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COMPONENTS

FE-Simulation (FEA) for the Designing
of Ceramic/Metal Assemblies —
the End of Trial and Error?

With the FEA as a part of the integrative design process it is possible to
precisely calculate the stresses, which are induced in ceramic
components during the assembly or operation. By using postprocessors

short-term and also long-term fracture probabilities can be calculated.
The precision of the results depends highly on the used input data and
the introduced model simplifications.

Introduction

The finite element analysis (FEA) is used in
process- and component simulation for
the design of ceramic components. Espe-
cially in the field of technical ceramics,
which follows different materials laws than
for example steel, this method is not wide
spread yet. To determine the reliability of
highly stressed components, which try to
exploit the limits of the construction ma-
terial, sophisticated and expensive screen-
ing- and development tests have to be
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Thyristor housing
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conducted. The final component design
evolves through multiple iteration cycles.
The amount of iteration cycles can be re-
duced by the experience of senior ceramic
design engineers. The evaluation of the
chosen design however can only be sub-
jective by means of the resulting compon-
ent during operation. This evaluation of
ceramic/metal assemblies will be compli-
cated by complex geometries and the var-
iety of applied materials. By use of FEA dif-
ferent possible design proposals can be
objectively compared to each other on the
basis of predefined criteria. So the best
possible starting design can be chosen.
The FEA can be seen as part of the inte-
grative design process of ceramic com-
ponents [1, 2]. This process can be either
applied to the new construction or the re-
evaluation of existing designs and pro-
cesses to assess necessary rationalization
measures to increase efficiency.

Using the example of a thyristor housing,
manufactured by LAPP Insulators Alumina
GmbH, the possibilities which arise from
the use of FEA shall be pointed out. For
this purpose the assembly of a thyristor
for high currents, as well as the necessary
fundamentals of numerical component de-
sign and the required specific material
properties are presented. Following this,
numerical design calculations for selected
examples are pointed out and the results
are discussed. Finally, potential limitations

that have to be considered when using FEA
for the designing of ceramic components
will be discussed briefly.

The thyristor
A key component for nowadays power
transmission grids is the thyristor (Fig. 1).
With this component electrical power of
up to 10 GW can be switched by using
small control currents. The thyristor ad-
dressed in this paper is made up from four
different materials, which are joined to-
gether to a complex unit by brazing.
The thyristor consist of the following com-
ponents (Fig. 2):
1. insulator-housing of Al,0,
2. upper and lower contact piece of

OF-copper,
3. membrane of OF-copper,
4. flange of OF-copper,
5. gate pin of NiFe42,
6. semiconducting package

(molybdenum package and chip).
The insulator housing made of Al,0; is
metallized where the ceramic is to be
brazed to the membrane, the flange and
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the gate pin. Since a passive brazing tech-
nique will be used, the metallization is
needed to ensure the wetting of the cer-
amic by the braze. A MoMn paste is used
for the metallizing layer, which is burned in
in a reducing atmosphere at a temperature
of 1400 °C. Finally the metallizing layer will
be nickel plated. The layer thickness is
5-18 ym for the MoMn and additionally
2—4 um for the nickel layer. The membrane
and the flange are brazed to the ceramic
via blade joint (Fig. 3). The gate pin will be
braced by circumference joint in the same
brazing process.

An AgCu braze with a processing tem-
perature of 820 °C is used. Every metallic
component of the thyristor housing is
nickel plated afterwards to prevent oxida-
tion. After the brazing process the braze
joints are vacuum tight up to 10-*mbar I/s.
After integration of the semiconducting
package in the housing by the customer
the flange will be cold welded with another
membrane and contact piece.

Numerical component design by FEA
The numerical component design of cer-
amic components is based on the simplest
form of the weakest link model. The calcu-
lation of the short-term fracture probability
is carried out by means of the 2 parameter
Weibull approach. The approach is de-
scribed by eq. 1 provided that statistically
distributed flaws in the volume are the rea-
son for component failure:

-1 olxyz)\™
F;-(O')=1—exp(‘—'°j‘(Ti) av (1)
By introduction of the peak stress o,
(eq. 2) and the effective volume V4 (eq. 3)

eq. 1 can be simplified for further use
(eq. 4).

o(x. 3, 2) = 0, f(x,5.2) 2)
Vors = Jy Flx.y.2)™av 3)
F,=1—exp (_‘—:” (;'%) ) (4)

Eq. 3 for the calculation of the effective vol-
ume can be solved analytically for simple
geometries. In case of complex geometries
and stress singularities the FEA has to be
used. Here an element fracture probability
for every discretizing element using eq. 4
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Fig. 2
Assembly of the thyristor

will be calculated. The component fracture
probability will be attained by independent
superposition of the element fracture prob-
abilities (eq. 5). This is done by a separate
post processor.

