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A 36.8wt% Ca0-26.2wt % TiO,—37.0wt% SiO, glass (CTS) was employed as the ceramic
brazer for the bonding of 3 mol % vyttria stabilized zirconia (YSZ3). Sandwich-like
YSZ3-CTS-YSZ3 specimens were fabricated and temperature dependence of the bonding
strength was evaluated. An optimum bonding process was achieved at a bonding
temperature of 1424 °C for 30 min with CTS glass slurry having a glass/organic ratio of 1.82.
The effects of processing parameters on the bending was investigated on the basis of the
metallurgical evolution at the interface. In addition, predominating factors affecting the

bonding strength were also explored.

1. Introduction

For the application of advanced ceramics at elevated
operating temperatures, high strength and good
chemical stability are of practical importance. To
make use of these properties, it is essential to find
appropriate joining methods concerning the bonding
of ceramics. One common method of joining ceramics
is brazing. Brazing is performed by melting a filler
material to join materials of higher melting points.
The filler material can be metal [1-5], alloy [6—10], or
ceramic [11-17]. The brazed joints made with metal-
lic alloy have relatively high strength at room temper-
ature, however, their strength at elevated temper-
atures is limited because of the relatively low softening
temperature of the alloy braze material. Hence, the use
of a ceramic filler for the bonding of ceramic should
allow for increased joint strengths at high temperature.
Good bonding strength is possible if the filler material
wet and/or reacts with the ceramic to be joined.

The purpose of this research is to study the liquid
phase bonding of 3mol % yttria stabilized zirconia
with CaO-TiO,-Si0, glass. Filler compositions in
the CaO-TiO,-Si0, systems were previously used to
join ceramics, such as silicon nitride and MgO par-
tially stabilized zirconia [14]. This CaO-TiO,~SiO,
system was comprehensively studied by Devriess et al.
[18]. There are 17 invariant points in the ternary
system. The composition selected as filler material in
this study is a eutectic composition consisting of
36.8wt% Ca0-262wt% TiO,-37.0wt% SiO,,
which has a melting temperature of 1348°C. The
YSZ3 is chosen for its high fracture toughness, which
is hardly affected by the thermal cycling [19,20]. In
this study, the thermal properties of CTS glass
was first evaluated, and the reaction between CTS
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glass and YSZ3 was characterized to investigate the
bonding behaviour.

2. Experimental procedures
Yttria stabilized zirconia, with composition -3 mol %
Y,03-Zr0O, (YSZ3) was selected as the matrix mater-
ial. The YSZ3 powder (Toyo Soda Co., Tokyo) has an
average particle size of 0.3 um, a specific surface area
of 18m?g !, and a crystallite size around 24 nm.
Samples of YSZ3, with 4 x 3 x 34 mm? in dimension,
were prepared by sintering at 1500°C for 3 h. The
sintered density was 6.01 gem ™3 (i.e. 98.9 % theoret-
ical density) as measured by Archimedes’ method.
For the preparation of CTS glass, appropriate
amounts of CaCOs;, SiO,, and TiO, (reagent grade)
were mixed in alcohol with ZrO, balls in a Teflon jar
for 24 h. The mixed powders were then dried and
melted at 1500 °C for 1 h in a Pt crucible. The melt was
quenched into iced deionized water to form glass frits.
The frits were ground with Al,O; mortar and pestle
into powders and then sieved to pass through 325
mesh. The sieved powders were blended with a viscous
organic vehicle consisting of 70 wt % N-200 ethyl cel-
lulose in butyl carbitol solvent to form a glass slurry
with various glass powder/organic ratios (p/o). The
slurry was then blended with a two-roll mill to obtain
a homogeneous mixture. Part of the melt was quen-
ched into a Cu mould to form a glass block. The
amorphous structure of the glass was investigated by
X-ray diffraction technique (XRD). Thermal expansion
of the glass was measured with an automatic record-
ing dilatometer (ULVAC DL-1500) at a heating rate
of 10°Cmin~" until softening of the glass occurred.
Differential thermal analysis (DTA) of the glass
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Figure I Temperature profile for the bonding of YSZ3-CTS-YSZ3
assembly. R.T., room temperature.

powder was carried out with a thermogravimetric
analyser (ULVAC TGD-5000).

