2011.07.024
mailto:caksel@anadolu.edu.tr
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Table 1
Compositions prepared for mechanical testing where weights of MgO (0–1 mm), spinel (0–1 mm), ZrSiO4 (∼13 �m) and 3 mol% Y2O3 (∼4 �m) correlated with
ZrO2 content in ZrSiO4 were used.

Compositions MgO (%) Spinel (%) ZrSiO4 (%) Y2O3
* (%)

M 100.00 – – –
M–5%S 95.00 5 – –
M–10%S 90.00 10 – –
M–20%S 80.00 20 – –
M–30%S 70.00 30 – –
M–30%S–20%zircon 50.00 30 20 –
M–5%S–5%(zircon + Y) 89.83 5 5 0.17
M–5%S–10%(zircon + Y) 84.66 5 10 0.34
M–5%S–20%(zircon + Y) 74.31 5 20 0.69
M–5%S–30%(zircon + Y) 63.97 5 30 1.03
M–10%S–5%(zircon + Y) 84.83 10 5 0.17
M–10%S–10%(zircon + Y) 79.66 10 10 0.34
M–10%S–20%(zircon + Y) 69.31 10 20 0.69
M–10%S–30%(zircon + Y) 58.97 10 30 1.03
M–20%S–5%(zircon + Y) 74.83 20 5 0.17
M–20%S–10%(zircon + Y) 69.66 20 10 0.34
M–20%S–20%(zircon + Y) 59.31 20 20 0.69
M–20%S–30%(zircon + Y) 48.97 20 30 1.03
M–30%S–5%(zircon + Y) 64.83 30 5 0.17
M–30%S–10%(zircon + Y) 59.66 30 10 0.34
M–30%S–20%(zircon + Y) 49.31 30 20 0.69
M–30%S–30%(zircon + Y) 38.97 30 30 1.03

* The amounts of 3 mol% Y O equivalent to ZrO proportion in zircon were calculated for each composition and subsequently those quantities of Y O (Y) were
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onverted to weight percentages.

ignificantly improves the retained strength after thermal shock,
ot modulus of rupture, refractoriness under load and (ii)
2O3 into MgO–spinel markedly develops densification and hot

trength characteristics of MgO–spinel composite refractories.
ith the addition of spinel particles to MgO, the service life

f composite refractory materials increase, specifically due to
he increase in the work of fracture energy, while a decrease
ccurs in other mechanical properties.14–17 This study was car-
ied out for achieving improvement on the mechanical properties
f materials obtained by incorporating varied amounts of zir-
on and 3 mol% Y2O3 into MgO–spinel composite refractories
ontaining varied ratios of spinel (MgAl2O4), increasing their
esistance especially against fracture, obtaining high thermo-
echanical properties through analysis of R  and Rst thermal

tress/shock parameters data and hence increasing their further
ervice life. In this study, the relationships between the mech-
nisms causing improvement on the mechanical properties of
omposite refractories and microstructural changes and parame-
ers affecting these were investigated in detail and explained with
easons, aiming to make this work a useful step for industrial
pplications.

. Experimental

As shown in Table 1, recipes were prepared by adding weights
f 5%, 10%, 20% and 30% zircon (ZrSiO4) and 3 mol% Y2O3

Y) correlated with ZrO2 content in zircon to compositions
btained by additions of 5%, 10%, 20% and 30% MgAl2O4
pinel (S) by weight to MgO (M). The amounts of 3 mol%
2O3 equivalent to ZrO2 proportion in zircon were calculated

u
d
t

2 3

or each composition, where those quantities of Y2O3 were sub-
equently converted to weight percentages, and given in Table 1.
atches prepared using MgO (0–1 mm), spinel (0–1 mm), zir-
on (∼13 �m) and Y2O3 (∼4 �m) were shaped into samples of
8 ×  8 ×  60 mm3 under a pressure of ∼100 MPa. The samples
ere sintered for 2 h in kiln (Nabertherm HT16/18) at 1600 ◦C
sing heating and cooling rates of 5 ◦C/min. Bulk density and
pparent porosity values of 3 specimens from each composition
ere measured using the standard water immersion method and