Fres =1 = [IT,(1 = F)] ©)

The usage of the post processor enables
the evaluation of the calculated stresses by
calculation of the short-term fracture
probability. In contrary to metallic mater-
ials where the von-Mises stress is used for
the evaluation, a stochastic approach as
described above by the Weibull equation is
used to assess ceramic components by
the short-term fracture probability F.

Material properties
Based on the following material properties
(Tab. 1) the numerical calculations were

done. Listed is just an excerpt of the used

Tab. 1

Material properties

AlL,0,

Coefficient of thermal expansion 78
[10-6/K] (20-500 °C) ’
Young’s modulus [GPa] 380
Yield point [MPa] -
Tangent modulus [GPa] -
Density [g/cm3] 3,92
Poisson number [-] 0,22
Specific heat capacity [J/kg - K] 850
Thermal conductivity [W/m - K] 20
Weibull modulus [-] 15,95
Characteristic strength [MPa] 356,6

Fig. 3
Blade joint of an Cu-membrane ans Al,0,
thyristor housing

material properties. For the numerical cal-
culation temperature dependent properties

were used.
OF-copper
(Soft-annealed) AgCu780

18,2 198
115 98
120 112

6 5
3,92 105
0,31 0,34
385 235
430 400
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Tab. 2
Results of the FEA, joining Stresses

0, Veff <’I,max Gv.M,hraze enlasl,braze o-vM,l:opper
Load Case Foos 'l iomo (WP  (MPal (%] [MiPa]
Contact piece ideal concentric ally
aligned, braze thickness 100 pm Ot | AU R il L S
antact piece |d§al concentrically 0,061 1944 1862 602 95 449
aligned, braze thickness 80 pm
Contact piece ideal concentrically
aligned, braze thickness 120 pm o Al T e 10 L
Lower contact piece +0,5 pm
and upper contact piece —0,5 pm
shifted out of the center in 0,088 7,74 201,9 631 10,1 447
x-direction, braze thickness
100 pm
Lower contact piece 0,5 mm
shifted in y-direction, upper
contact piece 0,5 mm shifted in 0,089 7,75 201,9 631 10,1 447
x-direction, braze thickness
100 pm
T princioal strezs, 6 [MPs].
04 56 43,1 KT 156

<20

12,4

n4

12¢

plastic strain 3e)

u 22

44

oY

6,4

£

Fig. 4

Thyristor housing, contact piece ideal concentrically aligned, braze thickness 100 um
upper: 1t principal stress in ceramic housing;
lower: plastic strain in copper parts and braze
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Applied simplification for FEA

To reduce CPU-time for the FEA model
some simplifications were made. The gate
connector is located so that a mutual inter-
ference of the gate pin joint and the blade
joint on the edge of the ceramic housing
can be ruled out. Hence the gate pin joint
can be simulated in an extra FEA. The re-
sulting short-term fracture probability can
be superimposed on the fracture probabil-
ity of an insulator housing without gate
hole.

For the assessment of the ceramic com-
ponent the braze joint between membrane
and contact piece as the cold welded joint
between flange and membrane is not mod-
eled, because these joints areas of influ-
ence do not affect the ceramic component.
Thus membrane and contact piece as
flange, membrane and contact piece are
modeled as a homogenous material.

No material properties for the metallization
layer and nickel plating were available. So
these two layers were neglected in the
model. In the FE model the braze is in dir-
ect contact with the ceramic. The semi-
conducting package was not modeled
either. The influence of the package was
modeled by an external displacement ap-
plied on the contact pieces interior sur-
face.

Joining stresses

The calculation of the joining stresses is

done by the following scheme:

e Uniform heating of the components up
till brazing temperature (820 °C). Hereby
each component is assumed free of
residual- and joining stresses.

e Closing of the contact. With change of
temperature joining stresses can be in-
duced in the components.

e Uniform cooling from brazing down to
room temperature. It is assumed that the
cooling down will be a slow and con-
trolled process that the component has a
uniform temperature during the whole
process.

After the cooling down to room tempera-

ture a multiaxial joining stress state has

ensued. The assessment of the resulting
joining stresses is dependent on the par-
ticular material. The short-term fracture
probability is calculated for the ceramic
component. For the metallic components
the von-Mises stress and possible plastic
strains are investigated. Hereby it is as-
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sumed that the braze material can with-
stand large plastic strains without failure.

With these criteria different geometric
variants of the thyristor can be compared
in terms of their short-term fracture prob-
ability and the stress in the metallic parts.
The results are listed in Tab. 2 and Fig. 4.

