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a b s t r a c t

From the technological point of view as well as under the aspect of increasing safety requirements high-
temperature resistant materials gain increasing importance in the nuclear sector. The non-oxide ceramics
are characterized by their truly unusual properties. In this field high-tech ceramics such as silicon carbide
(SiC) and silicon nitrite (Si3N4) play an outstanding role. However, their application used to be limited by
the lack of a really suitable joining technology for high-temperature applications.

At the Dresden University of Technology (TUD) an innovative laser beam joining technology for these
ceramics has been developed in a joint project over the last few years. This technology makes it possible to
join SiC as well as Si3N4 ceramics with high-temperature resistant, vacuum-tight seams that are resistant
to most chemical substances. As no protective atmosphere is needed and the joining process takes less
than a minute, the complete joining process can be configured very efficiently also in economic terms.

For demonstration of the new possibilities SiCeram GmbH has developed several ceramic components
which are tailored to V(HTR) requirements in material and geometries. Examples will be demonstrated.

The overall ceramic encapsulation of fuel particles provides an additional thick barrier against the

release of fission products, increasing the margins for operation at very high temperatures. Simultaneously
ceramic encapsulation of the main core components facilitates the approach to the non-catastrophic
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behaviour of (V)HTR. Add
compacts may result in im

. Introduction

There are several good reasons for SiC encapsulation of (V)HTR
omponents and waste. The basic ideas and benefits have been dis-
ussed already by the pioneers of HTR technology. New are the
afeguards related aspects as outlined later in this paper. The main
bjectives of SiC encapsulation are listed as follows, the purpose
f the measure and the advantage over the standard graphite fuel
lement are more or less self-explaining:

1) corrosion resistance in case of air ingress;
2) corrosion resistance in case of water ingress;
3) enhanced wear resistance;
4) reduced graphite dust generation;

5) additional barrier against fission product release;
6) pre-conditioning of spent fuel for interim and final storage;
7) fuel element identification for safeguards.

∗ Corresponding author. Tel.: +49 351 463 34793; fax: +49 351 463 37161.
E-mail address: wolfgang.lippmann@tu-dresden.de (W. Lippmann).
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al future research and the qualification of SiC encapsulated pebbles or
nt benefits also for waste management and final storage.

© 2008 W. Lippmann. Published by Elsevier B.V. All rights reserved.

High priority must be given to protect the hot graphite of fuel
lements against the corrosive attack of air and water ingress during
ccidents. Achieving this goal by SiC encapsulation, the other desir-
ble properties result more or less as an automatic consequence.

Former research activities of SiC cladding were focussed on
he development of plasma spray techniques (Lidsky et al., 1993),
VD methods and Si-vapour infiltration (Blue et al., 1993) to coat
raphite fuel elements with silicon carbide. Besides promising
esults also problems were reported due to poor adhesion of coat-
ng layers on the graphite matrix. Due to the lack of information it
s difficult to assess the actual state of development in this field.

Today the laser beam joining technology developed by the
uthors and their partners offers new application aspects of ceram-
cs in the nuclear field (Lippmann et al., 2004; Knorr et al., 2005).

Non-oxidic ceramics like SiC have no melting phase of their
wn. Therefore, it is impossible to join SiC capsule components
y conventional fusion welding for which a liquid phase is neces-

ary. Hence specially developed solders are used as melt-producing
nter-laminar agents to generate the connection between ceramic
omponents (Furche et al., 1987). However, no high-temperature
esistant solders were available until now which fulfil simultane-
usly reactor-physical requirements. Another well-known method

s reserved.

http://www.sciencedirect.com/science/journal/00295493
mailto:wolfgang.lippmann@tu-dresden.de
dx.doi.org/10.1016/j.nucengdes.2008.01.022


