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Abstract

Although multi-phase ceramic materials were always used, nowadays composite materials have an important industrial and technological role,

because they enlarge the design capability of the manufacturer in properties and behaviors.

Some mullite–zirconia–zircon composites were recently processed and characterized which presented satisfactory properties for structural

applications under severe chemical and thermomechanical conditions. The objective of the present work is to study the influence of the starting

composition in the mechanical and fracture properties of mullite–zirconia–zircon composites, with different microstructures, obtained by direct

sintering of binary mixtures of electrofused mullite–zirconia (MZ) and micronized zircon. The materials were consolidated by slip casting of

concentrated aqueous suspensions in plaster molds from a wide range of powder compositions (between 15–85 wt% and 85–15 wt% of the two raw

materials used).

Flexural strength (sf), dynamic elastic modulus (E), toughness (KIC) and fracture surface energy (gNBT) were evaluated. The results were

explained by microstructure and the XRD-Rietveld analysis.

At low proportion, the zircon was thermally dissociated. The ZrO2 was a product of this reaction and also influenced the mechanical and fracture

properties of these materials through several combined mechanisms, principally as a result of the development of microcracks due to the volume

change of the zirconia grains caused by the martensitic transformation during the cooling of these composites from sintering temperature.

Composites prepared with higher MZ in the starting powders showed a higher fracture toughness and initiation energy. Microstructure

consisting of mullite as a continuous predominant phase in which zircon and zirconia grains were distributed showed better mechanical and

fracture properties.
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1. Introduction

Composite materials have an important industrial and

technological role. The designing capability of the manufac-

turer in properties and behaviors is enhanced by combining two

or more different materials. However the final properties will

not always be between the pure material ones. Once the

constituent phases and the processing conditions are chosen the
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phase’s proportion becomes one of the most important

processing variables.

Zircon (ZrSiO4) is a good refractory material because it does

not undergo any structural transformation until its dissociation at

about 1450–1700 8C, depends on the impurities. It exhibits many

attractive properties such as excellent chemical stability, a very

low thermal expansion coefficient (4.1 � 10�6 8C�1) from room

temperature to 1400 8C and low heat conductivity coefficient

(5.1 W/m 8C at room temperature and 3.5 W/m 8C at 1000 8C).

Sintered zircon with high purity can retain its bending strength up

to temperatures of 1200 8C and 1400 8C [1]. These properties

make zircon a useful structural ceramic. These materials are

widely utilized in the glass industries [2–4]. The presence of

impurities decreases the dissociation and use temperatures.
d.
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The mullite ceramics have had and will continue to have a

significant role in the development of traditional and advanced

ceramics [5–7]. Mullite is the only stable crystalline phase in

the aluminosilicate system, under normal atmospheric pressure

at room through elevated temperatures [6]. Its chemical

composition ranges from 3Al2O3–2SiO2 to approximately

2Al2O3–SiO2. It has received significant attention during the

last decades as a potential structural material for high

temperature applications [7].

Zircon based ceramics have been processed in several ways,

for example by room temperature pressing, hot pressing, sol–

gel and slip casting [8–11]. Zircon materials sintered in the

range between 1500 8C and 1650 8C achieved densities over

the 99% of the theoretical depending on the processing route.

There are several studies of composites with zircon as the

principal phase [12–16]. And more than a few studies of

composites with mullite [5–7]. Zircon–mullite material

obtained by a reaction sintering and direct sintering had been

the objective of resent studies [14,16]. Due to of the

dissociation of zircon the material was actually a zircon–

mullite–zirconia material with low proportions of zirconia

(�12%). Although zircon and mullite are different from the

chemical and crystallographic point of view, their mechanical

properties are similar.

The extensive zirconia composite uses are due to the fact that

the zirconia dispersion in the ceramic matrix improves the

thermomechanical properties, leading to toughness by trans-

formation and microcracking. Besides, microcracks due to the

martensitic transformation may cause the dissipation or

absorption of strain energy by crack spreading. For this reason

these composites are likely to have good thermal shock

resistance [17].

Particularly in refractories, mullite and zirconia are both

phases resulting from the use of zircon in high alumina

content compositions. Such refractories containing mullite–

zirconia as main phases can be prepared by several routes

including sintering electrofused mullite–zirconia (MZ)

grains which are nowadays available in the market [17–

19,4,20].

