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Abstract

Gastight, high-temperature stable sealing between yttria-doped zirconia (ZrO,) and an electrically insulating ceramic joining partner is necessary
for a wide range of applications in oxygen sensing and energy conversion. To accomplish this, laser brazing with glass solders is an attractive
alternative to existing joining processes. Due to a near-perfect match of its thermal expansion with the one of ZrO, up to high temperatures
(~800°C) and good thermal and electrical insulation properties, forsterite (Mg,SiO4) is chosen as a candidate joining partner. As the absorptivity
of pure forsterite at the used diode laser wavelengths of 808 and 940 nm is quite low, increasing the energy absorption by doping forsterite with
Fe, O3 appears to be a promising refinement of this technique. The optical properties of the resulting olivine ceramics are evaluated. The results
show that Fe,0;-doped forsterite is both suitable as a joining partner for ZrO, and for tuning its absorptivity.

© 2009 Elsevier Ltd. All rights reserved.
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1. Introduction

Ceramics require special manufacturing processes which are
different from metals or polymers. In many cases, it is suitable
to choose simple, modular geometries and to join them after
sintering, especially if undercuts are necessary.! Apart from their
hardness, a main advantage of ceramic materials is their stability
to high temperatures and corrosive media which makes them
ideal for protecting parts more susceptible to these influences.
To avoid weak points, the joint has to fulfil these requirements
as well.

For the purpose of creating a high-temperature stable, gas
tight joint between ceramic parts, two main possibilities exist,
i.e. brazing and welding.> Ceramic welding would imply joining
temperatures of 1700-2300 °C as the ceramic material itself has
to be molten. This would affect the grain structure adversely and
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would lead to excessively high thermal stresses due to the high
coefficient of thermal expansion (CTE).

In contrast, the joining temperatures required for brazing can
be rather close above the application temperature, as an inter-
mediate material is used to permanently contact both materials.
Some glasses are especially suitable to join ZrO; parts for high-
temperature applications. These are mostly alkaline earth silicate
systems.>

Sugar et al.> propose two liquid-film joining method for alu-
mina ceramics with metallic interlayers which either disappear
via interdiffusion or promote the formation of ceramic/metal
interlayers. Goretta et al.® give a review on plastic deformation
joining for various oxide ceramics. This method is scrutinized
by Yang et al.” for the purpose of zirconia-based electrochemical
sensors as well.

As compared to a batch process using a furnace, laser braz-
ing in the described work is desirable because it provides an
increased flexibility in the design of the manufacturing process.
As oxide and some silicate ceramics are highly transparent at
common diode laser wavelengths of 808 and 940 nm, volume
absorption is possible with these materials, heating up the whole
ceramic part rather than the surface only. Apart from alleviating
the thermal shock issues, this also enables hidden brazing areas
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(covered, e.g. by one of the joining partners) to be reached. With
suitable solder materials this is possible with microwave heating
as well, as described by Loechman® yet buried metallic heating
elements would be easily damaged.

The suitability of a laser joining process for non-oxide ceram-
ics, especially silicon carbide, was proven by Lippmann et al.?
Due to their high strength potential and low CTE non-oxide
ceramics such as SiC and Si3Ny are well suited to endure ther-
mal shock due to either temperature transients or stationary
temperature gradients. High thermal conductivity helps flatten
temperature gradients applied, e.g. by a localised laser heating
process. The primary objective of the present work is to apply
the same type of process to oxide ceramics (which are more
susceptible to thermal shock), in order to obtain gas tight joints
in ceramic gas sensors or energy converters such as solid oxide
fuel cells based on the oxygen ion conductor ZrO,.!0

A zirconia-based sensor is able to withstand temperatures in
excess of 800 °C and is highly stable in corrosive atmospheres.
Its fixture has to fulfil the same requirements of chemical resis-
tance in aggressive media. Yet this material has to be electrically
insulating also at elevated temperatures to electrically separate
the zirconia ceramic from conductive materials, especially met-
als in the periphery.

A commonly used oxide ceramic material which would ful-
fil the electrical requirements is alumina. However, due to a
high mismatch in CTE in excess of 3 ppm/K, alumina is not
the first choice for this purpose. A magnesium silicate ceramic,
forsterite (Mg>Si04), is likely to be better suitable. Its CTE is
close to that of zirconia (see Fig. 1), especially at temperatures
up to the ones used in the joining process,!!"1? and the electri-
cal resistivity at elevated temperatures is sufficiently high, as
shown in Fig. 2, which was determined in pre-experiments with
an in-house setup at Robert Bosch GmbH. Thus the combination
of zirconia and forsterite may be ideal for fixing the sensor in
its housing. The very low absorptivity of forsterite in the spec-
tral range of diode lasers was shown in advance tests. Doping
of glass with FeO as a means to increase the absorption coef-
ficient was already mentioned by Scholze.!3 As Mg,SiO4 and
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Fig. 1. Comparison of the CTE of ZrO; and Mg, SiOy4.
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Fig. 2. Temperature-dependent electrical resistivity of Mg>SiOy4.

fayalite (Fe,SiO4) occur naturally together in olivine minerals, '+
Fe oxide can be assumed to be a suitable dopant for forsterite.
Manufacturing routes for forsterite ceramics are described by
Alecu and Stead.'> The aim of the following experiments is to
prove the tunability of the absorptivity of forsterite ceramics in
the relevant wavelength spectrum.

