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Abstract During a heating—cooling cycle, zirconia
(ZrO,) undergoes a martensitic transformation from
monoclinic to tetragonal structure phases, which presents
special hysteresis loop in the dilatometry curve at tem-
peratures between 800 and 1100 °C. Monoclinic zirconia
(m-ZrO,) particles reinforced ceramic matrix composites
not always present this behavior. In order to elucidate this
fact a series of zircon-zirconia (ZrSiO4—ZrO,) ceramic
composites have been obtained by slip casting and char-
acterized. The final properties were also correlated with the
zirconia content (0-30 vol.%). The influence of the mar-
tensitic transformation (m-t) in well-dispersed zirconia
grains ceramic composite on the thermal behavior was
analyzed. Thermal behavior evaluation was carried out; the
correlation between the thermal expansion coefficients
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with the zirconia content showed a deviation from the
mixing rule applied. A hysteresis loop was observed in the
reversible dilatometric curve of composites with enough
zirconia grains (>10 vol.%). Over this threshold the zir-
conia content is correlated with the loop area. The trans-
formation temperatures were evaluated and correlated with
the zirconia addition. When detected the m—t temperature
transformation is slightly influenced by the zirconia content
(due to the previously evaluated decrease in the material
stiffness) and similar to the temperature reported in liter-
ature. The reverse (cooling) transformation temperature is
strongly decreased by the ceramic matrix. The DTA results
are consistent with the dilatometric analysis, but this
technique showed more reliable results. Particularly the
endothermic m—t transformation temperature showed to be
easily detected even when the only m-ZrO, present was the
product of the slight thermal dissociation of the zircon
during the processing of the pure zircon material.

Keywords Composites - Zirconia - Thermal behavior

Introduction

In many industrial applications, components are required to
work in extremely hard conditions, particularly at very high
temperatures for long times. For these applications, new
ceramic matrix composites have been designed, with both
micro- and nano-sized reinforcing particles, located at
inter- or intra-granular positions, this can improve
mechanical and thermomechanical performances as well as
strongly reduce creep rate.

Many attempts are in progress to develop biphasic and
tri-phasic [1-16] systems or even tetra-phasic systems
[17-27]. Particularly much interest is still being carried
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out in dispersed zirconia containing ceramic composites
with different contents of different types of ZrO, grains
[1-28].

Zirconia containing ceramics have attracted great
attention to industrial applications in oxygen pumps, sen-
sors, fuel cells, and thermal barrier coatings due to their
excellent electrical, thermal, and mechanical properties
[26]. Pure zirconia ceramic exhibits a phase transformation
between monoclinic and tetragonal phases It can be seen
that most of the reported m—t and t—m transformations
temperatures are in the range of 1150-1120 °C and
900-1100 °C, respectively [27-34].

These transformations temperatures can be evaluated by
different techniques like differential thermal analysis
(DTA), differential scanning calorimetry, high-temperature
X-ray diffraction, neutron diffraction, dilatometry, and
Raman scattering. As well as theoretical calculations based
in first principles [29, 30].

Over the last decades, considerable advances have been
made to improve the fracture toughness of ceramic sys-
tems. One of the most important examples is the tough-
ening contribution from stress-induced martensitic
transformation of tetragonal grains. Lathabai et al. [2]
showed that significant toughening could be obtained by
incorporating zirconia particles (ZrO,) in a ceramic matrix.
Different mechanisms are involved in the toughening of
ceramic matrix originated by zirconia additions: stress-
induced transformation, microcracking, crack bowing, and
crack deflection. In all cases, the operative toughening
mechanism depends on such variables as matrix stiffness,
zirconia particle size, chemical composition, temperature,
and strength.

There is a great technological interest to know the
dilatometric behavior of a family of materials for high-
temperature applications. It has been stated that the thermal
expansion behavior of zirconia ceramics from a given
powder type can be “tailored” within limits by changing
the chemical composition and processing variables [35].
This provides some physical property selection capability
for engineering applications.

