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bstract

astight, high-temperature stable sealing between yttria-doped zirconia (ZrO2) and an electrically insulating ceramic joining partner is necessary
or a wide range of applications in oxygen sensing and energy conversion. To accomplish this, laser brazing with glass solders is an attractive
lternative to existing joining processes. Due to a near-perfect match of its thermal expansion with the one of ZrO2 up to high temperatures
∼800 ◦C) and good thermal and electrical insulation properties, forsterite (Mg2SiO4) is chosen as a candidate joining partner. As the absorptivity

f pure forsterite at the used diode laser wavelengths of 808 and 940 nm is quite low, increasing the energy absorption by doping forsterite with
e2O3 appears to be a promising refinement of this technique. The optical properties of the resulting olivine ceramics are evaluated. The results
how that Fe2O3-doped forsterite is both suitable as a joining partner for ZrO2 and for tuning its absorptivity.

2009 Elsevier Ltd. All rights reserved.
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. Introduction

Ceramics require special manufacturing processes which are
ifferent from metals or polymers. In many cases, it is suitable
o choose simple, modular geometries and to join them after
intering, especially if undercuts are necessary.1 Apart from their
ardness, a main advantage of ceramic materials is their stability
o high temperatures and corrosive media which makes them
deal for protecting parts more susceptible to these influences.
o avoid weak points, the joint has to fulfil these requirements
s well.

For the purpose of creating a high-temperature stable, gas

ight joint between ceramic parts, two main possibilities exist,
.e. brazing and welding.2 Ceramic welding would imply joining
emperatures of 1700–2300 ◦C as the ceramic material itself has
o be molten. This would affect the grain structure adversely and

∗ Corresponding author at: BERU AG, Advance R&D, 71636 Ludwigsburg,
ermany. Tel.: +49 170 1013016.
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ould lead to excessively high thermal stresses due to the high
oefficient of thermal expansion (CTE).

In contrast, the joining temperatures required for brazing can
e rather close above the application temperature, as an inter-
ediate material is used to permanently contact both materials.
ome glasses are especially suitable to join ZrO2 parts for high-

emperature applications. These are mostly alkaline earth silicate
ystems.3,4

Sugar et al.5 propose two liquid-film joining method for alu-
ina ceramics with metallic interlayers which either disappear

ia interdiffusion or promote the formation of ceramic/metal
nterlayers. Goretta et al.6 give a review on plastic deformation
oining for various oxide ceramics. This method is scrutinized
y Yang et al.7 for the purpose of zirconia-based electrochemical
ensors as well.

As compared to a batch process using a furnace, laser braz-
ng in the described work is desirable because it provides an
ncreased flexibility in the design of the manufacturing process.
s oxide and some silicate ceramics are highly transparent at
ommon diode laser wavelengths of 808 and 940 nm, volume
bsorption is possible with these materials, heating up the whole
eramic part rather than the surface only. Apart from alleviating
he thermal shock issues, this also enables hidden brazing areas

mailto:felizitas.heilmann@beru.com
dx.doi.org/10.1016/j.jeurceramsoc.2009.03.028


2 pean Ceramic Society 29 (2009) 2783–2789

(
s
a
e

i
D
c
m
t
t
p
t
s
i
f

e
I
t
i
t
a

fi
h
t
f
c
u
c
s
a
o
i
t
o
fi

f
F
M
A
p
t

2

2
s

p
p
w

784 F. Heilmann et al. / Journal of the Euro

covered, e.g. by one of the joining partners) to be reached. With
uitable solder materials this is possible with microwave heating
s well, as described by Loehman8 yet buried metallic heating
lements would be easily damaged.