Recently some mullite–zirconia–zircon materials were

prepared and characterized [21]. In this work the influence

of the different phase contents and microstructural configura-

tions was examined and correlated with a textural, structural,

mechanical and fracture properties.
Table 1

Textural properties and volume composition (Vi) of the studied materials.

Material Apparent density (g/cm3) Open porosity (%)

MZZ15 3.4 3.7

MZZ25 3.5 4.3

MZZ35 3.6 3.6

MZZ45 3.7 5.6

MZZ55 3.9 5.0

MZZ65 3.9 4.0

MZZ75 4.0 3.0

MZZ85 4.1 2.0
2. Experimental

2.1. Materials

The materials studied in the present work were partially

characterized, particularly in terms of their thermal shock

behavior [15,21]. Two commercial raw materials were used to

obtain the three phase composite material: for the first two

principal phases a commercial powder of mullite–zirconia

(MZ) (MUZR, ELFUSA LT, Brazil) elaborated from the fusion

of raw materials of high purity in electrical arc furnaces was

used. Table 1 shows the chemical analysis of this electrofused

material given by the manufacturer (www.elfusa.com.br).

Fusion point: 1850 8C; apparent specific mass (NBR8592-

1995): 3.71 g/cm3; apparent porosity (NBR8592-1995): 3.0%;

real density: 3.74 g/cm3; reversible linear expansion (1400 8C):

0.68%. The <10 mm fraction (obtained by sedimentation) was

milled by attrition up to have a fine powder (mean diameter,

D50 = 5 mm). This material is composed of mullite and m-ZrO2

as major crystalline phases. The actual composition was

described in a previous work [20].

Zircon, the third principal phase, was introduced as zirconium

silicate (Z) (Mahlwerke Kreutz, Mikron, Germany), with

ZrO2 = 64–65.5 wt%, SiO2 = 33–34 wt%, Fe2O3 � 0.10 wt%

and TiO2 � 0.15 wt% and D50 = 1.5 mm. Specific gravity of

4.6 g/cm3, melting point of 2200 8C and hardness (Mohs) of 7.5.

MZZ composites were prepared from MZ grains and zircon

mixtures containing 15%, 25%, 35%, 45%, 55%, 65%, 75%

and 85% (in weight basis) of zircon and were called MZZ15,

MZZ25, MZZ35, MZZ45, MZZ55, MZZ65, MZZ75 and

MZZ85 respectively.

Concentrated 80 wt% suspensions at pH 9.1–9.2 were

prepared by adding the powder to aqueous solutions with 0.3%

of dispersant (Dolapix CE64, Zschimmers and Schwartz) and

NH4OH. After mixing, the suspensions were ultrasonicated for

20 min. This was slip cast into prismatic bars of

7.5 mm � 7.5 mm � 50 mm. Samples were sintered at a

heating rate of 5 8C/min up to 1600 8C for 2 h and then cooled

to room temperature at 5 8C/min.

2.2. Characterization techniques

Density and open porosity of sintered samples were

determined by the water absorption method. Crystalline phases
Final crystalline phases

Mullite (vol%) Zirconia (total) (vol%) Zircon (vol%)

61 38 1

61 39 0

49 32 19

45 28 27

37 20 43

29 12 59

21 9 70

14 5 81

http://www.elfusa.com.br/


Fig. 1. Diffraction patterns of the studied materials. (For interpretation of the

references to color in this artwork, the reader is referred to the web version of the

article.)
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formed were analyzed by X-ray diffraction (XRD) (Philips

3020 equipment with Cu-Ka radiation in Ni filter at 40 kV–

20 mA). The Rietveld method [22,23], a quantitative analysis,

was carried out to characterize the present crystalline phases in

the materials. The XRD patterns were analyzed with the

program FullProf, which is a multipurpose profile-fitting

program, including Rietveld refinement [24].

Microstructural examination was conducted with a scanning

electron microscope SEM (Quanta 200 MK2 Series de FEI)

after polishing the surface to 0.25 mm diamond paste.

Flexural strength (sf) was measured on the bars with

rectangular section using the 3-point bending test with 40 mm

of span and a displacement rate of 2.5 mm/min was employed

(universal testing machine INSTRON 4483).