One of the limiting behaviors of several zirconia con-
taining materials is the thermal shock resistance. This
behavior is strongly related to the thermal expansion
behavior of the materials [35-38]. Different thermal con-
ditions cause dimensional changes and consequently the
magnitudes of the thermal stress are also dissimilar. Hence
it is of technological importance to improve the under-
standing of this behavior particularly in the zirconia con-
taining materials which present this special dilatometric
behavior.

Zircon (ZrSiOy) is a good refractory material because it
does not undergo any structural transformation until its
dissociation at about 1675 °C. It exhibits many attractive
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properties for structural applications such as excellent
chemical stability, a very low thermal expansion coeffi-
cient and low heat conductivity. These materials are spe-
cially used in such fields where severe chemical resistance
together with sudden change of temperature may occur
[36—40].

Particularly in zircon-based composites the thermal
behavior of the triplex ceramic composite mullite—zirco-
nia-zircon was studied recently [28], in the temperature
range where materials exhibits thermal expansions and
phase transformation (m-t). The complexity of the effect of
the zirconia content in the dilatometric behavior was
established in both: the thermal expansion coefficient
(25-1000 °C) and hysteretic behavior of the complete
reversible dilatometric curve.

There are several studies of ceramic—ceramic composite
materials in which zircon acts as a continuous matrix in
which different ceramic phases were introduced as parti-
cles, whiskers, or fibers [41-49].

Zircon materials have been also processed by several
processing routes like: sol gel, aerosol, inverse micelle,
reaction sintering, laser, etc. [36-38, 45, 46] particularly
several reports have been published of zircon-based
materials obtained by slip casting [37, 38], this processing
route has several well-known advantages like low cost and
the possibility of obtaining complex ceramic shapes that
are impossible by other traditional or advanced ceramic
processing routes, on the other hand is more difficult to
obtain fully dense ceramic materials by this processing
route.

The general objective is to understand the influence of
the addition of dispersed zirconia grains to a continuous
ceramic matrix. Particularly in the present work zircon
(ZrSiO4) was used as a ceramic matrix model. The
densifications and the thermal behavior were also stud-
ied. Then a series of zircon—zirconia composites with
equivalent dispersed zirconia particles imbibed in a
zircon matrix by slip casting of concentrated aqueous
dispersions were processed. Followed by the study of the
influence of the zirconia content: in the sinterability,
some mechanical properties and thermal behavior,
particularly to study the effects of the zirconia martens-
itic transformation from m—t and from t-m. The porosity,
mean grain size, and distribution together with the
microcracks developed by the martensitic transformation
during processing (cooling) and the local thermal
expansion mismatch between grains will also influence
the dilatometric behavior of the composites.

The local thermal expansion mismatch between the
constituent phases present in the composite is important.
Furthermore, zirconia doubles zircon linear thermal
expansion coefficient. The actual thermal expansion coef-
ficients of these phases are shown in Table 1.
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Experimental procedures

A commercial zircon powder was used as principal raw
material. Zircon was introduced on zirconium silicate
(Mahlwerke Kreutz, Mikron, Germany), with ZrO, =
64-65.5 wt%, SiO, = 33-34 wt%, Fe,O3 < 0.10 wt%,
and TiO; < 0.15 wt%, and Dsy = 1.5 pm, and with a
specific gravity of 4.6 g/cm®. As a second starting powder
monoclinic zirconia (m-ZrO,) with specific area of 14 m?/ g
and mean diameter (Dsp) of 0.2 um and 99.97% purity
(TZ-0 Tosoh Co., Ltd. Japan). Composites were prepared
from zircon and zirconia mixtures. The volumetric com-
positions and the labels employed are shown in Table 1.