verage values were taken.18 After samples were ground using
00 and 1200 grade SiC papers until obtaining smooth surfaces
ased on the standard sample preparation rules,15,19 the samples
ere dehydrated at ∼110 ◦C in an oven and mechanical tests
ere carried out. The mechanical tests performed using a load

ell of 2 kN moving at a velocity of 0.5 mm/min with support
oller span (L) of 40 mm were applied to minimum 5–6 sam-
les and average values were taken. Under standard tests; values
f strength19 (σ), modulus of elasticity20 {E  = L3m/(4WD3)},
racture toughness21–24 {K1C = (3/2)(PLc1/2Y)/(WD2)}, fracture
urface energy, γS,25 {K1C = (2EγS)1/2}  and work of fracture
nergy26 {γWOF = U/[2W(D  −  c)]}  were determined by the 3-
oint bending method in Instron 5581. K1C, γS and γWOF
easurements were carried out using single edge notched beam

SENB) method. The parameters used in those equations given
bove are as follows19–26: m is slope of the tangent of the ini-
ial straight-line portion of the load-deflection curve, W  is the
pecimen width, D is the specimen thickness, P is the load at fail-

re, c  is the notch depth, and Y  is a dimensionless constant that
epends on the geometry of the loading and the crack configura-
ion. Y values for all compositions were determined depending
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Table 2
Mechanical properties and densities of composite refractories having M, M–30%S, M–30%S–20%zircon and M–30%S–20%(zircon + Y) compositions.

MgO M–30%S M–30%S–20%zircon M–30%S–20%(zircon + Y)

σ (MPa) 48.51 ± 5.50 11.32 ± 0.54 20.69 ± 2.05 21.25 ± 3.96
E (GPa) 35.07 ± 2.37 7.88 ± 0.87 13.82 ± 1.36 15.20 ± 2.87
K1C (MPa.m1/2) 1.52 ± 0.08 0.51 ± 0.04 0.81 ± 0.01 1.09 ± 0.11
γS (J/m2) 32.81 ± 3.65 16.40 ± 2.60 24.20 ± 5.09 39.02 ± 7.65
γWOF (J/m2) 27.43 ± 3.09 67.62 ± 6.16 61.29 ± 11.81 59.76 ± 1.53
ρ (g/cm3) 2.80 ± 0.03 2.79 ± 0.01 3.04 ± 0.04 3.20 ± 0.05
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n the specimen dimensions and represented by fourth-degree
olynomials of the following form to within 0.2% for all values
f c/D  up to 0.6, where the coefficients A had the subsequent val-
es: {Y  = A0 + A1(c/D) + A2(c/D)2 + A3(c/D)3 + A4(c/D)4}, for
/D ∼8, A0 = 1.96, A1 = −2.75, A2 = 13.66, A3 = −23.98
nd A4 = 25.22.21–24 The magnitude of critical defect size
C) value was calculated using Griffith equation25,27–30

σ  = (2EγS/πC)1/2},19,21−25,27–30 where combining the SENB
racture surface energy values with those of strength allowed
n estimate to be made of the critical defect size.15,31 E val-
es were calculated using the slope of stress–strain curve in
he initial linear portion of the curve between lower and upper
ounds by reporting the steepest slope as the modulus, where the
orrection for machine stiffness was also considered as follow:
fter loading the machine with load cell against itself without
ny specimen using a very low crosshead speed, the slope of
his displacement measured for a given load was being sub-
racted from the slope of specimen’s stress–strain curve.32,33

ork of fracture is usually interpreted as the work done in prop-
gating a crack to break a notched specimen, divided by twice
he fracture surface areas (since two new faces are created).
WOF