2. Experimental

2.1. Preparation of the forsterite/fayalite ceramics and
soldering glass

In order to make forsterite ceramics with tailored optical
properties it is necessary to prepare the samples from highly
pure synthetic raw materials. In the present study synthesis
was accomplished by a reaction sintering process. As the reac-
tion sintering is facilitated by a high surface-to-volume ratio,
fine-grained powders of MgO, Fe,O3 and SiO; (Nos. 105866,
103924 and 113126, Merck KGaA, Darmstadt, Germany) were
chosen. MgO and SiO; were mixed in a molar ratio of 2.0:1.0,
as this corresponds to the Mg>SiO4 stoichiometry. Fe;O3 was
added in amounts of 0.0, 0.1, 0.5 and 1.0 wt.% based on the
Mg-content of Mg;SiO4. The nomenclature “wt.% Fe” is used
in this sense. The powders were mixed with ethyl alcohol to
obtain a viscous slurry which was then homogenised for 1h at
600 rpm in a laboratory dissolver (Dispermat AE04-C1, VMA-
Getzmann GmbH, Reichshof, Germany). The powder mixtures
were dried for 10h at 20 °C followed by a final drying step at
40°C and 20 kPa.

Uniaxial pressing of the powder was done at 60 MPa with
a ramp of 5 MPa/s and 10s dwell time. A shaping die with an
external diameter of 17.0 mm and an internal diameter of 5.5 mm
was used to press disks with a central hole.

The samples were then sintered at 1600 °C for 5 h with aramp
of 100 K/h. The sintering parameters were obtained by prelimi-
nary tests. In the same way disks without a hole were prepared for
characterisation purposes. XRD measurements were performed
to confirm that practically all of the raw material components are



E Heilmann et al. / Journal of the European Ceramic Society 29 (2009) 2783-2789 2785

converted to Mg>SiO4 or Fe;Si04 during the reaction sintering
process.

The yttria-stabilised ZrO, (8 wt.% yttria) that is used as a
joining partner for the forsterite discs was provided in the form
of rods with a diameter of 4 mm and a length of 60 mm (FZY,
Friatec GmbH, Mannheim, Germany). Its density is 5.85 g/cm?.

The soldering glass was prepared from raw powders of
Al,O3, B>O3, BaO, 1,03, SiO, and SrO which were mixed
with ethyl alcohol and homogenised in a speedmixer (DAC 400
FVZ, FlackTek Inc., Landrum, SC, USA) at 800 rpm for 1 min
and 2000 rpm for 4 min. The slurry was dried for 10 h at 20 °C,
followed by 5h at 80°C. Premelting of the powder mixture
was done at 1250°C with a 5 K/min ramp and 30 min dwell
time. An elevator furnace (Agni GmbH, Aachen, Germany) was
used which enables rapid unloading of the hot platinum cru-
cible with the molten glass. The glass ingots were quenched in
water at about 20 °C which led to their fragmentation. The dried
glass chips were then milled in a planetary ball mill (PM 100,
Retsch GmbH, Haan, Germany). Two milling steps of 20 min
each were performed, using 3 and 14 agate grinding balls of 20
and 10 mm diameter, respectively. As a result, a mean particle
size of dsg =4.5 wm is obtained. The glass frits were pressed into
rings and pellets which were sintered to guarantee mechanical
stability in the laser brazing process. Due to the fast heating dur-
ing laser brazing, it is not possible to use organic binders. The
rings were sintered onto the ZrO; rods at 700 °C for 30 min to
better adapt to the tolerances of the ceramic parts.

