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Abstract

The viability of a silica glass containing rare earth oxides as infiltration agents in different ceramic substrates was investigated. ZrO2(Y2O3)–
Al2O3 and Al2O3–ZrO2(Y2O3) composite ceramics were sintered at 1530 1C/2 h and characterized by X-ray diffraction (XRD), dilatometry and
atomic force microscopy (AFM). The wetting behavior of the substrates by rare earth glass was studied by the sessile drop method at
temperatures of up to 1285 1C in an argon atmosphere. Both composites presented high relative density (close to 98%) with α-Al2O3 and
tetragonal ZrO2 as crystalline phases. The wetting angle of the two substrates decreased in response to increasing temperature, reaching a final
contact angle of 12.71 on the ZrO2(Y2O3):Al2O3 substrate at 1285 1C and of 13.61 on the Al2O3:ZrO2(Y2O3) substrate at 1275 1C, indicating
good wettability in both cases. Results of fracture toughness show KIC of 4.3 MPa m1/2 and 5.4 MPa m1/2 for ZrO2(Y2O3):Al2O3 and Al2O3:
ZrO2(Y2O3) respectively. The theoretical residual stress in the two infiltrated composites were calculated based on the coefficient of thermal
expansion of the substrates and glass. The ZrO2(Y2O3):Al2O3 and Al2O3:ZrO2(Y2O3) composites showed calculated residual stresses of
36.5 MPa (tensile) and 252 MPa (compression), respectively, indicating that compressive residual stress contributes to increase the toughness of
the glass-infiltrated composites.
& 2013 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

A trend in dentistry is to substitute metal-based prostheses
for ceramic materials, mainly due to esthetic reasons. Alumina-
based ceramics, Al2O3, have high hardness and wear resis-
tance, while yttrium stabilized zirconia-based ceramics,
ZrO2(Y2O3), have high fracture toughness and strength and
are esthetically more attractive [1]. The high fracture toughness
of ZrO2(Y2O3) ceramics is due to the tetragonal-to-monoclinic
e front matter & 2013 Elsevier Ltd and Techna Group S.r.l. All ri
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phase transformation, accompanied by a 3 to 6 vol% expansion
in grains. The stress-induced tetragonal-to-monoclinic ZrO2

transformation ahead of a crack tip generates compressive
stresses in the ceramic matrix, hindering crack propagation and
thus resulting in high fracture toughness [2,3]. High toughness
is a very important factor in dental materials due to the induced
and alternating stresses to which they are subjected [1]. During
mastication the loads are usually in the order of 200 N, but
may reach up to 1200 N [4].
A method widely used to produce dental prosthesis is by

CAD/CAM machining of pre-sintered ceramic blocks with
subsequent infiltration of a glass into a porous substrate and
final sintering to densification. In this case, it is important that
the coefficient of thermal expansion (CTE) of the ceramic
ghts reserved.
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substrate and the glass present only slight differences in order
to minimize thermal mismatch, which could lead to undesir-
able internal stress and cause cracking of the component
during processing. Another important parameter is the contact
angle between glass and substrate, which indicates the wett-
ability of the glass in the ceramic and the possibility of full
densification after infiltration.

The mechanical stability of dental prostheses is a critical
factor, because the durability of the junction must be ensured.
Zirconia-based ceramics may undergo tetragonal-to-
monoclinic ZrO2 phase transformation in aqueous or salty
environments. An alternative to monoclinic ZrO2-based cera-
mics, which does not involve tetragonal-to-monoclinic ZrO2

phase transformation, are composite materials based on ZrO2–

Al2O3 mixtures [2,3] or ZrO2-glass systems [5].
In the production of composites with phases exhibiting

distinct characteristics, as in the case of ZrO2–Al2O3 infiltrated
by a glass, it is necessary to study the physical and chemical
interactions between the constituents. For effective infiltration,
the glass must wet the surface of the substrate. This behavior is
commonly described by the wetting or contact angle, θ [6–9].
This contact angle is established as a result of the interfacial
energies between the liquid and solid phases [10–13]. Wett-
ability is described by Young′s Eq. (1).

�ΔG¼ γlvð1þ cos θÞ ð1Þ
where ΔG represents the Gibbs free energy and γlv represents
the surface energies of liquid–vapor.

If θ equals zero, wetting is maximum and spreading of the
liquid occurs; when θ equals 901, partial wetting occurs, and
when θ equals 1801, wetting does not occur. Therefore, a
minimum contact angle is necessary for wetting to occur.