26 is the amount of energy required to propagate a crack
ompletely through a specimen, which is calculated by deter-
ining the area remaining under the load–deflection curve (U).
1C, γS and γWOF values were calculated by using notches at

 depth of ∼25% of thickness (∼2 mm) of the material using
 diamond disk 700 �m thick on specimens. Notch depth was
easured using an Olympus BX60M brand optical microscope.
-ray diffraction (XRD) analysis was performed using Rigaku
INT2000 equipment. SEM studies were carried out using Zeis
vo 50 device with the microstructures and fracture surfaces
f materials analyzed. Using photographs taken on the surfaces
f specimens, which were polished and thermally etched for
0 min at 1450 ◦C, the average MgO grain size was calculated
sing a standard line mean intercept method34 (D  = 1.56L, D: the
verage grain size, L: the average intercept length). Hasselman
arameters, which determine the fracture resistance of materials
ue to thermal stress/shock and used in estimation of maximum
hermal resistance, were calculated by following formulas35:
R = [σ.(1 −  ν)]/(E.α)}  and {Rst = [γS/(α2.E)]1/2}, where α  is
he mean thermal expansion coefficient of the composite refrac-
ory and ν  is the Poisson’s ratio. In this study, (i) mechanical

roperties and (ii) values of R  and Rst thermal stress/shock
arameters determining high temperature performance of com-
osite refractory materials were determined and the relationships

p
T
r
o

etween obtained data and microstructural changes were ana-
yzed in detail, with the parameters affecting these examined.

. Results  and  discussion

Results of mechanical tests on composites refractories
roduced by adding varied amounts of ZrSiO4 + 3 mol%
2O3(zircon + Y) to MgO–spinel (M–S) materials containing
aried ratios of spinel (MgAl2O4) are given below. The additives
sed in figures and tables represent: (i) MgAl2O4 for M–S and
ii) ZrSiO4 + Y2O3 for M–S–(zircon + Y) materials. As shown
n Table 2, mechanical tests were initially carried out for the fol-
owing materials where their compositions were given in Table 1:
i) MgO (M), (ii) M–30%S, (iii) M–30%S–20% zircon compo-
ition selected as a model without addition of Y2O3 (Y) and (iv)
–30%S–20%(zircon + Y) composition in terms of observing

he effects of Y2O3 addition and improvements on mechanical
roperties, and their results were evaluated in comparison with
ach other.

Generally, a marked increase was observed in the mechanical
roperties of M–S–(zircon + Y) composite refractories com-
ared to M–S containing no additives. With the addition of
0%zircon to M–30%S, as illustrated in Table 2, a 1.8-fold
ncrease was observed in strength (σ), 1.8-fold in modulus of
lasticity (E), 1.6-fold in fracture toughness (K1C) and 1.5-fold in
racture surface energy (γS). The improvements observed in the
omposition obtained by adding 20%(zircon + Y) to M–30%S
ere 1.9-fold in both strength and modulus of elasticity, 2.1-

old in fracture toughness and 2.4-fold in fracture surface energy
Table 2). Work of fracture energy (γWOF) data show a significant
ncrease with incorporation of additives into MgO and in gen-
ral those values are close to each other. Zircon and zircon + Y
dditives incorporated into M–S have significantly increased the
ensity values of the new compositions obtained. Comparing
–30%S–20%zircon and M–30%S–20%(zircon + Y) compo-

itions, it was determined that the addition of Y2O3 has lead to
mprovements in specifically the values of fracture toughness
nd fracture surface energy by factors of 34.6% and 61.2%,
espectively (Table 2).

In general; the addition of 20%(zircon + Y) to M–30%S has
ncreased the mechanical properties significantly when com-

ared to M–30%S–20%zircon to which only zircon was added.
herefore, mechanical tests were performed by adding varied

atios of zircon + Y to M–S materials in the subsequent parts
f the performed study where all the compositions were given
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–S and (ii) ZrSiO4 + Y2O3 for M–S–(zircon + Y)}.

n Table 1. Optimum compositions were determined in terms
f improving mechanical properties and the basic parameters
ffecting development were investigated. It was also aimed to
ncrease the thermal shock performance and hence prolong the
ervice life of these composite refractories used at high temper-
tures by calculation of the thermal stress/shock parameters.