3130 J. Knorr et al. / Nuclear Engineering an

f
p
s
g
o
n

r
a

2

c
j
m
z
i
t
s
o
a
r
T
o
>

c

u
f
t
a
S
m
p
n
e
m
u

3

s

m
t
r
>
e
r
(
b

p
s
T
s

i
l

fi
u
2
v
g
h
t
p

a
p
T
i
t
t
a
p

a

t
p
a
m
s
T
a
T
g
h

B
s

4

j
e
i

f
p

Fig. 1. Joining process of SiC-capsule.

or joining SiC parts is the subsequent co-sintering under high tem-
erature, pressure and long processing times (Tzartas, 1994). In
ummary the principal disadvantage of all so far known technolo-
ies for a firm binding of these ceramics is the necessity to carry
ut the joining process in a high-temperature kiln, which implies a
umber of additional problems.

The paper describes the criteria for the selection of solder mate-
ials, the experimental setup for laser joining and gives an overview
bout application on typical (V)HTR fuel encapsulation geometries.

. Laser joining method

The method produces gastight and high-temperature resistant
onnections of shaped parts made of non-oxidic ceramic by laser
oining. It is based on a pure oxidic braze filler, for which the trade

ark CERALINK@ has been registered. The filler inside the joining
one is melted locally by using a laser beam (Fig. 1). The melt-
ng temperature can be set between 800 and 1850 ◦C according to
he requirements. CERALINK@ shows an ideal wetting of ceramic
urface and high corrosion resistance. There is no need for previ-
us preparing of the ceramic joint surface (no metallization). The
djusted expansion coefficient of the filler and the extremely nar-
ow braze joint minimize the effect of braze on the overall bond.
he re-solidified filler is free of cracks and pores. Helium leakage
f the joints is <2 × 10−8 mbar l s−1 and the mechanical strength is
70% of the virgin material according to DIN 51110.

The connection is resistant to thermal shocks. Brazing can be
arried out in free atmosphere (no vacuum, no protective gas).

Symmetrical parts with simple seams geometry are rotated
nder a fixed laser beam. In case of complicated seams the very

ast scanned laser beam follows the seam track. The in-process
ime for the laser beam brazing, which depends on the geometry
nd length of the seam, is only in the range of seconds or minutes.
ince, the same laser beam can also be used to cut the ceramic
aterial if necessary (or to drill holes of any shape) the joining

rocess can be integrated into a manufacturing line without the
ecessity to re-chuck the work pieces. This ensures high efficiency
specially in mass production. Zum Schneiden und Bohren braucht
an eigentlich eine bessere Strahlqualität, konkret ginge das mit

nserem Laser nicht.
. Type of SiC

Sintered ceramics with a high percentage of covalent bonds
uch as silicon carbide (SiC) or silicon nitride (Si3N4) have excellent
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aterial properties as regards thermal resistance, corrosion resis-
ance, long-time stability of tightness, high strength and radioactive
adiation resistance. So the decomposition temperature of SiC is
2300 ◦C and of Si3N4 is >2170 ◦C. Among other things, these prop-
rties make these ceramics well suited for the safe encasement of
adioactive materials. Since, these ceramics have no melting phase
which is advantageous for the intended application), they cannot
e joined by conventional welding processes.

The typical properties mentioned above are more or less
ronounced in the different varieties of SiC (self-bonded and
econd-phase bonded, as well as open porous and dense types).
he basic properties of the ceramic product are influenced by the
election of raw materials and the manufacturing process.

With respect to (V)HTR applications we tested the laser join-
ng method with parts made of sintered silicon carbide (SSiC) and
iquid-phase sintered silicon carbide (LPSSiC).

Pressureless sintered silicon carbide is produced using very
ne SiC powder containing sintering additives. It is processed
sing forming methods typical for other ceramics and sintered at
000–2200 ◦C in an inert gas atmosphere. As well as fine-grained
ersions, with grain sizes <5 �m, coarse-grained versions with
rain sizes of up to 1.5 mm are available. SSiC is distinguished by
igh strength that stays nearly constant up to very high tempera-
ures (approximately 1600 ◦C) maintaining that strength over long
eriods.