The most common method for determining wettability is the
sessile drop method [6,14–18]. This method consists of heating a
fusible material on a solid substrate and measuring the contact
angle of the liquid drop on the substrate as a function of
temperature and/or time. The variation in the height and diameter
of the liquid drop is recorded continuously with a camera.

Based on the thermal expansion coefficients of the matrix
and glass phase, residual stresses are generated between the
substrate and the glass [19], as illustrated in Fig. 1
�

Fig
sub
αglass4αsubstrate: shrinkage of the matrix (substrate) is higher
than that of the glass. The matrix/glass interface is thus stressed,
leading to radial microcracks in the matrix around the glass.
. 1. Internal stresses and associated damage mechanisms involved during cool
strate.
�

ing
αglass¼αsubstrate: no stresses appear at the interface, since the
matrix and glass shrink equally.
�
 αglassoαsubstrate: shrinkage of the matrix (during cooling
after sintering) is lower than that of the glass. To improve
the fracture toughness, the intensity of the tensile stress
must be limited to prevent partial or total interfacial
debonding.

The average thermal residual stress generated during the
cooling of sintered samples is calculated based on the
assumption of a homogeneous distribution of secondary phase
in the ceramic matrix obtained during infiltration, and is
directly related to the difference in the coefficients of thermal
expansion of the substrate and the glassy intergranular phase
[20–22]. The average residual stress in both phases can be
calculated as a function of the volume fraction of secondary
phase, based on the approach proposed by Shi et al. [21], using
Eqs. (2) and (3).

sg ¼ Egð〈α〉�αgÞΔT ð2Þ

sm ¼ Emð〈α〉�αmÞΔT ð3Þ
Here, sg and sm are residual stresses in the system (glass and
substrate matrix, respectively). Em and Eg indicate the Young
modulus of the matrix and glass, respectively, and α, αm and
αg indicate the average coefficient of thermal expansion (CTE)
of the composite, matrix and glassy phase, respectively. The
average coefficient of thermal expansion for each composition
can be calculated using Eq. (4)

〈α〉¼ αgCgEg þ αmCmEm

CgEg þ CmEm
ð4Þ

where Cg and Cm are, respectively, the fraction of glass and
matrix. Based on the above calculation one finds that, on
average, when αm4αg and sgo0, the grain boundary will be
in compression and the matrix will be in tension [21,22].
Residual stress in multiphase composites develops due to the
mismatch of the E-modulus and the coefficient of thermal
expansion (CTE) in the constituent phases. Due to the lower
CTE of the glass αb than that of the matrix αm, residual tensile
stresses develop in the ZrO2–Al2O3 matrix during cooling.
The purpose of this work was to investigate the compat-

ibility of the rare earth oxide-rich glass with ZrO2(Y2O3)–
Al2O3 and Al2O3–ZrO2(Y2O3) ceramic composites based on
an analysis of wettability and residual stress. The analysis
by thermal expansion mismatch between spherical glasses embedded in a
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confirmed the viability of this glass as an infiltration agent for
ZrO2–Al2O3 composites.
2. Experimental procedure

2.1. Processing

Pre-sintered ceramic substrates composed of 80:20 wt%
ZrO2(3 mol%Y2O3)–Al2O3 and 80:20 wt% Al2O3–ZrO2(3
mol%Y2O3) (ProtMat Mat. Avançados, Brazil), herein referred
to as Z8A2 and Z2A8, respectively, with green relative density
near to 80% of theoretical density, were sintered at 1530 1C/
2 h, applying a heating/cooling rate of 10 1C/min. The samples
were cut into test specimens (20� 20� 4 mm3), their surfaces
ground and polished with diamond paste, washed with acetone
in an ultrasonic bath for 10 min, and dried at 100 1C for 1 h.

Table 1 describes the chemical composition of the glass
developed in this work.

The glass was produced by milling the oxides in isopropyl
alcohol for 4 h, followed by drying and sieving of the mixture.
The powder mixture was melted at 1550 1C for 30 min and
heat-treated at 600 1C for 30 min, after which it was slowly
cooled to room temperature. The resulting glass was cut into
Table 1
Chemical composition of the glass.

Components Composition (in wt%)

Rare earth oxides (La2O3+Y2O3+CeO2) 42.0
SiO2+Al2O3 33.0
B2O3+CaO 19.0
TiO2 4.0
ZrO2 2.0

Fig. 2. Schematic diagram of the wettability test apparatus.