2.2. Laser brazing process

A 3.1 kW diode laser with two different infrared wavelengths,
808 and 940 nm (Rofin Sinar, Hamburg, Germany) is used in
continuous wave (cw) mode. The absorptivity of common oxide
ceramics, including alumina, stabilised zirconia and forsterite, is
rather low in this spectral range. !¢ This property can be exploited
for a volume absorption process, as enough energy for joining
can be transported inside the material over a distance of millime-
tres to centimetres. In this way thermally induced stress can be
kept at a significantly lower level compared to surface heating
alone. Moreover, hidden brazing zones are reached owing to the
semi-transparency of the samples. The present laser brazing pro-
cess is performed with sample rotation at 200 rpm with energies
between 50 and 500 W, the ZrO» joining partner being clamped
between two synchronously rotating fixtures. This setup leads
to an improved homogeneity of the energy input and is useful
for parts with joining zones having axial symmetry. The tem-
perature of the parts is obtained during the laser process via
a thermo camera (VarioCAM, Infratec GmbH, Dresden, Ger-
many), which was calibrated on the high-temperature emissivity
of the ceramics before.

2.3. Characterisation methods

2.3.1. Sintering behaviour

Changes in porosity P and density p of the sintered samples
can be used to monitor the influence of Fe; O3 additions on the
sintering behaviour. p was obtained from the mass m and the

geometrically obtained volume V of the samples after sintering:

P=V-

p can be compared with the theoretical density py;, of forsterite
and fayalite to return the porosity, as follows:

p— (1 _ ”> % 100
Pth

2.3.2. Coefficient of thermal expansion

The coefficients of thermal expansion (CTE) of the ceramic
materials were determined via dilatometric measurements (Net-
zsch DIL 402C, Netzsch GmbH, Selb, Germany) on ceramic
rods cut from the sintered disks. The heating rate in these
measurements was 5 K/min. The standard deviation of the tem-
perature measurement is £1 K.

2.3.3. Optical properties

With UV/VIS/NIR-spectrometry (Lambda UV/VIS/NIR
spectrometer, PerkinElmer Inc., Waltham, MA, USA) reflex-
ion and transmission can be measured in a wavelength range
between 200 and 2500 nm. The intensity / of the incident beam,
the reflected or backscattered fraction /g and the transmitted or
forward-scattered fraction Iy are related as (with x as the sample
thickness and k as the absorptivity):

I = (Ig — Ig) - 7.

By this measurement, the absorptivity changes due to Fe;O3
addition can be detected.

3. Results and discussion
3.1. Material characterisation

3.1.1. Thermal and mechanical properties

The CTE of the sintered forsterite ceramics is
1.3340.016 x 1075/K between 20 and 1000°C without
any dependence on Fe;Os addition. The glass’ CTE was
measured as 1.21 £0.02 x 107>/K. Glasses and ceramics have
a higher compressive strength than tensile strength.!” The
tensile strengths of glasses are commonly lower than those
of ceramics. In a joint geometry as depicted in Fig. 3, the
ceramic disk with a higher CTE than both the glass and the
ceramic rod induces compressive stress in the joining zone
under during cooling. Thus the tensile stress necessary to break
the weakest part of the assembly is higher than without such a
pre-compression.

The obtained porosity of the forsterite ceramics is
11.6 £ 0.9% for the material with O wt.% Fe and 10.8 4= 1.2% for
1.0 wt.% Fe. Considering the standard deviation, the porosity is
not changed by the Fe, O3 addition.

3.1.2. Optical properties
Measurements of the optical properties were performed to
assess the influence of doping the ceramic material with Fe;Os3.
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Fig. 3. Schematic drawing of the geometries used for the laser brazing process.
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Fig. 4. Absorptivity spectra of Mg,SiO4 with 0.0-1.0 wt.% Fe.

The spectra are depicted in Fig. 4, showing the appearance of an
absorptivity peak between 700 and 1500 nm wavelength which
increases with higher Fe,; O3 addition. Standard deviation of the
measurement device resolution is <0.005 nm in the UV/VIS-
range and <0.02 nm in the NIR. Due to stray light, a wavelength
dependent standard deviation of <0.00007-0.0005% is possi-
ble. For the laser wavelengths of 808 and 940 nm the values
can be seen in Fig. 5. With R”=0.999 the graphs can be fitted
exponentially according to y =A exp(x/f) + yg with Table 1.
This enables tuning the absorptivity of forsterite between
1.44%/mm for O wt.% Fe and 3.2%/mm for 1.0 wt.% Fe at the
laser wavelength of 808 nm, and 1.49-4.4%/mm at the wave-
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Fig. 5. Absorptivity at the laser wavelengths.

Table 1
Fitting parameters to Fig. 5 for laser wavelengths of 808 nm and 940 nm.

808 nm 940 nm
Yo 0.46 —0.16
A 0.96 1.74
t 0.95 1.03

length of 940 nm. The type of fitting is proposed due to the
exponential influence of damping factors k on the transmitted
beam intensity / as described in 2.3.