The dynamic elastic modulus E of the composites was

measured by the excitation technique with a GrindoSonic, MK5

‘‘Industrial’’ Model. A theoretical estimation of the elastic

modulus (Eteo) was made; this was defined by the following

expression:

Eteo ¼
X

Ei � Við Þ (1)

where Ei and Vi are the elastic modulus and the volume fraction

of each crystalline phase, respectively. The values for each

phase elastic modulus were (244 GPa, 204 GPa and 200 GPa

for zircon, mullite and m-ZrO2, respectively). The volume

fraction was estimated from the theoretical densities and the

weight fractions evaluated by the Rietveld method.

The fracture toughness (KIC) and the fracture initiation

energy (gNBT) were evaluated by the single edge notched beam

test (NBT) [25,26] using a 3-point bend test in a universal

testing machine (universal testing machine INSTRON 4483).

Samples of dimensions (7.5 mm � 7.5 mm � 50 mm) were

notched with diamond saw of 0.3 mm thickness, with depth

between 0.3 mm and 2.5 mm. The 3-point test was carried out

at room temperature with a rate displacement of 0.1 mm/min. In

this method KIC (in MPa m1/2) is given by:

KIC ¼
3QLC1=2

2WD2

A0 þ A1

C

D

� �
þ A2

C

D

� �2

þA3

C

D
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D

� �4

2
6664
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7775

where Q is the load applied to the notched bar, L is the span, C is

the depth of the notch, D is the thickness of the specimen, W is

the width of the specimen, and A0, A1, A2, A3 and A4 are

functions of the ratio (L/D) described in [19,4].

Finally, the calculated values of KIC, together with the

dynamic modulus of elasticity (E), were used to estimate the

fracture energy for the area created by the crack propagation

(gNBT) evaluated by the NBT test, using the following equations

[25,26]:

KIC ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2gNBTE

p
(3)

where gNBT can be expressed as follows:

gNBT ¼
K2

IC

2E
(4)
3. Results and discussion

3.1. Porosity and composition

A progressive change of microstructure is intended with the

gradual change in the initial raw materials proportions. Direct

sintering is an easy route for obtaining ceramic composites, no

important chemical reactions are expected and densification

would be only achieved due to the high temperature treatment if

the consolidating particle packing is suitably efficient. If the

thermal treatment is sufficiently short no important grain

growth will be anticipated and the microstructure obtained will

be of the same order of the grain size of the raw materials.

As mentioned before, the objective of the present work is to

correlate the initial composition with the mechanical and

fracture properties of this family of composites. As the

composition range is wide, several microstructure configura-

tions will be achieved

The porosity of the materials are shown in Table 1, all the

materials processed showed a low total porosity. All the

composite material showed a relatively high density (�90%)

due to the processing route (slip casting). Some close porosity

existed and glassy phase is expected to occur at the grain

boundaries. The sintering parameters used showed that the

microstructures of all the materials studied will be of the same

order. Hence the results from changes in the mechanical and

fracture properties are dependent only on the phase composi-

tion and microstructure configuration.

3.2. Crystalline phases present

Diffraction patterns of the materials are shown in Fig. 1. The

major phases in the composite were mullite, m-ZrO2

(monoclinic zirconia) and zircon labeled with M, B and Z

respectively. The gradual change in the phase contents is clearly

shown in Fig. 2 where the patterns of the composites are



Fig. 2. Superposed diffraction patterns of the studied materials (detail). (For

interpretation of the references to color in this artwork, the reader is referred to

the web version of the article.)
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superposed; the lower pattern corresponds to the MZZ85

composite while the higher pattern corresponds to the MZZ15

composite. Small reflections of t-ZrO2 can be observed in

Fig. 2, which is a detail of the previous XRD pattern.

Initial and final compositions of the composites studied are

shown in Fig. 3, evaluated from the compositions of the raw

materials employed (full lines) and the phase composition

evaluated by the Rietveld method after sintering (dash lines).

Mullite contents remain constant after the processing of the

composites.
Fig. 3. Initial and final composition of the materials studied. (For interpretation

of the references to color in this artwork, the reader is referred to the web version

of the article.)
Table 1 also shows the final composition expressed as

volume percentage estimated by Eq. (5).