Slip casting and sintering of zircon—zirconia composites

Slip cast compacts consisted of squared slabs. Concen-
trated 80 wt% suspensions at pH 9.1-9.2 were prepared by
adding the powder to aqueous solutions with 0.5% of dis-
persant (Dolapix CE64, Zschimmers and Schwartz) and
NH4OH [37, 38]. After mixing, the suspensions were
ultrasonicated for 20 min and de-aired in a vacuum
chamber (less than 10 Torr) for more than 10 min during a
continuous stirring. The slip casting was performed in
porous alumina molds, and left to dry in the air for 48 h.
Samples of different prismatic shapes were cut in
4 x 3 x 15mm’ samples from the green compacts
obtained for the subsequent characterizations. Probes were
sintered at a heating rate of 10 °C/min up to 1600 °C for
2 h and then cooled to room temperature at 10 °C/min. In
order to evaluate the sinterability, other samples were also
fired at 1300, 1400, and 1500 °C. A dilatometry analysis of
the green compacts was performed from room temperature
up to 1350 °C. This test was carried out with a high-tem-
perature dilatometer (TMA system: TMAS8310, Rigaku
Japan.) 10 °C/min as heating and cooling rates.

Materials characterization

Density and apparent porosity of the sintered samples
(1300-1600 °C) was evaluated by the Archimedes method.

The crystalline phases of the sintered samples were
determined by X-ray diffraction (XRD) using Cu Ko
radiation operating at 40 kV and 30 mA. The materials
microstructure characterization was done with a Scanning
Electron Microscope (SEM) (Hitachi, Miniscope TM 3000,
Japan). The surfaces of the specimens were polished with
diamond slurries of 15, 9, 6, 3, 1, and 0.25 pum diameter.

Vickers Hardness (Hv) was evaluated with a Vickers
indentation machine (Akashi AVK-A, Japan) at least eight
indents using a 5 kg load for 15 s. Later the dynamic
elastic modulus (Egyp) of the composites was measured by
the excitation technique with a GrindoSonic (Belgium),

MKS5 “Industrial” Model on samples with the following
dimensions: 4 x 3 x 30 mm°’. A theoretical estimation of
the elastic modulus (Eye,) was calculated with the fol-
lowing expression:

Eeo = ) Ei x Vi (1)

where E; and V; are the elastic modulus and the volume
fraction of each crystalline phase (Table 1)

Thermal behavior evaluation

The thermal expansion behavior of sintered ceramics from
25 to 1250 °C (heating) and from 1250 to 400 °C (cooling)
was evaluated. The tests were carried with the same dila-
tometer using air atmosphere. The final dimension of the
sample was 4 x 3 x 15 mm’. Data for precise calculation
of thermal expansion coefficient were measured in the
temperature range 25-1000 °C at a heating rate of 10 °C/
min during heating. Alumina was used as standard for the
dilatometric experiments.

Experimental thermal expansion coefficients (agyp,) Were
also compared to a theoretical thermal expansion coeffi-
cient (oieo) estimated from the following equation:

Oltheo = Z o X V; (2)

where o; and V; are the corresponding thermal expansion
coefficients and volume fraction of each phase of the
composite material, shown in Table 1.

The differential thermal analyses together with the
thermo gravimetric (TG) analysis were carried out simul-
taneously for the sintered samples in NETZSCH 409/c
equipment. They were carried out using a 10 °C/min
heating rate up to 1400 °C and were cooled at the same rate
down to 400 °C. Samples of approximately 600 mg were
analyzed in a platinum crucible and dynamic air atmo-
sphere, using pure alumina as reference material.