For the bonding experiment, two zirconia discs
were joined with glass slurry and dried at 150°C to
form a sandwich assembly with an interlayer thickness
of about 0.5 mm. The specimens were then placed
vertically in an Al,O; crucible and heated to a peak
temperature ranging from 1340°C to 1600°C. The
heating profile for the specimens is given in Fig. 1. The
bonded zirconia were then ground with SiC papers
from No. 120 up to 600. The bonding strength was
measured by the three point bending method and was
calculated as follows

3LP
Sy = 5o (1)
where L, t, and W are the sample length, thickness,
and width, respectively. P is the load applied when
fracture occurs. The standard deviation of the bending
strength was then calculated

[ZG%P — (ZG3P)2/”:|1/2

n—1

S = 2
where n is the number of specimens tested. The phases
and morphology of the fractured surface were ana-
lysed with X-ray diffractometer (D/MAX-B, Rigaku,
Japan) and EPMA (JXA-733, Jeol, Japan), respective-
ly. The microstructure and compositions around the
joint were investigated by transmission electron
microscopy (TEM) (JEM-2000 FX, Jeol, Japan) and
EDX (AN10000, LINK, UK). '

3. Results and Discussion
3.1. Thermal properties of CaO-TiO,-SiO,
(CTS) glass

The thermal expansion of CTS glass as a function of
temperature is shown in Fig. 2. The transition temper-
ature and softening temperature of the glass are
around 750°C and 800 °C, respectively. The coeffic-
ient of thermal expansion (CTE) from room temper-
ature to 640°C is around 8.42x107°°C~ 1. In the
differential thermal analysis (DTA) of the glass pow-
der, an exothermic peak at around 873 °C is observed
before the melting of the glass at around 1330 °C, as
shown in Fig. 3. Upon cooling, three exothermic
peaks appear at 1260 °C, 1134 °C, and 1095 °C, respec-
tively. To study the reaction associated with the
873°C exothermic peak, bulk CTS glass was then
heated at 900 °C for 8 h. The XRD pattern, given in
Fig. 4, shows the presence of the crystalline Ca;Ti,0,
and CaSiO; (parawollastonite). This suggests that the
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Figure 2 Thermal expansion of 368wt% CaO-262wt%
TiO,-37.0wt % SiO, glass bulk. Sample heating rate 10°Cmin~!.
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Figure 3 Differential thermal analysis (DTA) of 368wt%

Ca0-26.2wt % TiO,-37.0wt % SiO, glass powder.

bulk glass crystallizes after § h heat treatment at
900°C, and three exothermic peaks observed in the
DTA result of the glass powder, as shown in Fig. 3,
may correspond to precipitation of the three crystal-
line phases in the transient state.

The crystallization of the CTS glass provides
a promising candidate for the filler material for ce-
ramic bonding. In the initial stage of the bonding
process, the CTS glass flows to wet the substrate and
the so-called liquid phase bonding proceeds. The glass
then crystallizes and reacts with the substrate to form
a ceramic composite, which, hopefully, is a highly
refractory material. The joint thus formed should have
a high bonding strength at elevated temperatures.

The thermal expansion coefficients of YSZ3, CTS
glass and crystallized CTS ceramic are 9.74 x
107%°C~1 (25-900°C), 8.42 x 10~5°C ! (25-640°C),
and 8.85x107¢°C~! (25-900°C), respectively. The
stress o, caused by the thermal mismatch can be
estimated as follows

o, = Es 3)
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Figure 4 X-ray diffraction patterns of 36.8 wt % Ca0-26.2 wt % TiO,-37.0 wt % SiO, glass bulk heat treated at 900 °C for 8 h. *, Ca,Ti,O-;

@, CaTiSiO;; W, CaSiO;.
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where Aa is the CTE difference between YSZ3 and
CTS ceramic. AT is 875°K, ¢ is strain, E is
2.04 x 10* kgfmm ™2, which is Young’s modulus of
YSZ3. The stress o, developed in the YSZ3 as a result
of the thermal expansion difference is 158 MPa. Lange
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Figure 5 The temperature dependence of the bending strength of
YSZ3-CTS-YSZ3 assembly. Bonding time: 30 min, glass pow-
der/organic ratio (p/o) (a) p/o < 1;(b) p/o = 1.82, O, ground to 240
SiC paper; B, polished to 1 um; and (c) p/o = 3.17.

[21] estimated that the tetragonal form of pure zirco-
nia may be retained by an external hydrostatic pres-
sure greater than 3.7 GPa. The amount of constraint
required decreased with the increase in stabilizing
oxide content. However, how much tensile stress
would be applied to induce the tetragonal to mono-
clinic (t— m) phase transformation was not men-
tioned because the t-ZrO, particle would be stabilized
in other ceramic matrices not only by reducing the
particle-matrix thermal expansion mismatch to de-
crease the thermal stress, but also by optimizing the
processing parameters, such as: particle size, concen-
tration of stabilizer, driving force for the transforma-
tion, volumes fraction of ZrQ, etc. [22]. Hence, for
the present stage, it is difficult to predict whether
158 MPa is sufficient to induce the t—m trans-
formation.
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3.2. Bending strength and fracture surface
morphology
A series of bonding test were performed for
YSZ3-CTS-YSZ3 assembly at various temperatures
for glass slurry with various CTS powder-to-organic
ratio (p/o). Fig. 5 gives the bending strength of the
assembly as a function of temperature for samples with
p/o ranges from less than 1 to 3.17. It should be pointed
out that appreciable scattering of the bending strength
data is obtained for samples using a brazer with
p/o < 1. Fig. 6 gives the fracture surface for the sample
with p/o < 1 bonded at 1348 °C. Unwetted regions are
observed on the fractured surface for samples with
a low glass concentration slurry (i.e. p/o < 1), because
the amount of glass slurry is not enough to cover the
entire joint interface after bonding. The bonding
strength thus derived is not based on the real contact
area, and consequently, a large deviation is obtained.
On the basis of X-ray mapping results exhibited in
Fig. 6(c—g), the wetted regions are enriched in Ca, Ti,
and Si, while the unwetted regions are Zr and Y rich. In
the unwetted region the grains near the boundary are
larger than those near the centre. Similar phenomena