This material displays extremely high corrosion resistance in
cidic and basic media, and this maintained up to very high tem-
eratures. The coarse-grained versions offer particular advantages.
hese properties are outstanding among high-temperature ceram-
cs, and are completed by high thermal shock resistance, high
hermal conductivity, high resistance to wear and hardness close
o that of diamond. Thus, SSiC is ideal for extremely demanding
pplications. The use of SSiC with graphite inclusions improves the
erformance of tribological systems (Brevier, 2003).

SSiC for fuel encapsulation requires a careful choice of sintering
dditives.

Liquid-phase sintered silicon carbide is a dense material con-
aining SiC, a mixed oxynitride SiC phase, and an oxide secondary
hase. The material is manufactured from silicon carbide powder
nd various mixtures of oxide ceramic powders, often based on alu-
inium oxide. Once again for fuel encapsulation oxides have to be

elected which result in a low neutron absorption cross-section.
he oxide components are responsible here for the density which,
t approximately 3.24 g/cm3, is somewhat higher than that of SSiC.
he material is also characterized by a fine-grained matrix with
rain sizes <2 �m by being almost entirely free from pores, by very
igh strength and fracture toughness.

LPSSiC and SSiC have been used successfully as capsule material.
oth show equally good wettability to the solder which results in
trong connections of the shaped parts.

. Seam geometry

It turned out that the high-temperature strength of the braze
oint is indirectly proportional to the thickness of the joint. Gen-
rally can be stated that the overall quality of the braze joints
ncreases for thin seams.

The solder is provided at the joint area in solid form, powdery
orm, strip form, pasty form or as a coating. Subsequently the tem-
erature at the joint area is raised above the melting temperature

f the solder by laser for a definite time long enough to melt the
older over the seam depth and obtain sufficient wettability for
onnection.

The structure of the re-solidified solder formed independently
f the absorption properties for the laser wavelength. The solidi-
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Fig. 2. LM view of a seam between SiC parts.

ed phase shows good wettability with the base material and good
omogeneity. The formation of pores depends of the gap width and
n the composition of the solder. In a gap width shorter than 50 �m
o (unwanted) pores could be observed. Therefore self-adjusting
arts with a high fit precision and a light pressure during joining
rocess enhance the seam quality (Fig. 2).

Very good results have been obtained with braze joint thick-
esses <12 �m. These braze joints had no pores at all and
heir breaking strength was >70% of that of the SiC matrix.
he helium leakage rate as measure for the gas tightness was
× 10−8 mbar l s−1.

. Laser type and technological aspects

A great deal of research work was necessary to determine the
ptimal laser type and laser parameters.

In the beginning two lasers with different wavelengths were
sed: a CO2 laser (wavelength: 10.6 �m) with a maximum cw

aser beam power of 700 W and a Nd:YAG laser (wavelength:
.06 �m) with a maximum cw power of 1000 W. Both laser beams
ere defocused on the surface. Due to the high thermal conduc-

ivity in combination with a small thermal expansion coefficient
f both ceramics (SiC: � > 70 W m−1 K−1, ˛ > 4.5 × 10−6 K−1; Si3N4:
> 40 W m−1 K−1, ˛ > 3.0 × 10−6 K−1) laser processing is possible
ithout preheating (Reinecke and Exner, 2001).

A laser-supported radiation pyrometer, which measures the
urface temperature and the emissive coefficient of the ceramic
aterial in the range of 500–2500 ◦C, was employed to control the

emperature against the power of the laser.
Cylinder-shaped capsules of LPSSiC, SSiC and Si3N4 were used

or the study. One half of a capsule measured 8 mm in height and
iameter, the thickness of the walls being 2 mm. Processing took
lace with a positioning device to align the ceramic capsules to
ach other axially and to rotate them. The joining zone of the cap-
ules was geometrically designed to centre the halves of the capsule
utomatically. Two springs produced a force of some hundred milli-
ewton to fix the parts together for the joining process (see Fig. 1).