3.2. Joining experiments

3.2.1. Changes in joining time and thermal gradients by
increasing the absorptivity

Joining time, necessary laser power and thermal gradients are
strongly influenced by changing the absorptivity of the forsterite
ceramics. Average laser power for joining forsterite disks to
ZrO; rods was 400 W for forsterite without Fe,O3-addition and
could be reduced to 285 W for the material with 0.1 wt.% Fe
and to 95 W when using the forsterite ceramic with 1.0 wt.%
Fe. Although laser power was reduced, the necessary time for
joining still could be shortened from 343 4 80 to 152 436 and
145 + 13 s. To highlight the effect of both parameters, Fig. 6
shows the quantity (joining time x laser power) for the three
forsterite ceramics. The greatest decline in time and power hap-
pens between 0.0 and 0.1 wt.% Fe.

Radial thermal gradients in the forsterite disk were measured
from thermo camera images. The thermal gradient was obtained
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Fig. 6. Effect of doping the basic forsterite with Fe;O3.
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Fig. 7. Zirconia joined to forsterite doped with 0.1% Fe.

along a line over a length of 4.7 mm from the outer surface of
the forsterite disk to the inner surface. The gradient was taken
when the inner boundary of the disk had reached the joining tem-
perature of 1250 °C. 22 K/mm were measured for the forsterite
ceramic without Fe,Os-addition. The forsterite ceramic with
a Fe-content of 0.1 and 1.0wt.% have a thermal gradient of
52, respectively 67 K/mm. This means temperatures at the outer
surface of 1355, 1470 and 1540 °C. The effect of the thermal gra-
dients is discussed below, corresponding to the scanning electron
microscopy (SEM) images.

3.2.2. SEM and WDX analysis of the joined area

The thumbnail images in Fig. 6 show the resulting join-
ing zone of zirconia (light grey) to forsterite (dark grey). The
images of 0.0 and 0.1 wt.% Fe show the same good quality
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Fig. 9. WDX element distribution: (a) Mg, (b) Si, (c) Zr and (d) B.
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Fig. 8. Zirconia joined to forsterite doped with 1.0% Fe.

of the joined area. The depicted details for 0.1 and 1.0 wt.%
Fe are fully displayed in Figs. 7 and 8. The forsterite ceramic
doped with 0.1 wt.% Fe results in a crack free joint. Radial cracks
appear in the forsterite ceramic doped with 1.0 wt.% Fe due to
the occurrence of too large thermal gradients. The outer surface
has a much higher temperature than the inner surface, leading to
tensile stresses due to the thermal expansion. Another possible
explanation might be residual stresses during cooling, leading to
parallel compressive stresses in the zirconia, leading to tensile
stresses in the forsterite bonding region. For detailed investiga-
tions on residual stresses in joint zones, see Gutierrez-Mora et
al.!® Ascanbe seen in Fig. 8, the molten glass fills the crack. This
means, in this case the crack is rather due to thermal gradients
during laser joining.
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Fig. 11. ZrO,—ZrO; joint made via a laser joining.

Wavelength dispersive analysis (WDX) shows that the join-
ing time is sufficiently short to prevent ions from diffusing from
the glass into one of the ceramic joining partners or vice versa
(Fig. 9, corresponding SEM image given in Fig. 10). Especially
boron as a rather mobile species is kept from diffusing (Fig. 9d).
That is why the other contained elements can be supposed not
to be diffusing either, especially Fe whose amount was below
the detection limit. Due to these limits, minimal diffusion may
have occurred for all contained elements. To compare the influ-
ence of short-term laser heating and longer annealing times on
the structure of the glass—ceramic interface, rod samples were
coated with glass slurry on one side and annealed in the furnace
for 30 min at 1100 °C. Fig. 11 shows a laser-brazed ZrO,-ZrO»
joint using a glass-coated and pre-annealed upper rod and an
unglazed one in the lower side of the micrograph. A 2 pm thick
reaction zone on the furnace-annealed ceramic—glass interface
is evident, whereas no reaction zone can be detected on the
side that was only laser heated. Thick reaction zones may be

suitable, as materials gradients lead to property gradients and
thus, e.g. help reducing stresses. In this case, it is preferable

to

have no reaction zones, as these seem to introduce three-

dimensional defects in the material contact area as can be seen in
Fig. 11.

4.

Conclusion

It has been shown that forsterite-based ceramics are highly

suitable as a joining partner for zirconia, especially in a laser
brazing process based on volume heating, for a couple of rea-
sons:

Both oxide and silicate ceramics have good wetting to special
borosilicate glasses.

The short heating period in a laser process is suitable to pre-
vent diffusion and undesired interaction between the joining
partners.

By adding Fe, O3 to the raw powder mixture, the absorptivity
of the forsterite ceramic can be tuned.

Fe>O3-dopant concentration of 0.1 wt.% Fe is a good com-
promise for reducing joining time, laser power and thermal
gradients.
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