Vi ¼
mi=diP

mi=di
� 100 (5)

where mi is the mass fraction evaluated by the Rietveld method,

and di is the theoretical density of each phase. Due to the low

density of mullite compared to the other phases (3.13 g/cm3 for

mullite, 4.56 g/cm3 for zircon and 5.89 for zirconia) its volume

content was higher than that in the weight composition and

reached up to 60 vol%.

The temperature at which thermal dissociation of the zircon

starts depends on the presence of impurities and other phases

[27]. In the composites with a low zircon content (15–25 wt%)

no zircon diffractions are detected (XRD), hence it has

decomposed completely. On the other hand, in the rest of the

composites the thermal dissociation is partial; moreover when

the zircon proportion is over 55 wt% the dissociation is less

than 5%. It can be assumed that the SiO2, coming from the

decomposition reaction, is in the glassy phase of the material

[27]. Fig. 4 shows the fraction of zircon dissociated as a

function of the amount of mullite–zirconia raw material present

when the composite was formulated. This particular behavior

may be explained by the fact that the zircon dissociation occurs

in the grain boundaries of zircon with a second phase [16,27] (in

this case mullite or zirconia) and in the cases where the zircon

grain are surrounded by other phases, during the thermal

treatment its dissociations occurs completely.

Zirconia undergoes martensitic transformation from mono-

clinic to tetragonal phase at around 1100 8C in a heating (semi-

cycle) step and the inverse transformation during cooling

occurs around 900 8C, but it has been stated that if the grain is

smaller than a critical size the tetragonal phase is retained. So

the small presence of the t-ZrO2 (less than 1 wt% by Rietveld

analysis) indicated the existence of zirconia particles smaller

than its critical size is negligible, consequently the inverse

transformation occurred almost completely. This transforma-

tions is accompanied by a volume change, therefore micro-
Fig. 4. Amount of dissociated zircon as a function of the MZ content.



Fig. 5. SEM micrograph of the MZZ25 material. Example of the A type microstructure.

Fig. 6. SEM micrograph of the MZZ55 material. Example of the B type microstructure.
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cracks develop around the zirconia grains dispersed in the

ceramic matrix. A second mechanism of microcrack develop-

ment is the local thermal dilatation mismatch between the

different ceramic phases present in the composite.

3.3. Microstructure

Figs. 5–7 show the SEM micrographs of the MZZ25,

MZZ55, MZZ75 materials respectively (2000� and 4000�).

All the samples presented a dense microstructure with low

residual porosity (P). There is no a preferential direction or

orientation of the grains in the microstructures of these

materials. The images demonstrate that high sintering was

achieved for all the composites. Different crystalline phases in
Fig. 7. SEM micrograph of the MZZ75 materi
all the samples were observed and characterized by EDAX.

Dark gray grains of mullite (M), middle gray grains of zircon

(Z) and zirconia white grains can be observed (B) which are

from the MZ raw material and others from the thermal

decomposition of the zircon.

The initial mean diameter of the starting powders was below

5 mm in all the cases hence as the grain diameters observed

where slightly bigger indicating that some grain growth occurs

during sintering. In Fig. 5, no zircon grains were detected (Zr:Si

ratio was high in the EDAX examination of the lighter grains),

concordant with the fact that zircon was not detected by XRD-

Rietveld analysis in the first two composites due to the thermal

dissociation during processing. In the other materials the three

phases (Z, B and M) were always observed.
al. Example of the C type microstructure.



Fig. 8. Flexural strength as a function of the composition of the composites and

the microstructure.

Fig. 9. Theoretical and experimental elastic modulus of the materials as a

function of the initial composition.
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Microstructure configurations of the composites were

grouped in three categories and labeled A, B and C. In

Fig. 8 a schematic figure of the matrix configuration of the

microstructure are shown for these groups:

A. The microstructure configuration of composites MZZ15–

MZZ35 reveled a mullite matrix with well dispersed

zirconia grains (2–5 mm) (corresponds to SEM micrograph

in Fig. 5).

B. For MZZ45 and MZZ55 the microstructure configuration is

not well defined and it is not possible to establish a

continuous phase that acts as the matrix one (corresponds to

SEM micrograph in Fig. 6).