The suitability of a laser joining process for non-oxide ceram-
cs, especially silicon carbide, was proven by Lippmann et al.9

ue to their high strength potential and low CTE non-oxide
eramics such as SiC and Si3N4 are well suited to endure ther-
al shock due to either temperature transients or stationary

emperature gradients. High thermal conductivity helps flatten
emperature gradients applied, e.g. by a localised laser heating
rocess. The primary objective of the present work is to apply
he same type of process to oxide ceramics (which are more
usceptible to thermal shock), in order to obtain gas tight joints
n ceramic gas sensors or energy converters such as solid oxide
uel cells based on the oxygen ion conductor ZrO2.10

A zirconia-based sensor is able to withstand temperatures in
xcess of 800 ◦C and is highly stable in corrosive atmospheres.
ts fixture has to fulfil the same requirements of chemical resis-
ance in aggressive media. Yet this material has to be electrically
nsulating also at elevated temperatures to electrically separate
he zirconia ceramic from conductive materials, especially met-
ls in the periphery.

A commonly used oxide ceramic material which would ful-
l the electrical requirements is alumina. However, due to a
igh mismatch in CTE in excess of 3 ppm/K, alumina is not
he first choice for this purpose. A magnesium silicate ceramic,
orsterite (Mg2SiO4), is likely to be better suitable. Its CTE is
lose to that of zirconia (see Fig. 1), especially at temperatures
p to the ones used in the joining process,11,12 and the electri-
al resistivity at elevated temperatures is sufficiently high, as
hown in Fig. 2, which was determined in pre-experiments with
n in-house setup at Robert Bosch GmbH. Thus the combination
f zirconia and forsterite may be ideal for fixing the sensor in
ts housing. The very low absorptivity of forsterite in the spec-

ral range of diode lasers was shown in advance tests. Doping
f glass with FeO as a means to increase the absorption coef-
cient was already mentioned by Scholze.13 As Mg2SiO4 and

Fig. 1. Comparison of the CTE of ZrO2 and Mg2SiO4.

t
fi
1
c
a
a
M
i
o
6
G
w
4

a
e
w

o
n
c
t

Fig. 2. Temperature-dependent electrical resistivity of Mg2SiO4.

ayalite (Fe2SiO4) occur naturally together in olivine minerals,14

e oxide can be assumed to be a suitable dopant for forsterite.
anufacturing routes for forsterite ceramics are described by
lecu and Stead.15 The aim of the following experiments is to
rove the tunability of the absorptivity of forsterite ceramics in
he relevant wavelength spectrum.

. Experimental

.1. Preparation of the forsterite/fayalite ceramics and
oldering glass

In order to make forsterite ceramics with tailored optical
roperties it is necessary to prepare the samples from highly
ure synthetic raw materials. In the present study synthesis
as accomplished by a reaction sintering process. As the reac-

ion sintering is facilitated by a high surface-to-volume ratio,
ne-grained powders of MgO, Fe2O3 and SiO2 (Nos. 105866,
03924 and 113126, Merck KGaA, Darmstadt, Germany) were
hosen. MgO and SiO2 were mixed in a molar ratio of 2.0:1.0,
s this corresponds to the Mg2SiO4 stoichiometry. Fe2O3 was
dded in amounts of 0.0, 0.1, 0.5 and 1.0 wt.% based on the
g-content of Mg2SiO4. The nomenclature “wt.% Fe” is used

n this sense. The powders were mixed with ethyl alcohol to
btain a viscous slurry which was then homogenised for 1 h at
00 rpm in a laboratory dissolver (Dispermat AE04-C1, VMA-
etzmann GmbH, Reichshof, Germany). The powder mixtures
ere dried for 10 h at 20 ◦C followed by a final drying step at
0 ◦C and 20 kPa.

Uniaxial pressing of the powder was done at 60 MPa with
ramp of 5 MPa/s and 10 s dwell time. A shaping die with an

xternal diameter of 17.0 mm and an internal diameter of 5.5 mm
as used to press disks with a central hole.
The samples were then sintered at 1600 ◦C for 5 h with a ramp
f 100 K/h. The sintering parameters were obtained by prelimi-
ary tests. In the same way disks without a hole were prepared for
haracterisation purposes. XRD measurements were performed
o confirm that practically all of the raw material components are
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onverted to Mg2SiO4 or Fe2SiO4 during the reaction sintering
rocess.

