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SUMMARY

An analysis has been made of the requirements of the walls of
closed cycle MHD generators. One of the requirements is that,
in order to obtain a low heat flux through the wall, the inner
wall should be able to withstand a high temperature. Ceramics
can be used as inner wall materials. A number of ceramics,
which can be used, is presented. Combination of the possibili-
ties of the ceramics and of the reguirements for the wall
resulted in a pre-design of a module of a MHD generator wall.
The design is based on a modular construction of the MHD wall.
Bach modular wall segment consists of an inner wall tile, a
thermal resistant layer, a cooling layer and a supporting
construction. The inner three layers are connected to each
" other by means of a ceramic bolt. A model of such a wall
segment has been made. The model, with the ceramic bolt, as a
critical part of the construction, has been subjected to
lifetime tests.

To perform the lifetime tests a test-rig has been built. The
test-rig consists of a number of systems, each with its own
specific purpose. An oven has been built to expose the wall
segment to the “MHD temperature". A vibration excitator has
been used to simulate the mechanical load on the bolt. By
means of a strain gauge system and a laser-interferometer the
mechanical load has been measured. To acquire and to process
the measured data two computer systems have been coupled.

A model has been presented by which the lifetime of a ceramic
bolt can be calculated. Before the lifetime can be calculated,
the stress distribution in the bolt has to be known first.
Because the Youngs moduli are temperature dependent, it is
necessary to calculate the temperature distribution before the
stress distribution can be calculated. For the calculation of
the temperature distribution a model has been presented. The
mechanical load on the bolt consists of a cyclic load
superimposed on a static load. A model has been presented to
calculate the dynamical load. At this point it is possible, by
means of a finite element method, to c¢alculate the stress
distribution in the bolt. The model by which the lifetime of
the bolt can be calculated is based on a known relation to
describe the subcritical crack growth in ceramics. The model
to describe the subcritical crack growth under constant load
has been extended over a quasi-static load to a dynamic load.
By means of the dynamical model it is possible to calculate
the lifetime of construction elements subjected to a dynamical
load. To simplify the calculation of the dynamic lifetime an
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effectlve stress is introduced. According to the quasi-static
crack growth model, the parameters describing this growth, can
be deduced from the results of experiments in which the rates
of stress increases are varied significantly. A stress volume
integral and a stress surface integral has been presented by
which the allowable stress can be determined, based on the
material data of the manufacturer. The lifetime of a generator
wall has been calculated. For this calculation different
constructions have been compared. The influence on the life-
time of the material data and of the testing method has been
determined.

For a number of bolts the lifetime has been measured at 1773 K
and at a mechanical load. Initially most bolt broke at a very
low stress and at unexpected places. Further research has been
performed on the composition of the ceramic to explain the low
failure stress. Two different solutions have been applied to
let the bolt breake at the expected place. First the saw slit,
at which the bolt should breake, has been deepened and sharpe-
ned. Secondly, three systems have been added to the wall
segment to decrease the transverse force on the bolt. From an
analysis it appeared that the bending stress in the bolt, as a
result of these transverse forces, is sometimes larger than
the applied tensile stress. A leaf spring system, a ball-and-
cup system and a universal joint have been added to decrease
the transverse forces. At 1573 K and with the above systems
the bolts broke at the saw slit and at much higher stresses.
From the results of the quasi-static measurements, the crack
growth parameters were determined. The measured lifetimes of
the dynamically loaded bolts showed a large spread around the .
expected lifetime.
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description o units
amplitude [-]
crack growth constant [-1
surface [m?]
magnetic field [T]
stress increase velocity [Pa/s]
stiffness ‘ [N/m]
electrical field ' [V/m]
Youngs modulus [Pa]
force [(N]
current [A]
surface inertness moment [m*]
total heat conduction factor [W/K]
stress intensity factor mode 1 [N/m*2)
critical stress intensity factor mode 1 [N/m>/2)
mass [kg}]
failure probability {-1
activation energy [J/mol]
gas constant [J/molK]
heat resistance : [K/W]
resistance [Ohm]
stress surface integral -1
stress volume integral (-1
temperature (K,°C]
velocity [(m/s]
voltage vl
volume (m*)
shape factor of crack [-1
acceleration [m/s?]
crack length {m]
damper {kg/s]
excentricity {m]
height {m]
length [m]
Weibull modulus {-1
crack growth exponent -1
refractive index -1
pressure [Pa,Torr]
heat flux (J/s]
heat flux [w/m?]
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1 INTRODUCTION