C. Finally a zircon matrix configuration appears for high zircon

content composites (MZZ65–MZZ85) the zircon grains

present a 5–10 mm size with dispersed mullite (3–7 mm) and

zirconia (2–4 mm) grains. In these materials zirconia grains

are never surrounded only by mullite. They are always at the

zircon–mullite interface (corresponds to SEM micrograph

in Fig. 7).

3.4. Flexural strength (sf)

Flexural strength (sf) was evaluated by the 3-point bend test

of the square section bars. The MZZ45 composite presented the

higher strength. In Fig. 8 the values of the flexural strength of

the different composites are shown as function of initial

composition and correlated with material microstructure.

Materials with no clear ceramic continuous phase (B) had

the higher mechanical strength than materials with zircon (C)

matrix or mullite (A) matrix. At low proportions the addition of

zirconia grains dispersed in the ceramics (zircon) matrix

increases the mechanical strength. To a small extent zircon

addition also increases the flexural strength of mullite zirconia

materials.

The values are slightly lower than those given in the

literature for pure mullite (254 MPa) [6], pure zircon (150–

320 MPa for various products fabricated at 1600 8C [8–11]) and

170–150 MPa for a zircon–mullite composite material (mulli-
te � 14 wt%) [14,16]. The difference may be explained by the

residual porosity, microcracks resulting from the zirconia

transformation during cooling, the presence of a non-crystalline

phase, and the processing condition used.

3.5. Elastic modulus (E0)

The impulse excitation technique was used to evaluate the

elastic modulus. The results obtained by this method are

reliable and results are comparable with those obtained by other

methods such as 3- and 4-point bending methods or indentation

techniques [28].

The experimental elastic modulus of the composites as a

function of the initial proportion of MZ powder are shown in

Fig. 9. The values obtained are slightly lower than those of pure

zircon, pure zirconia and pure mullite ceramics (244 GPa,

�200 GPa and 204 GPa respectively) [14].

The residual porosity of the composites was probably the

main cause of the low measured modulus in comparison with

the two single component materials.

Also in Fig. 9, a theoretical elastic modulus estimation

(Eteo) is plotted against the amount of mullite–zirconia in the

composition. Both elastic modulus the experimental and the

theoretical one, decreased almost linearly with the increasing

mullite content. This behavior is clearly shown in Fig. 9. The

fitted straight lines follow the next equations (Eqs. (6) and

(7)):

Eteo ¼ 243:9� 0:52 MZ (6)

E0 ¼ 233:5� 1:08 MZ (7)

where MZ is the mullite–zirconia powder wt% incorporated in

the composite and Eteo and E are the values of the theoretical

and experimental elastic modulus in GPa, respectively.

Since the values of E of the three independent phases are

comparable a gradual reduction on E may be interpreted as

continuous change of the microstructure [29], for example as

the appearance of microcracks due to the presence of the

zirconia grains. The higher slope (absolute value) of the



Fig. 11. Toughness (KIC) and initiation fracture energy (gNBT) of the materials

as a function of the total amount of zirconia.
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experimental equation shows that the experimental change is

higher than the change expected only taking into account the

phase content of each phase.

In the final composite zirconia comes from both: the raw

materials (MZ) and also from the thermal dissociation of the

ZrSiO4. In a similar group of materials [16] the higher decrease

in the elastic modulus was attributed to this new ZrO2 formed

during sintering. Perhaps in this group of materials the higher

content of zirconia also explains the higher decrease in E. This

is linked to microcracks developed by the martensitic

transformation of the zirconia during the processing (cooling).

The thermal expansion mismatch between zirconia

(a � 10 � 10�6 8C�1) and mullite and zircon (a � 4.5

� 10�6 8C�1 and a � 5.0 � 10�6 8C�1, respectively) might

cause the development of microcracks during the processing of

the composite materials. Both kinds of microcracks diminish

the value of the elastic modulus of the final ceramic.

3.6. Fracture toughness (KIC) and initiation fracture

energy (gNBT)

Many methods are currently used to measure the fracture

toughness of ceramics materials. The NBT method is simple

and inexpensive and has been successfully used in previous

reports [16,25,26].