The yttria-stabilised ZrO2 (8 wt.% yttria) that is used as a
oining partner for the forsterite discs was provided in the form
f rods with a diameter of 4 mm and a length of 60 mm (FZY,
riatec GmbH, Mannheim, Germany). Its density is 5.85 g/cm3.

The soldering glass was prepared from raw powders of
l2O3, B2O3, BaO, L2O3, SiO2 and SrO which were mixed
ith ethyl alcohol and homogenised in a speedmixer (DAC 400
VZ, FlackTek Inc., Landrum, SC, USA) at 800 rpm for 1 min
nd 2000 rpm for 4 min. The slurry was dried for 10 h at 20 ◦C,
ollowed by 5 h at 80 ◦C. Premelting of the powder mixture
as done at 1250 ◦C with a 5 K/min ramp and 30 min dwell

ime. An elevator furnace (Agni GmbH, Aachen, Germany) was
sed which enables rapid unloading of the hot platinum cru-
ible with the molten glass. The glass ingots were quenched in
ater at about 20 ◦C which led to their fragmentation. The dried
lass chips were then milled in a planetary ball mill (PM 100,
etsch GmbH, Haan, Germany). Two milling steps of 20 min
ach were performed, using 3 and 14 agate grinding balls of 20
nd 10 mm diameter, respectively. As a result, a mean particle
ize of d50 = 4.5 �m is obtained. The glass frits were pressed into
ings and pellets which were sintered to guarantee mechanical
tability in the laser brazing process. Due to the fast heating dur-
ng laser brazing, it is not possible to use organic binders. The
ings were sintered onto the ZrO2 rods at 700 ◦C for 30 min to
etter adapt to the tolerances of the ceramic parts.

.2. Laser brazing process

A 3.1 kW diode laser with two different infrared wavelengths,
08 and 940 nm (Rofin Sinar, Hamburg, Germany) is used in
ontinuous wave (cw) mode. The absorptivity of common oxide
eramics, including alumina, stabilised zirconia and forsterite, is
ather low in this spectral range.16 This property can be exploited
or a volume absorption process, as enough energy for joining
an be transported inside the material over a distance of millime-
res to centimetres. In this way thermally induced stress can be
ept at a significantly lower level compared to surface heating
lone. Moreover, hidden brazing zones are reached owing to the
emi-transparency of the samples. The present laser brazing pro-
ess is performed with sample rotation at 200 rpm with energies
etween 50 and 500 W, the ZrO2 joining partner being clamped
etween two synchronously rotating fixtures. This setup leads
o an improved homogeneity of the energy input and is useful
or parts with joining zones having axial symmetry. The tem-
erature of the parts is obtained during the laser process via
thermo camera (VarioCAM, Infratec GmbH, Dresden, Ger-
any), which was calibrated on the high-temperature emissivity

f the ceramics before.

.3. Characterisation methods
.3.1. Sintering behaviour
Changes in porosity P and density ρ of the sintered samples

an be used to monitor the influence of Fe2O3 additions on the
intering behaviour. ρ was obtained from the mass m and the

3

a
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eometrically obtained volume V of the samples after sintering:

= m

V
.

can be compared with the theoretical density ρth of forsterite
nd fayalite to return the porosity, as follows:

=
(

1 − ρ

ρth

)
× 100

.3.2. Coefficient of thermal expansion
The coefficients of thermal expansion (CTE) of the ceramic

aterials were determined via dilatometric measurements (Net-
sch DIL 402C, Netzsch GmbH, Selb, Germany) on ceramic
ods cut from the sintered disks. The heating rate in these
easurements was 5 K/min. The standard deviation of the tem-

erature measurement is ±1 K.