Table 2
Coefficient of thermal expansion (CTE) and Young Modulus of the substrates and

Material Coefficient of thermal expansi

ZrO2(Y2O3) monolithic 10.6� 10�6/1C
Al2O3 monolithic 7.8� 10�6/1C
ZrO2(Y2O3)–Al2O3 10.2� 10�6/1C
Al2O3–ZrO2(Y2O3) 8.8� 10�6/1C
Rare earth glass 8.1� 10�6/1C

aTg—Glassy transition temperature �800 1C
small 4� 4� 4 mm3 specimens and machined into 3 mm
diameter cylinders. This sample geometry is recommended
by the DIN 51730 standard [23], which considers that the
melting point is reached when the liquid drop acquires a semi-
spherical shape. The choice of this glass was based on its
thermal compatibility with ceramic substrates.
2.2. Characterization

The ceramic substrates were characterized based on their
relative density, phase composition, surface roughness and
microstructure. The relative densities were determined by the
Archimedes method, relating the apparent density to the
theoretical density. The apparent density, which was deter-
mined by helium pycnometry, was 5.48 g/cm3 for the Z8A2
and 4.21 g/cm3 for the Z2A8.
Crystalline phases (glass and substrates) were analyzed by

X-ray diffraction, using CuKα radiation (λ¼1.5418 Å) in the
2θ range of 101 to 901, with a step width of 0.021 and 2 s of
exposure time/point. The crystalline phases were determined
by comparison with the JCPDS files [24].
Wettability, represented by the contact angle θ generated

between the liquid glass and the substrate as a function of
temperature, is strongly influenced by the surface roughness of
the substrate. Therefore, the surface roughness was analyzed
by atomic force microscopy (AFM), according the ISO 4287
standard [25]. The AFM analyses were conducted in the
contact mode in air, using a V-shaped Si3N4 cantilever beam
as sensor. Areas of 10,000 mm2 were measured at a frequency
of 0.5 Hz.
In addition, the glass/substrate interfaces were examined by

scanning electron microscopy and the coefficient of thermal
expansion (CTE) of the glass and substrates was determined by
dilatometry, using a NETZSCH DIL 402 PC dilatometer.
2.3. Wettability test

The sessile drop method was used to study the wetting
behavior of the glass on the substrate. The system consisted of
a tubular electric furnace equipped with a CCD camera with a
4/50 mm lens, as shown schematically in Fig. 2. The camera
was connected to a computer and the images were captured
with a Matrox II YC +Mono device.
The glass samples were positioned on the polished substrate

and heated at a rate of 10 1C/min in a flowing argon
atmosphere. The tests lasted for about 120 min. The substrates
glass.

on (CTE) (25 1C–800 1C)a Young Modulus (GPa)

200
390
240
350
95
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were positioned on an alumina bar whose surface found
himself perfectly horizontal in order to avoid errors in
measurement or positioning of the glass sample. Images were
captured at different temperatures and the contact angle was
measured from these images, using Image Tool software. The
values of instantaneous contact angles were measured only
during heating, in order to simulate the conditions under which
infiltration glasses will be subjected. In this work the angles of
equilibrium for this system were not determined.

After the wetting tests, specimens were cut along the
longitudinal plane and analyzed by scanning electron
microscopy (SEM).
Fig. 3. Shrinkage and shrinkage rates of the substrate materials during sintering.

Fig. 4. AFM images of the surface roughness of
2.4. Infiltration testing

In pre-sintered ceramics, samples with 10� 10 mm2 were
cut. The thickness with 1.0 mm was standardized in order to
approximate the conditions for thickness dimensions of the
prosthesis. For mechanical properties, a sample of pre-sintered
Al2O3 with porosity close to 20% and dimensions
10� 10� 1.0 mm3 was prepared.
The specimens were subjected to ultrasonic cleaning using

isopropyl alcohol as a vehicle for 60 s. The substrates were
dried at 120 1C-2 h, and subjected to infiltration of glass
powders (with particle sizes less than 32 mm). Slurry consist-
ing of deionized water with glass powders was applied on the
surface of larger section and the samples were subjected to the
same heating furnace EDG—Aluminipress-Brazil, at 1175 1C
with a heating rate of 10 1C/min under vacuum. After heating,
the samples were immediately cooled with cooling rates of
5 1C/min.

2.5. Mechanical Properties

The cross-section of the infiltrated samples was polished.
Hardness and fracture toughness ( KIC ), were determined
using a Vickers Indentation method. In each sample, 20
indentations were measured, under a load of 1000 gf for
15 s. The fracture toughness has been calculated by measure-
ment of the relation between cracks length (c) and indentation
length (a), using the relation proposed by Niihara et al. [26],
valid for Palmqvist crack types.