Together, fracture toughness (KIC) and initiation fracture

energy (gNBT) are plotted against the initial composition in

Fig. 10, at first glance the values of fracture toughness (KIC) and

the fracture initiation energy (gNBT) are similar to the ones

found in the literature for these materials [14,16]. Clearly both

properties had been improved by the addition of mullite

zirconia powder to the composite formula, moreover both

increased linearly with of the mullite–zirconia (MZ) wt%

incorporated. These behaviors are represented by Eqs. (8) and

(9) respectively showing that the initial composition is a

satisfactory processing variable for designing this kind of

materials.

KIC ¼ 1:68þ 0:0125 MZ (8)

gNBT ¼ 3:53þ 0:247 MZ (9)
Fig. 10. Toughness (KIC) and initiation fracture energy (gNBT) of the materials

as a function of the initial composition.
4. Toughening

Significant toughening can be obtained by incorporating

zirconia particles (ZrO2) in a ceramic matrix. Different

mechanisms are involved in the toughening: stress-induced

transformation, microcraking, crack bowing and crack deflec-

tion. In all cases, the operative toughening mechanism depends

on such variables as matrix stiffness, zirconia particle size,

chemical composition, temperature and strength [30–32].

In Fig. 11, KIC and gNBT are plotted against the amount of

total ZrO2 wt% (evaluates by the Rietveld method) showing

that zirconia is involved in some of the mechanisms described

above. As mentioned, zirconia comes from one of the raw

materials (MZ) and from the thermal dissociation of the other

raw material (zircon). Linear correlations were found in both

fracture parameters, which follow correspondingly Eqs. (10)

and (11), where Z is the total zirconia (m-ZrO2 + t-ZrO2) in the

composite evaluated by the Rietveld method on weight basis.

KIC ¼ 1:81þ 0:0158Z (10)

gNBT ¼ 5:99þ 0:310Z (11)

At higher ZrO2 content the values are more dispersed but the

increase is still clear. In the last values of the series (MZZ15 and

MZZ25) a decrease is observed, perhaps because the

microcracks concentration is so high that they are intercon-

nected and led to a decrease in the toughness.

Finally zirconia free zircon–mullite materials are difficult to

obtain [14,16] because of the mentioned the thermal dissociation

of zircon which occurs even below 1400 8C depending on the

impurities present that occurs during the thermal treatment

during the processing. However, the toughness and initiation

surface energy, by these equations, can be estimated

(KIC = 1.806 MPa m1/2 and gNBT = 5.991 J/m2) for a binary

composite material with 45 wt% of mullite and 55 wt% of zircon.

5. Conclusions

Mullite–zirconia–zircon composites with different micro-

structures were processed from binary mixtures of zircon and

mullite–zirconia powders.
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In all the cases the microstructure dimension is comparable

to the mean diameter of the starting powders.

Thermal dissociation of zircon was found during the

processing (1600 8C for 2 h). Especially when it was in low

proportions. The presence of mullite–zirconia grains promoted

this decomposition process. The zirconia present in the final

materials was almost all monoclinic (99–98%). No crystalline

silica was detected (XRD); hence it is correct to assume that it is

in the glassy phase.

SEM examination confirmed a progressive change in the

microstructure from mullite matrix with zirconia and zircon

dispersed grains to a zircon matrix with mullite and zirconia as

discrete phases. The microstructure configuration is well

represented by the phase volume content estimated by the

Rietveld method.

Mechanical and fracture properties of the composites were

measured. While the flexural strength was related to the

microstructure configuration, the other properties (E, KIC and

gNBT) presented clear linear correlation with the composites

composition.

Materials with equal proportion of the three phases, where

no continuous matrix can be defined presented the higher

flexural strength (MZZ45).This maximum in the mechanical

strength could indicate that the zirconia content in this

particular composite is optimum and that over this proportion

the influence of the microcracks starts to be negative.

The elastic modulus decreased with the increase of the

proportion of mullite–zirconia. Moreover this decrease was

higher than the predicted by from the rule of mixtures, probably

due to the presence of microcracks resulting from the ZrO2

transformation during the cooling cycle of the processing

thermal treatment.

The fracture toughness and the initiation surface energy

were increased by the increase of the MZ content, which

increased with zirconia content and the zircon dissociation.

The composites with higher amounts of zirconia had higher

fracture toughness; this could be linked to several toughening

mechanisms. The induced microcracks promote the fracture

resistance of these composites. But there is insignificant

amount of t-ZrO2 in these composites and no transformation

toughening is expected.
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