Aim of the investigation was the influence
of the braze thickness and the positioning
of the contact pieces to each other on the
fracture probability of the ceramic hous-
ing. The insulator housing is maximal
stressed on the outside of the housing-
flange joint. This can be explained by the
deformation of the flange during the braz-
ing process. The flange curves upward
due to the different coefficients of thermal
expansion of copper and alumina. The de-
formation of the flange induces a bending
moment in the braze joint. The lower braze
joint is mostly exposed to shear stresses.
The induced 1st principal stresses here are
lower compared to the stresses induced in
the upper joint. Additionally braze and cop-
per flange in the area of influence of the
joint are highly stressed. The plastic strain
in the braze reaches values of 11 % local-
ly. The values of the short-term fracture
probability show a visible influence of the
positioning, but the effect is negligible.
Same can be seen for the influence of the
braze thickness.

Loading stresses

After cooling down to room temperature
the upward curved flange will be bent back
into position and the semiconducting
package will be placed between the upper
and lower contact pieces. The loading
stresses of the final assembly will be
superimposed on the joining stresses cal-
culated in the last step. Short-term frac-
ture probability, equivalent stresses and
plastic strain are set in relation to each
other similarly to the procedure in the
evaluation of the joining stresses.

By bending the flange back into position
and the insertion of the semiconducting
piece both contact pieces perform a forced
movement. The upper contact piece
moves up, the lower contact piece moves
down. So flange and membrane are de-
formed and bending moments impact on
both braze joints. The bending moment in-
duced by the loading has the opposite dir-
ection compared to the bending moment
induced by the joining process. Therefore
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Tab. 3
Results of the FEA, combined loading and joining stresses

0, veﬂ Gl,max Gv.M,Ilraze eplasl,braze GvM,l:opper
Load Case Foos U1 sy (MPal  (MPal D%l [MPal
Contact piece ideal concentrically 0102105 20,07 927 263 10 240

aligned, braze thickness 100 pm

Contact piece ideal concentrically 0847.10° 231 913 286 95 939
aligned, braze thickness 80 pm ’ ’ ’ ’
Contact piece ideal concentrically

aligned, braze thickness 120 pm GIT =) 20k e L 2

Lower contact piece +0,5 mm
and upper contact piece -0,5 mm
shifted out of the center in
x-direction, braze thickness

100 pm

Lower contact piece 0,5 mm
shifted in y-direction, upper
contact piece 0,5 mm shifted in
x-direction, braze thickness

0,192-10- 7,81 1029 271 10,1 244

0,204-105 7,62 1034 273 10,1 243

100 pm
2zt principal strezs, u'IMP_:]
a5y a0 16,4 kA A
=30, 0 M4 62,9 w2y
Forced movement by
semicenducting package
plastic strain [%5]
> » . e
4 2.2 a4 6.7 69
11 34 54 78 1
Fig. 5

Thyristor, contact piece ideal concentrically aligned, braze thickness 100 um
upper: 1t principal stress in ceramic housing;
lower: plastic strain in copper parts and braze
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Joining stresses superimposed with thermal induced stresses

and resulting short-term fracture probability

the maximum principle stresses induced
in both joints on the ceramic side are re-
duced. This results in the reduction of the
short-term fracture probability. Here also
effects of the positioning and the braze
thickness can be seen, but the effect is
negligible, too. Based on these results, fur-
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ther steps to increase efficiency measures
can be discussed with a customer.

Prescribed test

Finally a prescribed test method for thyris-
tor housings shall be investigated more
deeply. In the test method a thermal shock

test has to be passed through several
times and the the housing has to be tested
for vacuum tightness. For the thermal
shock test the housing assembly will be
heated up to 200 °C and the be shocked
down to —65 °C in dry ice cooled methanol
[3] after 5 min of natural cooling at room
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temperature. The result of this test shall
help to evaluate the quality of the cer-
amic/metal assembly.

For the calculation of the temperature
field a heat transfer coefficient
o = 5000 W/m? - K was applied on the free
surfaces of the components to simulate
the thermal shock. Because of the vague
description of the 5 min natural cooling at
room temperature this step is not consid-
ered in the simulation. The thyristor hous-
ing is shocked from 200 °C directly to
—65 °C. This means the induced stresses
in the calculation will be higher than in the
actual test. After 0,2 s a temperature field
with very high gradients in the ceramic
component develops (Fig. 6). This results
in very high first principal stresses and
short-term fracture probabilities (Fig. 7).
The calculated first principle stresses in
the ceramic reach values of up to 320 MPa
after 0,41 s after the thermal shock in the
area of the lower braze joint. The corres-
ponding short-term fracture probability is
100 %. Such a probability of failure is not
observed in carried out test. This is attri-
buted to the harsher boundary conditions
applied in the simulation. With the shown
element short-term fracture probability
(Fig. 7 right) critical regions in the ceram-
ic body can be identified. It is visible that
the lower braze joint is maximum stressed.
But other parts of the ceramic body are
also highly stressed (for example the rips),
so it is not impossible that fracture can
occur in these regions also. But it can be
seen that the prescribed test method is ap-
plicable to test the braze joint. The flange-
housing braze joint indeed is slightly
stressed by this method so the test gives a
very limited predication about the quality
of this joint.