As a result of the different absorption of the wavelengths used in
razing solder and material, the solder melted at different depths.
t a temperature of 1500 ◦C, about 89% of the wavelength of 1.06 �m

Nd:YAG) and about 59% of the wavelength of 10.6 �m (CO2) were
bsorbed by the SiC. The absorption of the solder is not sufficiently
nown, however, its properties can be compared with those of
lass. Oxidic glass materials absorb less than 15% of a wavelength

f 1.06 �m and more than 80% of a wavelength of 10.6 �m (Tsarkov
t al., 1997; Blanke, 1989).

It was found out experimentally that the penetration of the
O2 laser radiation in combination with the thermal conduction

s about 33% less than with the Nd:YAG laser in case of silicon

m
s
r
i
b

Fig. 3. LM view of a seam cross-section.

arbide. Furthermore, through treatment by Nd:YAG radiation the
eramic surface underwent alterations. The laser-affected zones
ere characteristically marked by a thin foamy glass phase at the

urface. When the CO2 laser was used, no significant changes were
etectable on the SiC surface. The Si3N4 surface was coated with a
hite, some micrometers thin SiOx layer.

It is obvious in Fig. 3 that the solder was mechanically anchored
o the ceramic due to its high fluidity: wetting angles of contact
onverged to 0◦. Inside the capsules, a range of up to 2 mm of the
urface on both sides of the seam was wetted.

For an optimum quality of the bonds, the following working
egime was determined: within 1 min the seam was heated up
o 1500 ◦C which corresponds to 25 K s−1. In the case of simpler
haped bodies – e.g. plates – the heating rate could be raised to
0 K s−1. For a holding time of 30 s the solder melted completely,
hich was detectable in two ways: redundant solder bulging out

pontaneously from the gap or sudden fusion of the gap.
A further comparative experiment with diode lasers (wave-

ength: 0.808 and 0.940 �m) showed that the behaviour is
omparable with that of the Nd:YAG laser. Since high-power diode
asers (>8.000 W) are now commercially available and the radia-
ion of the diode lasers can be guided via a flexible optical fibre,
his type of laser is favoured for further work. Another advantages
f these laser types are their high degree of efficiency (>30%), the
ow relation of price to power and the very compact design.

The technology has its limits in the depth of the seam if the
aser beam cannot applicated on both sides (top and bottom) of the
eam. Presently a seam depth of 7 mm can be produced without
roblems. Mit beidseitig in Summe 8 kW schaffen wir sicher über
5 mm!

. Tailored composition of solder

The success of joining strongly depends on the solder compo-
ition. From a broad variety of solder systems under investigation,
olders from the system Al2O3–Y2O3–SiO2 were selected primarily
s the most suitable ones. Fig. 4 shows the area of solder composi-
ion in the three-component system.

The oxide ratios can be altered to set the softening and melting
emperatures of the synthesized solder. The maximum tempera-
ure range for application of this compound can be varied from
400 to >1600 ◦C. If the joined components are to be used in

reactor core, the relatively high absorption-cross-section for
eutrons of yttrium will cause a problem. In this case, yttrium
xide can be replaced by zirconium oxide, which increases the

elting temperature of the solder even more. Furthermore, the

older is tailored to other specific properties of the base mate-
ial: the coefficient of expansion of the solders is selected so that
t is close to the coefficient of expansion of the ceramics to be
razed.
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Fig. 4. Ternary diagram Y2O3–Al2O3–SiO2 (Fabrichnaya et al., 2001).