Table 1 Phases properties and composition of the composites

Zircon Zirconia

Chemical composition ZrSi0y4 7rO,
Thermal expansion coefficient/ 1076 °C 4.5 10.0
Elastic modulus (E)/GPa 240 200
Sample Content/vol.%

YAYA 100 0
ZS710 90 10
75720 80 20
75730 70 30
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Results and discussions
The materials processing and properties

The green density of the dried compacts was measured
after slip casting; values are shown in Table 2 together
with the theoretical ones. The green density increases with
the zirconia content of the composites, and is in all the
cases around 70% of the theoretical density of the two
starting powders mixture. After the 1600 °C thermal
treatment the density of the composites increased up to
90% of the theoretical one while the density of the pure
zircon material was over the 93%. This fact shows that
sinterization decrease by the addition of the zirconia to the
initial formula. The porosity is below 5% for the whole
group of composites. These values of density and porosity
are comparable to the ones achieved for similar materials
by the same processing route [25, 27-40, 46, 50].

Figure 1 shows the final density and porosity of the
different composites obtained at different sintering tem-
peratures between 1300 and 1600 °C. As expected, density
grows and porosity decreases with the sintering tempera-
ture. The pure zircon material sintered in an easier way
than the composite materials.

Figure 2 shows a part (from 1000 °C) of the dilato-
metric curve of the green compacts. Although in Table 2
and Fig. 1 it was evident that the ZSZ0 materials sintered
more easily, it is clear that this material is the one that
starts sintering later than the other ones. In fact the ZSZ30
composite starts to contract below 1100 °C, and the ZSZ0
does it almost one hundred degrees later. Once it starts to
sinter the densification is faster. Perhaps the shrinkage
observed in the three composite materials (at the begin-
ning) corresponds to the nano zirconia grains coalescence
that occurs at a lower temperature and later, the densifi-
cation of the zircon matrix takes place. This is why over
1350 °C the pure zircon material is the one that present the
highest shrinkage. This two stage sintering processes may
be responsible of the increase of the porosity with the ZrO,
content.

Figure 3 shows the XRD patterns of the obtained
materials at 1600 °C, the principal crystalline phase

Table 2 Green, sintered, and theoretical densities of the materials
studied

Sample Green density/  Sintered density/  Theoretical density/
g cm™ g em™? g em™?

7870  3.16 427 4.56

75710 3.21 4.14 4.67

78720 3.32 4.28 4.78

78730 3.45 4.50 4.89
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Fig. 1 Sintered density and porosity of the sintered materials at
different temperatures

detected are zircon (Z) and monoclinic zirconia (m). The
detail in the top left corner of Fig. 3 shows the expected
gradual increase in m-ZrO, in the series of zircon—zirconia
composites. Furthermore small zirconia diffraction is
detected for the pure zircon material evidencing a partial
(small) thermal dissociation of zircon into zirconia and
silica. This was also reported before for similar materials
[49, 51, 52]. Although the actual dissociation temperature
of zircon is 1675 °C the presence of impurities decreases
this temperature importantly [51]. It can be conclude that
no important crystalline phase changes occur during the
processing at 1600 °C. Is also important to point out that
tetragonal zirconia is not detected in the sintered compacts.

Figure 4a—d shows the typical SEM images of the
composite materials. All the samples had a dense micro-
structure with low residual pore presence which is similar
to that reported in previous works [37, 39, 49, 51, 52]
taking into account the processing route (slip casting).
Always two types of grains were observed: the uniformly
dispersed grains of zirconia (white) and the zircon matrix
(gray), finally the glassy bonding phase can be detected
(dark gray). While the atomic ratio Si:Zr was close to the
unity in the zircon grains it was nearly four when the local
EDAX analysis was carried out to this darker zone.

The grain size was below 4 um for the zircon, while the
zirconia grains remained below 2 pum in all the materials.
Also it is important to point out that in the first composite
(ZSZ10) zirconia grains are isolated in the zircon matrix
while in the ZSZ20 some of them are grouped in two, and
in the ZSZ30 composite these groups are even bigger but
the percolation limit was not achieved. It is also important
to point out that the grains presented a rounded morphol-
ogy for both the matrix and the dispersed zirconia phase. In
conclusion for the purpose of the next analysis it can be
assumed that these materials are equivalent in terms of
microstructure configuration, and that the only variable was
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Fig. 2 Densification of the zircon—zirconia composites at 10 °C/min

the amount of monoclinic zirconia grains imbibed in the
zircon ceramic matrix.