1.1 Background

The problematic nature of the conversion of energy from one
form to another is supported by a broad field of research and
engineering activities. At present the production of electri-
cal energy requires not only the application of new energy
sources and alternative conversion processes but also the
application of sophisticated purification units to minimize
the environmental pollution. The most common process to produ-
ce electrical energy is the conversion of chemical energy of
fuels into electricity by means of a thermal process. Accor-
ding to Carnot the maximum attainable effiency of such a
process is given by

N, - 1-(7y/T,) (1.1)

T, is the temperature at which thermal energy is supplied to
the process and T, is the temperature at which the thermal
energy is carried of. The conventional way to convert the heat
into electrical energy on a large scale is by using a steam
power plant. The steam turbine inlet temperature T, is limited
to a value of 800 K. The temperature T, is the temperature of
the cooling water which is about 300 K. The Carnot efficiency
of this steam power plant is 63 %. Due to thermal and mechani-
cal losses the efficiency of an advanced steam power plant
reaches a value of 40 $ [ref. 1.1].

Increasing the efficiency of the conversion process will re-
duce the consumption of fuel (coal, o0il, gas). It will also
reduce the environmental pollution (heat, flue gas). The effi-
ciency of these steam power plants can be increased by increa-
sing the inlet temperature of the turbine. An increase of 50 K
has only a small influence on the Carnot efficiency and on the
overall efficiency. If a Magneto Hydro Dynamic (MHD) topping
cycle is used in combination with a conventional steam cycle
it is possible to increase the Carnot efficiency significantly
from 63 % to 85 or 89 %. An overal efficiency of 50 % can be
achieved [ref. 1.2, 1.3]. The two MHD systems most used are
the open system (T,=2700 K) and the closed system (T,=2000 K).
In both systems the conversion process is based on the fact
that a Lorentz force is acting on a moving conductor (ionized
gas) in a magnetic field (fig. 1.1). This Lorentz force will



separate the charged particles in the gas which results in an
electrical field in the generator. By means of electrodes and
a load, electrical energy can be extracted. In a power plant
the load is replaced by a power extracting system which deliv-
ers the generated electrical power to the grid.

Figure 1.1 Principle of the
MHD proces. Gas velocity U,
magnetic field B, induced
electrical field E,,, gener-
ted current I and load R.

In the open cycle MHD generators (£fig. 1.2) the working medium
consists of the gaseous fuel combustion products. The combus-~
tion products, at a temperature of 2700 K, are seeded with an
alkali metal to obtain a plasma with sufficiently high elec~
trical conductivity. After leaving the MHD generator the
plasma is used to produce steam for a conventional steam power
plant.

In a closed cycle MHD generator an alkali seeded noble gas is
used as a working medium. After leaving the MHD generator the
gas passes a heat exchanger between the topping cycle and the
steam turbine. The gas is recompressed and fed back to the
heat source, the primary heat exchanger. In this type of gene-
rators the gas temperature can be approximately 700 K lower
than in open cycle generators because of the effect of non-
equilibrium ionization [ref. 1.4]. By means of non-equilibrium
ionization, the electrons in the gas can reach a higher tempe-
rature than the surrounding gas. The electrical conductivity
of the medium used in these systems reaches the same values as
that in the hotter open systems.