This is easier for SiC than for Si3N4. Since in the solder system
sed both the coefficient of expansion and the melting point can
e determined by the percentage of SiO2, both aspects should be
onsidered in the composition of the solder. The different coeffi-
ients of expansion of the ceramics SiC and Si3N4 also have the
ffect that the joining of SiC part with a Si3N4 is extremely proble-
atic.
To match the solder to the desired properties, the properties of

he solder are simulated before the solder is synthesized by means
f the computer code FactSage (Factsage). It is possible to calculate
roportion of phases and the beginning of the melt formation as a

unction of temperature. There is a good correspondence between
alculated and experimentally gained results.

To determine the optimal process parameters for a given geome-
ry of the work pieces to be joined, the process can first be simulated
y a computation program (ALGOR). Besides the direct process

ig. 5. ALGOR calculated temperature field in a cylindrical SiC capsule during join-
ng.

6

N
m
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arameters, it is also possible to estimate the thermally induced
tresses the components are exposed to and the thermal stress the
aterial to be encapsulated and the adjacent material are subject

o.
Fig. 5 shows the calculated temperature area during the joining

f a partially cooled capsule (lower part).
Since it is known by experiments which instationary tem-

erature gradients the material can bear without damage, these
alculations are used to determine the parameters for the laser
ontrol.

. Application examples

To demonstrate the practical applicability of the laser joining for
V)HTR components SiCeram GmbH has developed several ceramic
rototypes which are tailored to nuclear requirements in material
nd geometries. These parts were brazed by laser beam technology
t TUD.

Worldwide two basic HTR core designs with accessory fuel ele-
ents are dominant:

prismatic fuel blocks (the fuel consists of coated particles in annu-
lar compacts inside long graphite sleeves, which are inserted in
prismatic graphite blocks);
pebbles (coated particles imbedded in graphite balls).

.1. Pebbles

Since the AVR reactor, pebbles with a diameter of 60 mm are the
stablished standard fuel elements size for pebble bed reactors.
o improve the pebble properties later encapsulation in separately
anufactured SiC half spheres has been tested as an alternative to

iC coating.
Fig. 6 shows single SiC spherical half shells (outer diameter
0 mm, wall thickness >1.5 mm).
The joining itself was successfully performed (Figs. 7 and 8).

evertheless two major disadvantages of this encapsulation
ethod became obvious:

Fig. 6. SiC half spheres.
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which sustains large compressive stress.

Only the opening causes some problems where high stress may
occur due to sharp edges. The rim of the opening and the lid are
cone-shaped (45◦, green or white machining) to provide a self-
adjusting fit and good seam geometry.
Fig. 7. Pebble encapsulation in SiC half spheres.

to ensure a high heat flow, the gap between graphite body and
SiC shell should be minimal, which results in extremely small
tolerances for fit dimensions;
before joining, the face area of half shells requires hard machining
to guarantee parallel surfaces.

Aside from the technological challenge for the manufacturer,
igh precision parts have their price. So for several reasons the

ater encapsulation of graphite pebbles seems not to be the
ppropriate technology for the mass production of fresh fuel
lements.

As a consequence the authors favour another concept: SiC hol-
ow sphere production with subsequent fill-in of the fuel-graphite

atrix and its compacting before soldering a lid in the opening.
he hollow spheres are a new high-tech product of the R&D coop-

ration between TUD and SiCeram GmbH based on pressure slip
asting (Figs. 9 and 10).

Slip casting is a simple and effective method for the manufac-
ure of parts with complex geometries and large items. It can be

Fig. 8. Experimental setup for encapsulation.
Fig. 9. SiC hollow sphere—basic pebble body.