Mechanical properties

The theoretical and experimental elastic modulus (Etpeo
and Eg,;,) of the obtained materials are shown in Table 3.
Taking into account the actual values for each phase
(Table 1) a gradual decrease in the dynamic modulus was
expected with the m-ZrO, content increase. But the values
observed were even lower than expected. Firstly the
microstructure of the materials presents some inherent
defects like residual porosity, grain boundaries, etc.
(Fig. 4a—d); but this is similar in the four materials studied.
The greater reduction can be explained by two facts: the

Fig. 4 SEM image of the
studied materials: a ZSZ0,
b ZSZ10, ¢ ZS720, d ZSZ30
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Fig. 3 XRD patterns of the zircon-zirconia materials (Z ZrSiO, and
m m-ZrOy)

local thermal expansion mismatch between the two phases
and by the consequences of the presence of the zirconia
grains that during the processing thermals cycle suffer a
phase transformation from monoclinic to tetragonal and
vice versa that is accompanied by a volume change
responsible of the appearance of microcracks [25, 27, 28,
30, 32-34]. These two mechanisms that deteriorate the
microstructural integrity developing some extra defects
introduce an important decrease in the elastic constants
[27]. These defects could also be the cause of the increase
in the porosity evaluated by the Archimedes method.

In Table 3, also shows the Vickers hardness values as a
function of the zirconia content, showing a parallel
decrease of Hv, showing that the mechanical properties of
the material are also diminished. Both mechanisms depend

2010/11/10 11:55 NLSDE1 x50k 20 um
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Table 3 Hardness, experimental dynamic elastic modulus, and theoreti-
cal elastic modulus of the materials studied

Sample Hv/kg mm ™2 Eg,,/GPa Etheo/GPa
YAYA 810 210 240
75710 610 160 236
75720 540 144 232
75730 600 136 228

on the thermal behavior of these composite materials that is
evaluated in the following section.

Thermal behavior
Thermal expansion coefficient (o)

Figure 5 shows the heating dilatometric curve of the
studied composites from room temperature to 1000 °C.
The gradual increase with the addition of the m-ZrO, from
the initial formula is evident.

The linear fit of the dilatometric curves of the com-
posites was satisfactory (in this temperature range) hence
the experimental linear thermal expansion coefficient oy
(25-1000 °C) was evaluated from the slope of the linear
fitting result of each material. In all cases, the fitting
parameters R were over 0.98. The values of o, as a
function of the additive content is shown in Table 4 toge-
ther with the theoretical value estimated from Eq. 2. It is
easy to find Eq. 3 after expanding and rearranging Eq. 2.

OTheo = 0ZrSi0, T (iXZro2 - O‘ZrSiO4) x Vz0, (3)

XTheo = 4.5+ (55) X VZrOZ (4)
Using the literature values of the two phases (Table 1) it

can be found that the theoretical slope for the mixing rule

for this binary composite is equal to 5.5 x 107¢°C~',

7520 _
zsz10 /]

1000 x AL/L,

0 200 400 600 800 1000
Temperature/°C
Fig. 5 Dilatometric curves of the zircon-zirconia composites

(25-1000 °C)
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The linear fitting results of the experimental coefficients
(%exp) as a function of the zirconia content is showed in the
following equation:

UExp = 4.15 + (365) X Vzl-o2 (5)

Although the correspondence between the theoretical
model and the experimental data was not quantitative the
tendency is evident in a qualitative way and a kind of mixing
rule could be defined, that will be suitable for interpolation.
The difference between the experimental evaluation and the
theoretical estimation of the thermal expansion coefficient
might be explained by the presence of porosity, the grain
size, and distribution together with the microcracks
developed due to the martensitic transformation, the same
reason can explain de differences observed in the E elastic
modulus correlation and the decrease of hardness (Hv)
(Table 3). The local thermal expansion mismatch between
grains also influences the dilatometric behavior of the
composites. All these factors reduced the thermal expansion
of the composite and were detected in these composites
previously by scanning electron microscopy and mechanical
and fracture characterization [25, 28].