prevail in samples bonded at other temperatures. It is
argued that the glassy liquid phase, which provides
a faster atomic diffusion path than the concurrent solid
state process, enhances the sintering of zirconia.

In the case of p/o = 1.82, the bending strength in-
creases initially with the bonding temperature, reaches
a peak value around 1424°C and decreases after-
wards, as indicated in Fig. 5(b). However, for samples
bonded with p/o = 3.17, no simple relationship be-
tween bending strength and temperature is observed.

Fig. 7(a) is the bright field image of bonded zirconia
matrix located within 0.5mm from the joint.
Fig. 7(b—d) are the corresponding patterns of the
grain indicated by an arrow and show the monoclinic
spot splitting. The monoclinic spot splitting in
Fig. 7(b) represents the [0 1 1] projection twinned on
the (100) plane. The orientation relation in terms of
the tetragonal phase are [011],[011], and
(100) | (100),, with twinning on (100),. As referred
to in Hannink’s work [23], in which the tetragonal cell
was considered as a slightly distorted cube, the aver-
aged specimens with 8.4 mol % CaO-ZrO, showed
a similar spot splitting type. It was reported that the

aE e

Figure 6 Fracture surface of sample bonded with glass slurry p/o < 1 at 1348 °C. {a) SEM micrograph; (b) SEM micrograph of a region
across the wetted and unwetted region; (c) Ca X-ray mapping; (d) Ti X-ray mapping; (¢) Si X-ray mapping; (f) Y X-ray mapping; (g) Zr

X-ray mapping of region in (b).
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tetragonal-to-monoclinic  transformation. occurred
without appreciable lattice rotation and thus the
simple cube-to-cube relationships with the added dis-
tortion due to the t —» m transformation were ob-
served. Fig. 7c and d indicate {112} and {210} se-
lected area diffraction patterns, respectively, and seem
to coincide with the variants of spots from t-—m
transformation and twin spots of the monoclinic
phase. Similar patterns are found in the sample
bonded at 1454 °C as shown in Fig. 8a—c. Results of
energy dispersive X-ray analysis (EDX) in the grain
and grain boundary triple point are given in Table I
The elements Ca and Si appear to exist in the grain
boundary triple point and no solid solution with ZrO,
is ever observed. However, it seems that Ti has the
tendency to be dissolved into the ZrQO, grains from the
grain boundary triple points. In addition, Y contents
in the grain for the sample bonded at 1454 °C decrease

(c)

to zero, while about 2 mol % Ti are found in the ZrO,
matrix. The increase of Ti content and the decrease of
Y content in ZrO, matrix must be implicated in the
t > m phase transformation. It is argued that the
existence of Ti in ZrO, matrix will destabilize the
tetragonal phase and enhance the t —» m phase trans-
formation. A similar case was reported by Agrawal
et al. [24] in which increasing amounts of titania
reduced the amounts of the cubic phase, which was
destabilized by addition of titania, and resulted in the
increasing of the monoclinic phase fraction.

The possible reaction between CTS glass and zirco-
nia can be probed from another microscopic view-
point. The ionic radius of Ti**, Zr** and Ca®* are
0.068 nm, 0.079 nm and 0.0893 nm, respectively [25].
In Ramaswamy’s work [26], the lattice parameter of
the cubic phase increased with the increase of the
amount of CaQ in the ZrO,—CaO sample. In Agrawal’s

(d)

Figure 7 (a) The bright field image of the joint bonded at 1424 °C for 30 min with p/o = 3.17; (b) corresponding [011]¢ selected area
diffraction pattern; (c) corresponding {112}t selected area diffraction pattern; and (d) corresponding {210}t selected area diffraction

pattern.
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study [27], the decrease in the lattice parameters of
the m- and t-ZrQO, resulted from the effect of Ti**
outweighed that due to Ca** in ZrOQ,-CaO-TiO,
multiphase ceramic. In addition, increasing amounts
of titania also reduced the amounts of cubic phase, i.c.
the amount of the monoclinic phase was increased. It
is believed that yttrium tends to be dissolved into the
glass as evidenced by the X-ray mapping in Fig. 6(f).
The out-diffusion of yttrium may result in the loss of
matrix strength and the decrease of the bending
strength of the YSZ3-CTS-YSZ3 assembly:

On the basis of the STEM-EDX and X-ray map-
ping results, one may conclude the following: (1) the
glass ingredients Ca, Ti, and Si penectrate into the
YSZ3 matrix and redistribute in the grain boundary
triple point; (2) element Ti diffuses into the ZrO, grain
and causes a t—m phase transformation; and (3)
element Y dissolves into CTS liquid and may form
another compound in the CaO-TiO,-Si0, system.

It should be pointed out that the roughness of the
bonding surface also influences the bending strength.
Samples with YSZ3 surface polished to 1 pm exhibit

Figure 8 (a) The bright field image of the joint bonded at 1454 °C
for 30 min with p/o = 3.17; (b) corresponding [0 1 1]t selected area
diffraction pattern; (c) corresponding {112} ¢ selected area diffrac-
tion pattern; and (d) corresponding {210} selected area diffraction
pattern.

TABLE I (a) Compositions of grain and grain boundary near the joint. Samples were bonded at 1424 and 1454°C for 30 min with
p/o = 3.14. (b) Original compositions of CTS glass powder and YSZ3 bulk

@

Temperature (°C)

Compositions (mol %)

Si Ca Ti Y Zr
1424 grain boundary 54.62 3494 0 3.53 6.92
grain 0 0 2.07 791 90.02
1454 grain boundary 60.00 30.87 3.10 0.12 591
grain 0 0 18.79 0 81.21

(b)
Original compositions (mol %)

Si Ca Ti Y Zr

CTS glass 56.22 21.86 21.92 0 0
YSZ3 0 0 0 594 94.06
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a bending strength about 50 MPa, which are higher
than those of samples only ground by 240 SiC paper.
The insert of Fig. 6b demonstrates this point. For
a brazer with a high glass content such as p/o = 3.17,
the glass remained in the joint, because the amount of
liquid was too much to be consumed by crystallizing
during cooling process for samples bonded at low
temperature. It is argued that the bonding strength
depends on the amount of the remaining glass, which
has lower strength than ceramic does. In addition, if
the CTS ceramic interlayer is too thick, the interlock-
ing of ZrQ, decreases and the bonding strength which
depends predominantly on the mechanical properties
of the CTS ceramics will decrease. Furthermore, when
the samples are bonded at the higher temperature, the
surface flow will increase, i.e. the viscosity of the CTS
liquid decreases with increase of bonding temperature.
The liquid will flow out of the joint and wet the free
surface of the YSZ3 bulk under the weight of the
upper YSZ3 bulk. This makes the t — m phase trans-
formation on the free surface possible. Therefore, the
bonding strength will further decrease if the bulk loses
its strength due to the t » m transformation. As a re-
sult, the bonding strength reaches a maximum value at
an optimum temperature for an appropriate p/o ratio
as shown in Fig. 4.

4. Conclusions

1. CaO-Ti0,-8i0, (CTS) glass filler is employed
for the bonding of yttria stabilized zirconia. Sand-
wiched YSZ3-CTS-YSZ3 bonding assemblies with
slurry filler having various glass powder/organic ratio
are investigated.

2. In the p/o = 1.82 case, the bonding strength in-
creases initially and-then decreases with the bonding
temperature. It is attributed to the diffusion of the
CTS liquid into ZrO, matrix and also to the t - m
phase transformation of zirconia.

3. In the diffusion of CTS glass into the ZrO,
matrix, Ca and Si are enriched in the grain boundary
triple point, while Ti tends to diffuse into the grains to
form a substitutional solid solution with zirconia. Be-
sides, Y are unstable in ZrO, grains and tends
to solute into CTS liquid to form a Ca-Ti—Y com-
pound. 7

4. The t - m phase transformation is induced by
the solid solution reaction in which the smaller Ti*™*
ion substitutes the larger Zr** ion and makes the
lattice parameter decreased. The small amount of
monoclinic phase present in the tetragonal matrix is
beneficial for mechanical properties because of the
precipitation hardening and transformation toughen-
ing effect. Nevertheless, if too large, the strength will
decrease due to the poor mechanical properties of the
monoclinic zirconia. :

5. There exists an optimal CTS glass slurry concen-
tration (p/o) at about 1.82. If the ratio is too high, the
excess CTS liquid will flow out of the joint to induce
the t — m transformation on the free surface, which is

detrimental to the bonding strength. If the p/o ratio is
too low, the amount of the CTS liquid is not enough
to wet the bonded surface and an unbonded region in
the joint is exposed, which results in a large deviation
on the measured bonding strength.
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