sed to manufacture both thin-walled and solid objects. Ceramic
lip casting involves a stable suspension, referred to as the slip,
eing poured into a porous absorbent plaster mould. Extraction
f the suspending liquid causes a layer of particles to develop the
ould wall. This layer develops, in solid casting, to create the fully
oulded body. In the case of hollow casting the superfluous slip

s poured out once the desired wall thickness has been achieved
Brevier, 2003). The slip consists of a special SiCeram composition
nd gives after the usual manufacturing procedures a LPSSiC with
xcellent properties. SiC hollow spheres and SiC lids are separately
anufactured.
Generally, if ceramic materials are used, particular attention

ust be paid for a design to be appropriate to the material. In this
ay the hollow sphere is a simple and almost ideal shape for SiC
Fig. 10. Laser joining process to close a SiC hollow sphere with a lid.
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SiC spherical half shells, cylindrical caskets or bottle-shaped
container can also be used for later encapsulation of spent
graphite pebbles or waste in solid or even in liquid phase
(Fig. 14).
Fig. 11. SiC compact (outer diameter 11 mm, height 15 mm).

.2. Cylindrical SiC compacts

Following the original US HTGR design fuel elements for pris-
atic core blocks consist of coated particles in annular graphite

ompacts inside long cylindrical graphite sleeves.
As alternative, small cylindrical SiC capsules are proposed, filled

ith graphite-fuel matrix, and afterwards gastight sealed by laser
oining as described above (Fig. 11).

Theses capsules can inserted in the same manner as a.m. in
raphite sleeves.

As alternative for the sleeves a completely new design is pro-
osed: fibre braids (Fig. 12), of course carbon fibre for (V)HTR
pplication, are used as structure forming material with stacks of
iC cylindrical compacts.

. Safeguards aspects
SiC encapsulation offers the additional possibility of fuel iden-
ification for safeguards.

During its lifecycle a single pebble bed reactor consumes several
illions of pebbles. They cannot be allowed to lead a vagabond

ig. 12. Carbon fibre braid as structure forming material with stacks of SiC cylindri-
al compacts.
Fig. 13. Safeguard identification code on SiC encapsulated pebble.

ife. Considering the excellent breeding potential of a continuously
uel-loaded facility it may become a vital aspect for licensing of
ebble bed reactors to identify each pebble and follow its history.
nidentified and untraceable pebbles containing fertile material
ay become a source of proliferation.
The single standard graphite pebble is anonymous. Its surface

s relatively soft and abrasive. On contrary a SiC pebble can be
anufactured with a clearly readable laser-cut identification code

umber (Fig. 13).
The safeguards aspects of PBMR seem to be underestimated up

o now. But they may become of vital importance for the export
hances and future spreading of pebble bed reactors.

. Waste encapsulation
Fig. 14. Experimental setup for encapsulation of (radioactive) waste.
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0. Summary

An innovative technology for the ceramic joining of non-
xidic ceramics has been developed, taking silicon carbide and
ilicon nitrite as an example. This technology is based on an oxi-
ic glass ceramic solder and a custom-made laser technology.
d:YAG as well as CO2 or diode lasers can be used as energy

ource. The solder composition ensures that the technically rele-
ant properties of the ceramic materials are maintained, such as
igh-temperature resistance, corrosion and radiation resistance.
he process has the advantage that it can be carried out in free
tmosphere.

The joints are free of cracks, gas-tight and have a high mechan-
cal strength. The surfaces to be joined need no pre-treatment.
he energy input restricted to the seam and processing in free
tmosphere allows the brazing of objects of geometrically vari-
ble sizes. Process times are limited to a few minutes; the
oining process itself is completed within the range of a few
econds.

Another advantage of the selective heating of the solder is that
emperature sensitive materials will not be destroyed even in a
hort distance from the seam. This allows encapsulating of low
elting materials, if necessary with additional cooling. So the pro-

ess can also be used for the safe encapsulation of radioactive
aterials or other waste including liquids.
The overall ceramic encapsulation of fuel particles provides

n additional thick barrier against the release of fission products,
ncreasing the margins for operation at very high tempera-
ures. Simultaneously ceramic encapsulation of the main core

omponents facilitates the approach to the non-catastrophic
ehaviour of (V)HTR. Additional future research and the qual-

fication of SiC encapsulated pebbles or compacts may result
n important benefits also for waste management and final
torage.
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