3. Results and discussion

3.1. Characterization of substrates and glass

Final relative densities of the Z8A2 and Z2A8 sintered
substrates used in the wettability tests, were 98.971.6% and
97.271.7%, respectively.
Table 2 describes the coefficients of thermal expansion

(CTE) and the Young Modulus of the materials studied in this
work. The dilatometry results indicate that the CTE of the
substrates is higher than that of the glass. Furthermore, Fig. 3
depicts the dilatometry curves of the substrates. As can be
seen, maximum shrinkage occurred between 1500 1C and
1550 1C, with the Z8A2 substrate showing a higher shrinkage
rate than the Z2A8 composite. Therefore, the sintering temperature
the substrates (a) Z8A2 and (b) Z2A8.
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for the Al2O3-rich-composite (Z2A8) should be increased to
achieve a higher final density.

Fig. 4 depicts AFM images of the surface. The average
roughness, Ra, of the Z8A2 substrate, determined from a total
area of 30755 mm2, was 105.573.5 nm, while that of the
Z2A8 substrate (total area of 30198 mm2) was 55.272.3 nm.
Although the two substrate surfaces were polished in the same
way, their average surface roughness differed considerably, as
clearly shown in the AFM images in Fig. 4. However, the
surface roughness was considered negligible, even in the case
of the Z2A8 substrate, since it did not significantly influence
the wetting behavior of the liquid glass.

Fig. 5 shows X-ray diffraction patterns of glass and two
substrate materials. Tetragonal ZrO2 and α-Al2O3 (corundum)
were identified as crystalline phases in both substrates, Fig. 5a.
The Al2O3-peaks were more intense in the Z2A8 substrate than
in the Z8A2 substrate, which was expected due to the higher
Al2O3 content of the former. The XRD pattern of the rare earth
glass, Fig. 5b, is a typical amorphous spectrum, indicating no
crystalline phase in this material.
Fig. 5. X-ray diffraction patterns of the glass, Z8A2 and Z2A8 substrate.

Fig. 6. Representative images obtained during the
3.2. Wettability Tests

Fig. 6 presents representative sequence photographs obtained
during the wettability experiments on the Z2A8 substrate. As
can be seen, the contact angle decreased with increasing
temperature when the melted glass wet the substrate. Accord-
ing to the DIN 51730 standard, the melting point is reached
when the sample presents the shape of a half sphere, which, in
the case of the glass under study, occurred at approximately
1265 1C.
Fig. 7 shows the contact angles on the two substrates as a

function of temperature. Note that the contact angles on both
substrates decreased as the temperature increased. The figure
also indicates that the two substrates showed a similar wetting
rate, but which occurred at a slightly lower temperature on the
Z8A2 substrate.
Based on these results, and after a mathematical adjustment

of the sigmoidal curves, mathematical relations are proposed to
describe the wettability (contact angle, θ) of the rare earth glass
on the ZrO2–Al2O3 (Z8A2 and Z2A8) substrates as a function
of temperature (T), in Eqs. (5) and (6):

θZ8A2 ¼ 9:2þ 78
1þ e�0:17ð1259:5�TÞ ð5Þ

θZ2A8 ¼ 9:7þ 74:4
1þ e0:20ð1268:6�TÞ ð6Þ

The change in contact angle with increasing temperature
follows a sigmoidal behavior and is described by Eq. (5) for
the Z8A2 substrate, and by Eq. (6) for the Z2A8 substrate. A final
contact angle of 12.71 on the Z8A2 substrate was reached at
1285 1C and of 13.61 on the Z2A8 substrate at 1275 1C. These
contact angles are considered to be quite low. Hence, the glass
presented good wettability on the substrates in question.
wettability test on the Z2A8 substrate.

Fig. 7. Glass wetting behavior of Z8A2 and Z2A8 substrates as a function of
temperature.



Fig. 8. SEM micrographs of cross-sections recorded after wettability experiments.

Table 3
Vickers hardness and fracture toughness of the infiltrated samples.