The MHD research program at the Eindhoven University of Tech-
nology has been concentrated on closed cycle MHD conversion.
In 1975 an enthalpy extraction of 20 % was reported as result
of shock tube experiments with linear generators [ref. 1.5].
This shock tube facility is able to produce a stagnation
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Figure 1.2 Open cycle (A) and closed cycle (B) MHD topping systems in combinati-
on with steam cycles.

temperature of 3000 K and a magnetic field of 3.5 T. The test
time is limited to 5 ms. In 1986 an enthalpy extraction of 13%
was reported as result of blow down experiments [ref. 1.6].
The blow down facility could produce a stagnation temperature
of 2000 K and a magnetic field of 5 T. The test time was 10
seconds. For both experiments linear MHD generators, with a
nominal electrical output of 1MW, , have been used. The gene-
rators are channels with a mean inner cross section of 10 x 10
cm® and a length of 80 - 100 cm.

Figure 1.3 View
/’/,. into a MHD generator
electrode )
terminal J( with shape closed
B inner walls. The
silicon I ceramic tiles of the
nitride i side walls are kept
in place by means of

Lircar I grooves in the inter
(ZAL45) ” electrode ceramic
glasfibre- H strips-
epoxy —
electrode —
cooling
channel




In noble gas MHD generators the current density is not uni-
formly distributed, but concentrated in arcs, which are called
streamers ([ref. 1.7]. These streamers move downstream the
generator with approximately the gas velocity. In and around
the streamers there is a pressure dgradient [ref. 1.8]. These
moving pressure gradients exert fluctuating forces on the
generator walls. In the blow down channels the fluctuating
forces are supported by the design of the inner ceramic tiles
of the generator. These tiles make up a shape closed construc-
tion which is embedded in prestressed fiber insulating materi-
al (fig. 1.3).

1.2 State on _generat design

Nowadays large scale MHD generators are mainly designed with
enforced cooling to keep the temperature of the wall low.
Thermal losses through the wall up to 400 kW/m’ are normal
{ref. 1.9). The low wall temperature permits the application
of metal for the channel walls. The walls are built up of
metal pegs of a frontal size of approx. 25x%25 mm?. Each peg has
its own cooling channel. The pegs are mutual isolated by means
of ceramic (boron nitride) washers. To reduce the heat flux
through the wall a ceramic insert can be placed on top of the
peg. Nowadays the inserts are replaced by a total ceramic
covering of the peg. These small ceramic tiles are soldered to
the copper cooling layer. Special attention is payed to the
thermal stress free connection between the metal peg and the
ceramic cover, figure 1.4 ({ref. 1.10}. The combination of
several pegs to a bar decreases the number of seals, which are
possible sources of water leakages. :

ceramic
cup

elastic
joint
cooling
channel insulating washer
solder laver
combined copper peg

Figure 1.4 Copper pegs with cer@nics cups soldered on
elastic joints.



1. Present work

The aim of the present work is to compile information needed
for the design of a segmented MHD generator. Large scale MHD
generators (P, > 50 MW) have to be built up with many tiles on
the inner walls. The shape closed construction of figure 1.3
can not be applied to these generators due to the limited size
of the available ceramic tiles and the large forces resulting
from pressure fluctuations. The wall segment designed in this
thesis is to be placed in insulating walls. They can also be
used as inter-electrode walls.
In industrial application of MHD power systems the separate
parts of the system have to meet a certain lifetime. For the
first generation of MHD generator channels a lifetime of 1000
hours is acceptable.
The work desribed in this thesis can be divided in two main
subjects, that is:

- design of a construction

- investigation of material properties.

1.3.1 Construction

Because of the large number of inner tiles a MHD wall will
have, in our opinion, to be built modular. A number of tiles
(inner layer) will be connected together with a thermal insu-
lating layer to a cooling plate (fig. 1.5). A number of

SN .
N g4— inner layer
A

thermal insulating layers

seed barrier

§§ cooling layer

N\
N N
NSRS space for cables etc.