.3.3. Optical properties
With UV/VIS/NIR-spectrometry (Lambda UV/VIS/NIR

pectrometer, PerkinElmer Inc., Waltham, MA, USA) reflex-
on and transmission can be measured in a wavelength range
etween 200 and 2500 nm. The intensity I0 of the incident beam,
he reflected or backscattered fraction IR and the transmitted or
orward-scattered fraction IX are related as (with x as the sample
hickness and k as the absorptivity):

x = (I0 − IR) · e(−x·k).

y this measurement, the absorptivity changes due to Fe2O3
ddition can be detected.

. Results and discussion

.1. Material characterisation

.1.1. Thermal and mechanical properties
The CTE of the sintered forsterite ceramics is

.33 ± 0.016 × 10−5/K between 20 and 1000 ◦C without
ny dependence on Fe2O3 addition. The glass’ CTE was
easured as 1.21 ± 0.02 × 10−5/K. Glasses and ceramics have
higher compressive strength than tensile strength.17 The

ensile strengths of glasses are commonly lower than those
f ceramics. In a joint geometry as depicted in Fig. 3, the
eramic disk with a higher CTE than both the glass and the
eramic rod induces compressive stress in the joining zone
nder during cooling. Thus the tensile stress necessary to break
he weakest part of the assembly is higher than without such a
re-compression.

The obtained porosity of the forsterite ceramics is
1.6 ± 0.9% for the material with 0 wt.% Fe and 10.8 ± 1.2% for
.0 wt.% Fe. Considering the standard deviation, the porosity is
ot changed by the Fe2O3 addition.
.1.2. Optical properties
Measurements of the optical properties were performed to

ssess the influence of doping the ceramic material with Fe2O3.
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Fig. 3. Schematic drawing of the geometries used for the laser brazing process.
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Fitting parameters to Fig. 5 for laser wavelengths of 808 nm and 940 nm.

808 nm 940 nm
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forsterite ceramics. The greatest decline in time and power hap-
Fig. 4. Absorptivity spectra of Mg2SiO4 with 0.0–1.0 wt.% Fe.

he spectra are depicted in Fig. 4, showing the appearance of an
bsorptivity peak between 700 and 1500 nm wavelength which
ncreases with higher Fe2O3 addition. Standard deviation of the

easurement device resolution is ≤0.005 nm in the UV/VIS-
ange and ≤0.02 nm in the NIR. Due to stray light, a wavelength
ependent standard deviation of ≤0.00007–0.0005% is possi-
le. For the laser wavelengths of 808 and 940 nm the values
an be seen in Fig. 5. With R2 = 0.999 the graphs can be fitted

xponentially according to y = A exp(x/t) + y0 with Table 1.

This enables tuning the absorptivity of forsterite between
.44%/mm for 0 wt.% Fe and 3.2%/mm for 1.0 wt.% Fe at the
aser wavelength of 808 nm, and 1.49–4.4%/mm at the wave-

Fig. 5. Absorptivity at the laser wavelengths.

p

f

0.96 1.74
0.95 1.03

ength of 940 nm. The type of fitting is proposed due to the
xponential influence of damping factors k on the transmitted
eam intensity I as described in 2.3.

.2. Joining experiments

.2.1. Changes in joining time and thermal gradients by
ncreasing the absorptivity

Joining time, necessary laser power and thermal gradients are
trongly influenced by changing the absorptivity of the forsterite
eramics. Average laser power for joining forsterite disks to
rO2 rods was 400 W for forsterite without Fe2O3-addition and
ould be reduced to 285 W for the material with 0.1 wt.% Fe
nd to 95 W when using the forsterite ceramic with 1.0 wt.%
e. Although laser power was reduced, the necessary time for

oining still could be shortened from 343 ± 80 to 152 ± 36 and
45 ± 13 s. To highlight the effect of both parameters, Fig. 6
hows the quantity (joining time × laser power) for the three
ens between 0.0 and 0.1 wt.% Fe.
Radial thermal gradients in the forsterite disk were measured

rom thermo camera images. The thermal gradient was obtained

Fig. 6. Effect of doping the basic forsterite with Fe2O3.
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Fig. 7. Zirconia joined to forsterite doped with 0.1% Fe.