Density (ρ) and open porosity results are given in Table 2
nd Fig. 1, respectively. As shown in Table 2, density val-
es increase significantly with the addition of additives36,37

ρzircon: 4.56 g/cm3, ρY2O3 : 5.046 g/cm3), which have higher
ensities compared to M–S (ρM–S: 3.58 g/cm3). On the con-
rary, the open porosity values of M–S–(zircon + Y) containing
omposite refractories are lower than those of M–S materi-
ls and decrease significantly when the amount of additive is
ncreased (Fig. 1). The density values of M–S–(zircon + Y) sam-
les rise continuously with increasing amounts of additives. It
as determined that the effect of use of zircon + Y on density

nd open porosity is much higher than for spinel. The highest
ensity and the lowest open porosity values were attained in
–30%S–30%(zircon + Y) composition. The average density

alues measured for M and M–S composite refractories were
2.8 g/cm3, rising up to ∼3.3 g/cm3 with increased amounts of

dded zircon + Y. Porosity is ∼21% in M and M–S materials,
isplaying a downwards trend reaching ∼12% with the increase
n the amount of zircon + Y added to M–S.
As shown in Fig. 2, it was observed that the strength (σ) val-
es of composite refractories to which more than 5% zircon + Y
as added are higher than the strength values of M–S mate-
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ig. 3. Modulus of elasticity (E) as a function of additives {additives: (i)
gAl2O4 for M–S and (ii) ZrSiO4 + Y2O3 for M–S–(zircon + Y)}.

ials with no additive. The highest strength value was attained
n M–30%S–30%(zircon + Y) composition with an increase of
.9-fold observed in the strength value compared to M–30%S
ontaining no additives. The modulus of elasticity (E) values
f M–S–(zircon + Y) composite refractories in general increase
ith increased amount of additives. With incorporation of ≥10%

dditive, the modulus of elasticity values have displayed a
arked increase in M–S–(zircon + Y) compositions compared

o M–S materials (Fig. 3). A 2.7-fold improvement was observed
n the modulus of elasticity when 30%(zircon + Y) was added to

–30%S material.
The fracture toughness (K1c) values of composite refractories

btained by incorporating varied ratios of ≥10%(zircon + Y)
nto M–S are in general higher than K1c values of addi-
ive free M–S materials (Fig. 4). For example, in K1c values
btained as a result of addition of 20% and 30% zircon + Y
o M–30%S, improvements of 2.1-fold and 2.4-fold were
bserved respectively compared to M–30%S. The fracture
urface energy (γS) values of M–S–(zircon + Y) composite
efractories are higher than the γS values of additive free M–S
aterials when ≥10% (zircon + Y) is added into M–S. Sim-

larly; in the γS values obtained by adding 20% and 30%
ircon + Y to M–30%S–(zircon + Y) composition, 2.4-fold and
.0-fold improvements were observed respectively compared to
–30%S (Fig. 5).

The average MgO crystal size was calculated for

ifferent compositions selected as follows: (i) pure
gO = 67.2 �m, (ii) M–30%S = 31.2 �m and (iii)

ig. 4. Fracture toughness (K1C) as a function of additives {additives: (i)
gAl2O4 for M–S and (ii) ZrSiO4 + Y2O3 for M–S–(zircon + Y)}.
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thus catastrophic failure occurred during fracture (Fig. 9a).
The fracture of M–S materials containing zircon + Y is either
primarily stable or rarely semi-stable, but never catastrophic
ig. 5. Fracture surface energy (γS) as a function of additives {additives: (i)
gAl2O4 for M–S and (ii) ZrSiO4 + Y2O3 for M–S–(zircon + Y)}.

–30%S–20%(zircon + Y) = 25.3 �m. It was observed
hat there was a significant reduction in mean MgO grain
ize as the amount of additives was increased. Critical defect
ize (C) values as a function of additives are given in Fig. 6.
t was observed from the analysis of all compositions with
% additive, M–S–(zircon + Y) composites have C  values
pproximately equivalent to or higher than those of M–S
aterials. For example, a 1.8-fold rise was achieved in C  value
ith the addition of 5%(zircon + Y) to M–5%S composition

Fig. 6). For M–S compositions containing ≥10%(zircon + Y),
ven though the majority of M–S–(zircon + Y) compositions
ad lower C  values than those of M–S materials, some part
f them were found to be equivalent to or higher than the
ritical defect size of M–S composite refractories. In general;

 significant increase was observed in the C  values of all M–S
nd M–S–(zircon + Y) compositions into which additives were
ncorporated, compared to the additive free MgO. This increase
bserved in C values, where additives were incorporated into
gO, was also consistent with the marked decrease occurring in

he grain size of MgO as the amount of additive was increased.
hese variations in critical defect size and MgO grain size
re associated with the improvement in mechanical properties
eveloped by means of toughening mechanisms.