8\l outer layer (pressure vessel)
\\‘ N AN é
AN stud

AAHOHN

boutside , gas side

Figure 1.5 Cross section of part of a MHD generator wall, with the
distinctive layers.



cooling plates, forming one wall of the generator, will be
placed, together with the other walls, inside a pressure
vessel. The space between cooling plate and pressure vessel
can be used for the cables and the cooling system. The
construction designed in this thesis covers only a small
segment of the modular MHD generator wall. The modular segment
(fig 1.11) has a frontal size of one tile. The thickness of
the designed construction reaches only to the cooling layer.
Since design criteria for pressure vessels are well known no
further attention will be paid to this part of the
construction. As will be explained in section 1.6 the tiles
are connected to the cooling plate by means of ceramic bolts.
To expose the segment to vibration (as explained in section
2.3), the inner tile is connected to the cooling plate by
means of two bolts to prevent rotation of the inner tile. The
connection by two bolts could cause some problems. Preventing
these problems - related to thermal expansion - deepened the
~ insight in the construction of a MHD generator wall. A number
of tests have been performed in which the bending moment in
the bolt, due to the thermal expansion, was measured. These
tests were performed with and without the designed subsystems
(universal joint, leafspring and ball-and-cup) which decreased
the bending moment. To increase the stress in the bolt, by
which the lifetime is decreased as explained in section 3.4,
the diameter of the bolt shaft is locally decreased.

1 Material properties

For a critical part of this construction, the bolt, the life-
time is calculated based on the subcritical crack growth in
ceramics and the available material data of the ceramics used.
An existing crack growth model for constant load is transfor-
med to describe the crack growth under a cyclic load. An
effective stress is introduced to simplify the lifetime cal-
culations for bodies under a cyclic stress. The available
material data were not sufficient to perform the calculations.
For the chosen material (section 1.6) no data were available
on the subcritical crack growth. This data had to be measured.
The best way to determine material data is to measure this
data on simple objects. In the case of the subcritical crack
growth properties, a bending bar (3.5x4.5x50 mm’) is often
used. The stress distribution in such a bending bar is relati-
vely simple and the bars are relatively cheap. With the modu~
lar wall segment, including the two bolts, it is also possible
to measure these material data. The stress distribution in the
bolts is more complicated than in a bending bar. The bolts are

6



more expensive and the total test set-up is more complicated.
It was decided to measure the material data by means of the
bolts of the wall segment. In this way it is possible to kill
two birds with one stone. The construction could be tested and
the material data could be measured.

The designed modular wall segment has been built. A test-rig
has been built to expose the wall segment of a closed cycle
MHD generator to a simulation of the combined thermal and
mechanical load. Two diagnostic techniques have been developed
to measure the mechanical load on the segment. These techni-
ques will be described in detail in chapter 2. The designed
wall segment is tested several times, with a number of the
heaviest loaded part, the bolt, in the experimental set-up, to
verify the developed model and to acquire more specific mate-
rial data.

4 D ge or wall requirements

MHD generator walls have to meet a number of reqguirements. Not
all of these requirements can be met by one material. A gene-
rator wall can be built up of several layers. Each layer will
be able to meet one of the requirements in particular, but all
layers should be transparent to the magnetic field. Figure 1.5
gives an impression of the layered generator wall.

The requirements, for the plasma sided materials of the insu-
lating walls, are summarized below:

- corrosion resistant

-~ high temperature resistant

~ thermoshock resistant

- erosion resistant

~ vibration resistant

- high electrical resistance.