The lower value of the experimental slope (Eq. 5)
compared to the theoretical slope (Eq. 4) also demonstrates
the effect of the zirconia contents is not only consequence
of its higher thermal expansion coefficient. These were also
supported by the fact that the deviation of the pure zircon
material is lower than the composite materials as seen in
Table 4. This behavior was also observed in the triplex
mullite-zirconia—zircon composites [28] but the constants
(Eq. 5) differed from the ones obtained in the present study
showing that this is qualitative similar but that the effect of
the zirconia depends on the ceramic matrix and particle
size together with the other variables.

Dilatometric hysteresis

The m-t transformation in ZrO, is believed to be mar-
tensitic it was previously well described [27-29]; however,
the details such as the transition path from the monoclinic
to the tetragonal phase is properly not known [29]. The
transformation induce by some changes (benefits) on the

Table 4 Experimental and theoretical thermal expansion coefficients
(25-1000 °C) (ttexp) of the zircon—zirconia composites as a function
of the m-ZrO, content (vol.%)

Sample m-ZrO,/vol.% ocE)q)/lof6 oc—! Sneo/ 106 °C!
7570 0 421 4.50
78710 10 4.44 5.05
78720 20 485 560
78730 30 5.29 6.15
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mechanical behaviors of zirconia containing materials
through several mechanisms of toughening (microcracks
toughening, transformation toughening, etc. [26, 27]. It is
accompanied by a volume change of approximately 5
vol.%. It consists in shrinkage in the heating cycle and
enlargement in the cooling cycle. Besides, the transfor-
mation occurs in a range of temperatures depending on the
matrix stiffness where the zirconia particle is embedded
[27-29, 33, 34]. The particle size also influences this
transformation. Particles smaller than a critical size do not
go through the reverse transformation and remain in a
meta-stable tetragonal form at room temperature. Wang
et al. [31] did a complete review on these transformation
temperatures (m—t and t-m).

This volume changes can be observed in the dilatometric
evaluation of the composites and presents the typical hys-
teresis form [28]. This particular expansion behavior could
be negative for the composite application. Excessive ZrO,
content surely affects the thermal shock resistance and
strength [24, 25].

In Fig. 6 the complete reversible (up to 1250 °C) dila-
tometric curves of the studied composites are shown. In
order to achieve a better visualization, the curves were
vertically translated. The hysteresis loop is clearly present
for ZSZ30 and ZSZ20 composites and it is not observed for
the material ZSZ10 and the pure Zircon material (ZSZ0).
The enlargement of the ZSZ30 samples evaluated by this
method was important, and is another indirect evaluation of
the microcracks introduced to the microstructure by the
zirconia incorporation.

True alpha (differential dilatometry)

The dilatometric curve (full line) and its respective dif-
ferential, assumed to be the true expansion coefficients
(orue) at different temperatures are shown in Fig. 7a and b
for ZSZ30 and ZSZ20 samples. The general behavior of the
e 18 similar: Firstly the curve was nearly constant up to
1150 °C; then an important negative peak is observed (set
off = 1153 °C), coinciding with the m—t shrinkage. In the
cooling cycle a second negative peak is observed around
900 °C (set off =917 °C) that corresponds to the t-m
transformation of the m-ZrO,. Both transformation tem-
peratures decreased with zirconia content decrease; the m—t
set off of the negative peak of the ZSZ20 sample, showed
in Fig. 7b, was at 1017 °C and for the t—m transformation
was at 762 °C. This was also observed in the triplex
composites studied in a previous work [28]. Furthermore,
the transformations were not detected by dilatometry for
materials with 10 vol.% of ZrO, (Fig. 6) and the pure
zircon material. In ZSZ30 the heating m—t peak is sharper
than the cooling t—m peak; this difference is even grater for
7ZS720. Moreover, as mentioned the reverse t-m
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Fig. 7 Dilatometric and differential dilatometric curves of the ZSZ30
(a) and ZSZ20 (b) composites

transformation was retarded, in other words occurred at
lower temperature.