Composite Vickers hardness (HV1000 gF) Fracture toughness (MPa m1/2) Theoretical thermal residual stress (MPa)

Al2O3–Glass 1138745 2.670.4 5.4 MPa (tensile)
Z2A8-Glass 1065740 5.470.3 252 MPa (compression)
Z8A2-Glass 985741 4.370.4 36.5 MPa (tensile)

C.M.M. Bighetti et al. / Ceramics International 40 (2014) 1619–16251624
Fig. 8 shows SEM micrographs of the cross-sections recorded
after the wetting tests. As can be seen, the glass/substrate interface
remained flat, indicating that the substrate did not dissolve into
glass. Furthermore, the absence of a reaction layer indicates that no
chemical reaction occurred between the glass and substrate.
Therefore, the wettability in this case is a purely physical
phenomenon, following the Young′s Eq. (1). The glass did not
show micro-cracking or phase separation from the substrates,
indicating good adherence. This was attributed to the fact that the
difference between the thermal expansion coefficients of the
substrate, αΖ8Α2¼10.2� 10�6/1C, or αΖ2Α8¼8.8� 10�6/1C and
the glass, αglass¼8.1� 10�6/1C, was insufficient to cause damage
at the interface.
3.3. Residual stresses and mechanical Properties

The theoretical residual stress in the ceramic matrix was
calculated according to the model proposed by Taya et al. [20].
In the calculations, E-moduli of 95 GPa, 240 MPa and
350 MPa were used for the rare earth glasses ZrO2–Al2O3

and Al2O3–ZrO2, respectively.
Systems that combine composite substrate with intergranular

glassy phase have a higher level of complexity for discussion.
Based on this analysis, in this work the discussion of residual
stress is based initially on the study of residual stress between
the components of the composite matrix, and then the presence
of the glass phase as the secondary phase substrate.

In the ZrO2(Y2O3)–Al2O3 and Al2O3–ZrO2(Y2O3) compo-
site were used data presented in Table 2, and applied in Eqs.
(2)–(4), to obtain the residual stress of the composites in the
ranges of temperatures studied in infiltration tests (ΔT=1175 1C).
Calculations indicate that the composites Z2A8 have a

compressive residual thermal stress of about 458 MPa, while
the composite Z8A2 has tensile residual thermal stress of
423 MPa. From a mechanical standpoint, the toughening effect
should be more relevant in the composite Z2A8 that the Z8A2
composite due to the compressive nature of stresses generated.
To calculate residual stress between the composite substrate

and the glassy phase, the temperature range (ΔT) considered
was the glass transition temperature indicated in dilatometry
analysis to room temperature, in the order of 800 1C, below
which the system is considered as rigid and therefore residual
stresses are created materials.
The results of the calculated residual thermal stress indicates

that the Z2A8 composite containing 20 vol% of glass has
compressive residual stress of approximately 252 MPa, whereas
the composite Z8A2 containing 20 vol% glass has residual thermal
stress (tensile) calculated of around 36.5 MPa.
The results of the hardness and fracture toughness of the

composites which presented full density after infiltration tests,
are presented in Table 3.
Analyzing the Vickers hardness results, it was noted that the

highest values are proportional to the greater amount of Al2O3

in the ceramic matrix, since the hardness of the Al2O3 is about
1800 HV, while ZrO2 (Y2O3) has hardness near to 1300 HV.
It is observed that the composite Z2A8-Glass provides the

best results of fracture toughness, near to 5.5 MPa m1/2.
.Comparing these results with values obtained for the compo-

sites Z8A2-Glass KIC MPa m1/2) or Al2O3KIC MPa m1/2), it is
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observed that materials with compressive residual thermal stresses
have the most significant fracture toughness gains.

From the point of view of toughening mechanisms acting in
these materials, it is noteworthy that the presence of tetragonal
zirconia shown in Fig. 5a shows that there is greater possibility
for phase-transformation toughening in composites Z8A2
because there is a larger population of grains of tetragonal-
ZrO2 in the other composites.

However, existing intergranular glassy phase, the cracks
propagation preferably occurs by the grain boundaries.

Thus, the presence of compressive residual thermal stresses
makes of this mechanism is more important that the phase-
transformation toughening mechanism, common in tetragonal
zirconia ceramic.

4. Conclusions

The rare earth glass presented high wettability in substrates
of the ZrO2(Y2O3)–Al2O3 composite system. Contact angles of
12.71 and 13.61 were identified for ZrO2(Y2O3)–Al2O3 and
Al2O3–ZrO2(Y2O3), respectively, indicating good glass infil-
tration in the zirconia–alumina composites. The coefficient of
thermal expansion (CTE) of the glass and substrates was
compatible, minimizing the formation of cracks which can
cause defects in ceramics during processing. The slight
difference in the CTE of the glass and matrix produced a
residual compressive stress in the ceramic systems, preventing
crack propagation and improving their strength. The wettabil-
ity and residual compressive stress between glass and ceramic
matrix indicate the feasibility of using this glass composition
as a infiltration agent in ZrO2(Y2O3)–Al2O3 and Al2O3–

ZrO2(Y2O3) substrates.
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