Work of fracture energy (γWOF) values as a function of
dditives are given in Fig. 7. Comparing the γWOF values of

–S–(zircon + Y) composites with M–S materials, all compo-

itions with 5% additive have approximately the same γWOF
alues. In the other additive proportions, on the other hand, the
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ig. 7. Work of fracture energy (γWOF) as a function of additives {additives: (i)
gAl2O4 for M–S and (ii) ZrSiO4 + Y2O3 for M–S–(zircon + Y)}.

WOF values of M–S–(zircon + Y) composites are lower than
he γWOF values of M–S materials. In general, the γWOF values
re significantly higher than those of additive free MgO in the
ntirety of compositions containing M–S and M–S–(zircon + Y)
s additives. The highest γWOF values among M–S–(zircon + Y)
aterials were achieved in M–30%S–(zircon + Y) composi-

ions. γWOF values closest to those of M–S materials were
btained in M–30%S–(zircon + Y) composites compared to
ther M–S–(zircon + Y) compositions.

The fracture surface image of the composite refractory mate-
ial produced with the addition of 20%(zircon + Y) to M–30%S
s given in Fig. 8. The analysis of the fracture surfaces of

 and M–S materials shows that there are mainly (i) trans-
ranular cracks in MgO and (ii) intergranular cracks in M–S
aterials.14,15,33 When zircon + Y was added to M–S on the

ther hand, it was observed that the intergranular and transgran-
lar types of cracks occurred simultaneously (Fig. 8).

Fig. 9 shows schematic diagrams of load–deflection curves,
or MgO and M–S–(zircon + Y) composite refractories. For
dditive free MgO, mostly transgranular cracks occurred and
ig. 8. Fracture surface image of a material with composition of
–30%S–20%(zircon + Y).



54 B. Sahin, C. Aksel / Journal of the European Ceramic Society 32 (2012) 49–57

cime

(
a
t
o
v
u
o
p
i
i
t
t
g

M
p
p
a
p
M
m
e
i
a
p
s
a
f

F
M
M

r
s
t
p
d
t

c
w
c
g
I
m
w
s
m
A
a
Z

a
a
e
Y
α

Fig. 9. Load–deflection curves for centred notched, 3-point bending spe

Fig. 9b). This is because the cracks were observed to travel
round the smaller grains, propagating both intergranularly and
ransgranularly (Fig. 8). It therefore appears that higher values
f mechanical properties (i.e. especially in K1C, γS and γWOF
alues) are also associated with the occurrence of both intergran-
lar and transgranular types of cracks with increasing amounts
f zircon + Y in M–S compositions. The change in the fracture
ath of M–S–(zircon + Y) composite refractories resulted in an
ncrease in the areas under the load–displacement curve, which
ndicated significant microcrack extension and interlinking with
he higher K1C, γS and γWOF values, requiring more energy for
he fracture process and thus those materials showed stable crack
rowth (non-catastrophic failure).

The results of X-ray diffraction (XRD) analysis for
–30%S–20%(zircon + Y) composition selected as an exam-

le sample showing significant improvements on mechanical
roperties are given in Fig. 10. According to the phase
nalysis results; forsterite (2MgO.SiO2) and cubic zirconia
hases were identified besides MgO and spinel phases, in
–S–(zircon + Y) composite refractories analyzed. Further-
ore, when microstructure and the distribution of elements were

xamined for M–30%S–20%(zircon + Y) composite refractory,
t was observed that MgO and SiO2 distributions were gener-
lly located in the similar regions and that forsterite (Mg2SiO4)
hase was formed with the aid of also microstructural analy-

es (Fig. 11). A stronger bond is formed between the additives
nd the grains of main constituent due to the formation of the
orsterite phase as a result of the reaction between SiO2, which is

ig. 10. XRD graph of a composite refractory having
–30%S–20%(zircon + Y) composition (M: MgO, Z: ZrO2, F: Mg2SiO4, S:
gAl2O4).
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ns: (a) MgO (catastrophic) and (b) M–30%S–20%(zircon + Y) (stable).

eleased after decomposition of zircon as ZrO2 and SiO2 during
intering, and MgO that is the main phase. It was determined
hat sintering was more effective with the formation of the new
hase. This is consistent with the rise in density values and the
rop in the amount of porosity occurring due to the increase in
he quantity of zircon + Y incorporated into M–S materials.