The hysteresis loop area was related with the m-ZrO,
content. This was evaluated by the differences in the
graphical integration of the heating and cooling curves
(between 500 and 1250 °C). The values of the hysteresis
loop area for the different composites as a function of the
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m-ZrO, content are shown in Fig. 8. Clearly for composite
with less than 10 vol.% of m-ZrO, the loop was unde-
tected; hence the microstructure absorbs the volume
changes of the dispersed particles. The loop area of com-
posites containing over this threshold value of m-ZrO,
increased with the zirconia content. Therefore, the loop
area can be used for the estimation of the amount of
m-ZrO, present in related composites.

DTA-TG

As was mentioned, the transformation temperatures on
heating and cooling are affected by many factors such as
particle size, impurities, stress, and thermal history of
materials. The literature data reports large discrepancies,
and no quantitative analysis has been carried out yet on
how these factors can affect the transformation tempera-
tures [27-34].

The differential thermal analyses together with the TG
analysis were carried out simultaneously on the sintered
samples. They were completed with a 10 °C/min heating
rate up to 1400 °C and were cooled at the same rate down
to 400 °C.

The reversible martensitic transformation of zirconia
can be detected by DTA [28, 29]. The DTA diagrams
showed an endothermic peak, corresponding to the m-—t
transformation at ~ 1150 °C during the heating cycle. Also
an exothermic peak at ~ 1000 °C throughout the cooling
cycle appears so; the transformation temperatures can be
evaluated. As expected, weight changes from the TG
analysis were not significant.

Monoclinic to tetragonal transformation temperature
detected by DTA corresponds satisfactorily with the one
detected by dilatometric analysis. But the reverse trans-
formation detected by DTA presents some differences with
the thermodynamic transformation temperature, showing

1000 T T T
n
T 800 4
o =
D
o 600 J
3
5 400+ ]
Q
8
S 200f 1
Obm . | | . 1 " 1
0 10 20 30
ZrOZ/% vol.

Fig. 8 Martensitic hysteresis loop area of the dilatometric curves of
the zirconia—zircon composites
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the effect of the ceramic matrix in which it is imbibed. The
temperature at which occurs the transformation decreases
with the zirconia content. This result is comparable to the
ones obtained by dilatometry (“Dilatometric hysteresis”
and “True alpha (differential dilatometry)” sections). This
could be explained by the decrease in the elastic modulus
observed (Table 3).

The DTA for the four materials are shown in Fig. 9;
heating and cooling cycles were separated to achieve a
better examination. Both vertical scales are the same;
hence the peaks intensities are comparable.

As established by XRD analysis (Fig. 4) and SEM
(Fig. 4a—d) the four materials present certain amount of
zirconia. In ZSZO0, the ZrO, comes from the dissociation
during sintering while in the others ZSZ10-30 the zirconia
was introduced in the starting formula. This transformation
is expected to be detected by DTA although the transfor-
mation enthalpy is no very high (transformation enthalpy
around 5000-6000 J/mol [28]).

The four materials presented the m—t endothermic peak
at around 1130 °C on the heating cycle that corresponds to
the m—t transformation that was also observed by dilato-
metric evaluation. The actual temperature is also shown in
Fig. 9. The intensity, calculated as the peak area, is plotted
as a function of the zirconia content in Fig. 10. This is
clearly proportional to the zirconia content. Furthermore,
the temperature decreased with the zirconia content
because the material stiffness also decreased (Table 3) due
to the incorporation of the zirconia. In other words, the
addition of zirconia to the matrix influenced its own
transformation temperature.