long a line over a length of 4.7 mm from the outer surface of
he forsterite disk to the inner surface. The gradient was taken
hen the inner boundary of the disk had reached the joining tem-
erature of 1250 ◦C. 22 K/mm were measured for the forsterite
eramic without Fe2O3-addition. The forsterite ceramic with
Fe-content of 0.1 and 1.0 wt.% have a thermal gradient of

2, respectively 67 K/mm. This means temperatures at the outer
urface of 1355, 1470 and 1540 ◦C. The effect of the thermal gra-
ients is discussed below, corresponding to the scanning electron
icroscopy (SEM) images.
.2.2. SEM and WDX analysis of the joined area
The thumbnail images in Fig. 6 show the resulting join-

ng zone of zirconia (light grey) to forsterite (dark grey). The
mages of 0.0 and 0.1 wt.% Fe show the same good quality

t
a
m
d

Fig. 9. WDX element distribution: (a
Fig. 8. Zirconia joined to forsterite doped with 1.0% Fe.

f the joined area. The depicted details for 0.1 and 1.0 wt.%
e are fully displayed in Figs. 7 and 8. The forsterite ceramic
oped with 0.1 wt.% Fe results in a crack free joint. Radial cracks
ppear in the forsterite ceramic doped with 1.0 wt.% Fe due to
he occurrence of too large thermal gradients. The outer surface
as a much higher temperature than the inner surface, leading to
ensile stresses due to the thermal expansion. Another possible
xplanation might be residual stresses during cooling, leading to
arallel compressive stresses in the zirconia, leading to tensile
tresses in the forsterite bonding region. For detailed investiga-
ions on residual stresses in joint zones, see Gutierrez-Mora et

l.18 As can be seen in Fig. 8, the molten glass fills the crack. This
eans, in this case the crack is rather due to thermal gradients

uring laser joining.

) Mg, (b) Si, (c) Zr and (d) B.
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Fig. 10. SEM micrograph used for WDX analysis in Fig. 9.
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Fig. 11. ZrO2–ZrO2 joint made via a laser joining.

Wavelength dispersive analysis (WDX) shows that the join-
ng time is sufficiently short to prevent ions from diffusing from
he glass into one of the ceramic joining partners or vice versa
Fig. 9, corresponding SEM image given in Fig. 10). Especially
oron as a rather mobile species is kept from diffusing (Fig. 9d).
hat is why the other contained elements can be supposed not

o be diffusing either, especially Fe whose amount was below
he detection limit. Due to these limits, minimal diffusion may
ave occurred for all contained elements. To compare the influ-
nce of short-term laser heating and longer annealing times on
he structure of the glass–ceramic interface, rod samples were
oated with glass slurry on one side and annealed in the furnace
or 30 min at 1100 ◦C. Fig. 11 shows a laser-brazed ZrO2–ZrO2
oint using a glass-coated and pre-annealed upper rod and an

nglazed one in the lower side of the micrograph. A 2 �m thick
eaction zone on the furnace-annealed ceramic–glass interface
s evident, whereas no reaction zone can be detected on the
ide that was only laser heated. Thick reaction zones may be

1
1

1
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uitable, as materials gradients lead to property gradients and
hus, e.g. help reducing stresses. In this case, it is preferable
o have no reaction zones, as these seem to introduce three-
imensional defects in the material contact area as can be seen in
ig. 11.

. Conclusion

It has been shown that forsterite-based ceramics are highly
uitable as a joining partner for zirconia, especially in a laser
razing process based on volume heating, for a couple of rea-
ons:

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 Fe2O3 to the raw powder mixture, the absorptivity
of the forsterite ceramic can be tuned.
Fe2O3-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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