As shown in microstructures in Figs. 11 and 12, the white
oloured ZrO2 grains released after the decomposition of zircon
ere found in the same regions with white coloured Y2O3 parti-

les where they were located predominantly surrounding of dark
ray coloured MgO grains and rarely at MgO grain boundaries.
t was observed that light gray coloured forsterite phases were
ainly located between MgO grains and ZrO2 + Y particles,
here the concentrations of MgO and SiO2 distributions were

ignificantly intensive in those zones (Figs. 11 and 12). Further-
ore, light gray coloured spinel phases overlapping MgO and
l2O3 distributions were in general situated in much broader

reas that were outside of the zones where MgO grains and
rO2 + Y particles were present together.

M–S–(zircon + Y) containing materials during cooling
fter sintering create significant tensile stresses around
dditives due to the marked difference between the thermal
xpansion coefficients36,38 (α) of MgO, spinel, zircon and
2O3 (αMgO = 13.6 ×  10−6 ◦C−1, αSpinel = 8.4 ×  10−6 ◦C−1,

zircon = 4.6 ×  10−6 ◦C−1, αY2O3 =  60.3 ×  10−6 ◦C−1) and
uch stresses cause formation of interlinked microcracks.14,15,33

t was observed that the microcracks forming in the structure
re interlinked to each other and propagate for a short distance
nd are arrested or display deviation when coming across
he Y2O3 grains found together with ZrO2 released after
he decomposition of zircon or when reaching the pores
Figs. 11 and 12). These identified microstructural factors are
ssociated with the improvement occurring in the mechanical
roperties of zircon + Y added composite refractories.

R thermal stress parameter values used in determining high
emperature performances of composite refractories are given
n Fig. 13. R  parameter is the maximum temperature differ-
nce allowed in the body under steady-state temperature flow
n a solid with voids and pores and represents the minimum
emperature difference required for the initiation of fracture,

howing the resistance against the initiation of the crack in the
aterial.35 M–20%S and M–30%S composite refractories to
hich varied ratios of zircon + Y were added display a higher
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ig. 11. Microstructural image of a composite refractory having M–30%S–20%
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esistance against initiation of cracks with their higher R  val-

es compared to additive free M–S materials. The materials
f M–5%S and M–10%S compositions produced by adding
aried amounts of zircon + Y, on the other hand, have lower

ig. 12. Microstructural image of a material with composition of
–30%S–20%(zircon + Y) {dark gray: MgO (M), light gray: MgAl2O4 (S) and
g2SiO4 (F), and white zones: ZrO2 (Z) and Y2O3 (Y)}.
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 values than M–S materials in general (except for 10%(zir-
on + Y) containing materials). It was observed that together
ith the amount of zircon + Y, spinel content was instrumental

n the increase in R thermal stress parameter values. In com-
osite refractories produced by adding zircon + Y additives to
–S; as a result of the formation of the forsterite (Mg2SiO4)

hase when SiO2 released due to decomposition of zircon into
◦
rO2 and SiO2 at approximately 1400 C, goes into reaction

ith MgO, the bonding between MgO grains becomes stronger
nd in association with it, the resistance against crack initiation
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–S and (ii) ZrSiO4 + Y2O3 for M–S–(zircon + Y)}.

ncreases. R  values for M–S–(zircon + Y) compositions are high
verall compared to M–S materials, increasing significantly in
–30%S–20%(zircon + Y) composition and reaching a maxi-
um in M–30%S–30%(zircon + Y) composition. In comparison

f the material containing M–30%S–30%(zircon + Y) with M–S
ompositions having maximum and minimum R  values, which
re (i) M–30%S and (ii) M–10%S, it was determined that higher
esistance could be achieved against initiation of the crack at
atios reaching (i) 1.2-fold and (ii) 1.9-fold, respectively.