Influence of the Weibull-parameters

For the calculation of the short-term frac-
ture probability the Weibull-parameters m
and oy, are needed. They are usually
measure in a 3- or 4-point-bending-test. At
least 15—-20 specimens should be tested in
order that the underlying statistical analy-
sis is as exact as possible. The determin-
ation of the Weibull-modulus is done
using the maximum-likelihood-method
(see eq. 6) [4]. The parameter o is calcu-
lated with eq. 7. The characteristic
strength oy, normed on an effective vol-
ume of 1 mm3, is calculated via the size-
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effect equation using the parameter o, and
the effective volume depending on the test
that was carried out.

n L |
—+ =%, In(c)) - ng‘ﬁ =0 (6)

o =1%n " (7)

But the measured fracture forces, which
are used to calculate the Weibull-param-
eters, are error-prone. The influence of an
error during the measurement of the frac-
ture force during a 4-point-bending test
shall be exemplified here. It is assumed

TECHNOLOGY INSIGHTS

that the measurement of the fracture force
is exact but has an uncertainty of 0,2 %.
This results in an uncertainty of +1 MPa
when the fracture bending stress is calcu-
lated out of the force measurements. In an
exemplary calculation the extreme values
of the Weibull-modulus will be determined
by the quantity of 18 specimens tested. It
is assumed that either the calculated frac-
ture stress for one specimen is right as
measured or can deviate by +1 MPa. This
means that a total of 3218 unique combin-
ations are possible. The resulting Weibull-
moduli are sorted in classes. The results
are shown in Fig. 8. The evaluation of the
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Weibull-plot for: a) unchanged measurement data (m = 15,95),
b) measurement data variation with maximum Weibull-modulus (m = 16,58) and
¢) measurement data variation with minimum Weibull-modulus (m = 15,36)
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Fig. 10

Short-term fracture probability of a thyristor with superimposed joining
and loading stresses depending on m and o, with a variance with of 5 %

original measurement values gives the fol-
lowing Weibull-parameters: m = 15,95,
o, = 358,5 MPa. Most of the Weibull-par-
ameters belong to the class of
159<m<16. The extremes are
My = 15,36 and m,,,= 16,58. The vari-
ation of the parameter o, is very small:
357,7 MPa < 6, < 359,7 MPa. The Wei-
bull-plot for the extremes and the original
measurement data is given in Fig. 9.

The effects of the uncertainties regarding
the Weibull-parameters m and o, on the
short-term fracture probability are shown
by the example of a thyristor with super-
imposed joining and loading stresses
(Fig. 10). For both parameters an interval

of uncertainty of 5 % was assumed. The
extreme values for the short-term fracture
probability are

Frax (Ooy =341 MPa, m =15,2) =

47,8 -107 % and F,,(cq = 376 MPa,
m=16,8) = 1,06 - 107 %.

Conclusion

With the FEA as a part of the integrative
design process it is possible to precisely
calculate the stresses, which are induced
in ceramic components during the assem-
bly or operation. By using postprocessors
short-term and also long-term fracture
probabilities can be calculated. The preci-
sion of the results depends highly on the

COMPONENTS

used input data and the introduced model
simplifications. The Weibull-parameters
are calculated from measurement data. It
was shown that even small measurement
errors can affect the Weibull-parameters
that the resulting short-term fracture prob-
ability can differ by a factor >> 10. There-
for an alignment of calculated and ob-
served fracture probability is hardly
achievable.

Nevertheless FEA is a powerful tool for the
numerical component designing of ceram-
ic/metal assemblies. It is possible to com-
pare different component designs in a
short time. So when using FEA from the
scratch the prototype phase can start with
an optimized design. This means saving of
time and cost by the reduction of non-
optimized prototypes. The delivery time
for prototypes often ranges between 8 and
12 weeks. So it’s possible to save about
20-30 weeks by the use of optimized de-
signs. In contrary to that 1-4 weeks of
simulation time have to be accounted for
common components. LAPP Insulators
Alumina develops ceramic/metal assem-
blies with the customer up to production
stage. Cost of carried out FEA is partly
credited on serial components order. Also
commissioned works are available for cus-
tomers. Cost of the FEA often ranges be-
neath the tooling-cost of initial samples.
The application of FEA will not completely
be the end ”trial and error”, but this
method will help to reduce the number of
“trial and error” cycles for finding the final
and functioning component.
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