On the other hand, higher concentration materials
(ZSZ20 and ZSZ30) presented the t—m exothermic peak
during the cooling cycle but in the other two materials with
low m-ZrO, content (less 10 vol.%) the peak was not

Heating Cooling
. ZSZ0 1140°C LEndo 7520
r 28210 | fsec L ZS8710 ]
T — St 1
©F  zszo0 \ / ] ®p  eucC ]
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Fig. 9 Differential thermal analysis (DTA) of the zircon—zirconia
composites
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Fig. 10 DTA phase transformation peaks intensity as a function of
the zirconia content

detected by DTA. The transformation for these diluted
materials was not detected by dilatometric analysis either
(Figs. 6, 7, 8). But as no important amount of t-ZrO,
was detected in the XRD patterns of the composites the
transformation might occurred but not detected by this
technique perhaps it takes place in excessively wide tem-
perature range.

Again the intensity of the t—m transformation DTA peak
is plotted as a function of the zirconia content in Fig. 10.
The results are equivalent to the ones obtained for the
dilatometric loop area plotted in Fig. 8. Furthermore, the
temperature at which this peak appears (for ZSZ20 and
75730) do not corresponds to the one reported in literature
[27] and was importantly influenced by the zirconia content
(diminished in the diluted composite), the actual tempera-
tures are shown in the corresponding plot in Fig. 9. Also
the peak width was higher in the ZSZ20 material than in
the ZSZ30 material, perhaps in the ZSZ0 and ZSZ10
materials is too width that it becomes undetectable. This
decrease in the temperature was also identified by dila-
tometry (Fig. 7). Showing that in the diluted materials the
stiffness of the matrix retarded the reverse transformation.

Conclusions

Thermal analysis techniques, especially dilatometric and
DTA study showed to be a useful technique for studying
zirconia containing composites. The influence of zirconia
content was established. The phase transformation effects
were correlated with the dilatometric behavior of zirconia
containing zircon composites.

The mechanical properties evaluated were comparable
to the ones reported for similar materials. A gradual
increase in the thermal linear expansion coefficient with the
increase of the zirconia content of the composites was

observed below 1000 °C. This effect was lower than a
theoretical prediction with a mixing rule, indicating that the
effect of ZrO, is more complex. Moreover, as mentioned,
an indirect evaluation of the microcracks developed during
processing was evidenced like in the dynamic elastic
modulus evaluation. The dynamic elastic modulus
(E) showed a similar deviation to the direct mixing rule,
which could be also consequence of microcracks devel-
opment due to the m-zirconia transformation and local
thermal expansion mismatch with the zircon matrix.

The influence of the martensitic transformation (m—t) in
well-dispersed zirconia grains ceramic composite on the
thermal behavior was analyzed. A hysteresis loop was
observed in the reversible dilatometric curve of composites
with enough zirconia grains (>10 vol.%). Over this
threshold the zirconia content is correlated with the loop
area. The transformation temperatures were evaluated and
correlated with the zirconia content. During the heating
cycle, the m—t temperature is slightly influenced by the
zirconia content (due to the previously evaluated decrease
in the materiel stiffness) and similar to the temperature
reported in literature. The reverse transformation is
strongly decreased by the ceramic matrix and the temper-
ature at which occurs decreases with the increase in the
zirconia content. Also the temperature range is broadened.
However, no tetragonal zirconia was detected in the
materials at room temperature.

Finally the DTA results are consistent with the dilato-
metric analysis, but this technique showed more reliable
results. Particularly the endothermic m-t transformation
showed to be easily detected even when the only m-ZrO,
present was the product of the slight thermal dissociation of
the zircon during the processing of the pure zircon material.
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