The Rst parameter represents the maximum temperature
ifference allowed required for propagation of long cracks
nder severe thermal stress conditions and is used in esti-
ating the further weakening of the composite refractory

nd crack stability with the increase in the severity of ther-
al shock.35 As shown in Fig. 14; while Rst thermal shock

arameter values of M–S–(zircon + Y) composite refracto-
ies are in general higher than the Rst values of M–S
aterials up to10% additive incorporation, Rst values are typ-

cally lower than additive free M–S materials (apart from
–30%S–(zircon + Y) compositions) when 20% and 30% addi-

ives are introduced. The highest Rst parameter values were
rst attained in M–30%S–20%(zircon + Y) and subsequently

n M–30%S–30%(zircon + Y) compositions (Fig. 14). In the
omparisons of M–30%S–20%(zircon + Y) material with (i)
–30%S and (ii) M–10%S, which are M–S compositions hav-

ng maximum and minimum Rst values, it was determined that
igher resistance to thermal shocks could be achieved in ratios
eaching (i) 1.2-fold and (ii) 2.0-fold, respectively.

R and Rst thermal stress/shock parameters can be used to
haracterise thermal shock damage. In industrial applications,
rack propagation is much more difficult in refractory materials
han the initiation of cracks.39 The main concern is the resis-
ance to crack propagation and to extension of damage caused
y thermal shock, rather than resistance to crack initiation.40–43

n the other hand, crack initiation resistance gives information
bout the ability of materials to withstand thermal shock, as
efined by experience of a rapid temperature change without
he initiation of a crack.39 In this study; R  and Rst parameters
ere calculated based on the mechanical properties, and thermal

ehaviour of materials was characterised and assessed on that
asis. It was found that R  and Rst parameters were consistent with
ach other, and the incorporation of zircon–Y2O3 into M–S com-
n Ceramic Society 32 (2012) 49–57

ositions improved both crack initiation resistance and crack
tability preventing the further weakening of composite refrac-
ory under severe thermal conditions. It was determined from
he R  and Rst parameter data that M–30%S–30%(zircon + Y)
nd M–30%S–20%(zircon + Y) composite refractories will dis-
lay higher thermal stress resistance and thermal shock damage
esistance compared to M–S materials and therefore, will have

 longer service life at high temperatures in industrial use and
his is consistent with the determined mechanical properties.

. Conclusions

The basic parameters leading to the improvement of the
echanical properties and therefore the increase in thermal

hock performance of M–S composite refractory materials with
he addition of zircon + Y were determined as follows: (i)
ncrease in bonding between MgO grains induced by the for-

ation of the forsterite (Mg2SiO4) phase and consequently, the
ncrease in resistance against crack initiation and propagation,
ii) propagation of the microcracks formed in the structure for

 short distance by interlinking to each other, and (iii) arresting
r deviation of microcracks when reaching pores or ZrO2 par-
icles released after decomposition of zircon, located together
ith Y2O3 particles, (iv) co-presence of both intergranular and

ransgranular types of fracture on fracture surfaces, and more-
ver with addition of zircon + Y, (v) the increase in density, and
vi) a significant reduction in MgO grain size.

With the addition of 30%(zircon + Y) to M–30%S, marked
mprovements were observed on the strength, modulus of elas-
icity, fracture toughness and fracture surface energy values by
actors of 2.9, 2.7, 2.4 and 2.0, respectively. With the addition
f (i) 30%(zircon + Y) and (ii) 20%(zircon + Y) to M–30%S, it
as determined that composite refractory materials may display
igher resistance to i) thermal stresses and initiation of cracks
t ratios reaching 1.2- and 1.9-fold in R values and (ii) thermal
hocks and propagation of cracks at ratios reaching 1.2- and 2.0-
old in Rst values, respectively. This is associated with the low
oss of strength and high resistance against fracture, high thermal
tress and high thermal shock damage resistance and therefore
onger service life for M–S–(zircon + Y) composite refractories
t high temperatures in industrial use.
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