RO OO

a) Although the working medium of a closed cycle MHD generator
is a noble gas there are some corrosive agents present. The
first one is the seed, Cs, used to improve the electrical
conductivity of the plasma. Small amounts of O,, N,, H,0 and CG,
will be present as well. Little information is available on
the influence of Cs on the strength and the crack growth
mechanism of ceramics.

b) A good cooling system can decrease the wall temperature to
very low levels (400 K). This cooling system will extract a
high thermal power from the plasma. This power, at a low

7



temperature, can be used downstream in the steam cycle. By
reducing the inner wall temperature, the use of metals as wall
material, can be considered. In our opinion the wall tempera-~
ture should be kept as high as possible to decrease the
thermal losses from the generator. The first aim is to keep
the wall temperature at a value of 1800 K.

¢) During the start-up procedure of the generator the tempera-
ture increase per unit of time can be kept at a level prescri-
bed by the materials used. During normal use there are some
failures possible that will cause a thermal shock. A general
failure of the burner will result in a temperature difference
of 1500 K at the entrance of the primary heat exchanger (fig.
1.2). Due to the thermal mass of this heat exchanger the
thermal shock in the generator will be 200 K/min [ref 1.11]. A
general failure in the magnet will result in an instantaneous
reduction of the extracted power. This will, at the downstream
" part of the generator, result in an instantaneous increase of
the temperature, with a value of 500 K [ref. 1.11]. A segmen-
ted Faraday generator is equiped with a number of inverters. A
general failure in one of these inverters will only result in
a small change in extracted power and in the plasma tempe-
rature. A Hall generator has only one inverter. A general
failure in this inverter has the same effect as a failure in
the magnet.

d} It 1is possible that small solid particles in the high
temperature heat exchanger will get loose from the wall. These
particles will flow through the generator and may cause ero-
sive degradation of the generator wall. No values for the
number of particles or the hardness of these particles are
available at this time.

e) In closed cycle MHD generators the current flows through
contracted channels called streamers. The streamers do not
fill the entire generator. In and around these streamers there
is a pressure gradient. The streamers and pressure gradients
pass the generator with approximately the gas velocity. The
inner wall is subject to a fluctuating pressure which will
result in vibration of the inner wall [ref. 1.12].

f) The designed wall segments, which are described in this
thesis, are to be placed between the positive and negative
electrode walls. An electrical conducting wall between these
electrode walls would short circuit the generated power inside
the generator. No external power would be generated. The
insulating wall, at its working temperature, should have a



high electrical resistance to minimize the internal leakage
currents.

The cold outer side of the generator has to meet the following
requirements:

a - withstand the system pressure

b - be gas tight.

a) The system pressure of a MHD generator will be 1.2 MPa. In
normal use the pressure will decrease to a value of 80 kPa at
the end of the channel. To make a safe design the pressure
throughout the generator will be supposed to be the system
pressure of 1.2 MPa.

b) Although there might be a gas tight layer between the inner
wall and the outer wall, as a redundacy the outer wall will be
made gas tight as well.

Between the inner layer and the outer layer there will be two
more layers each with their specific properties. The most
important property of the second inner layer will be the
thermal resistance. The main property of the next layer will
be the possibility to cool.

Requirements for the thermal resistant layer are the fol-
lowing:
a - thermal insulating
b - corrosion resistance
- electrical resistance
- seed barrier
- creep resistance.

o a0

a) The materials available for the inner layer have a relative
high thermal conductivity to prevent thermal stresses. The
heat flux from the plasma to the cooling layer should be
reduced to an acceptable level (g = 40 kW/m?). To reach this
low heat flux a thermal insulating layer is needed.

b) The hot gas in the generator can penetrate into the thermal
insulating layer by way of the thermal expansion slits between
the inner wall segments. Carried in this gas are particles of
the seed. The seed can attack the physical properties of the
insulating material.

¢) Since the plasma can reach the thermal insulating layer,
this layer has to have a high electrical resistance to decrea-
se the internal leakage currents.



d) At a certain depth into this layer the seed will condense.
If this condensated seed can form an electrical conductive
trace between the two electrode walls, there will be again
internal leakage currents. To prevent this condensation of the
seed, the thermal resistant layer should include a cesium
barrier. The cesium barrier should be located at a place in
the layer where the temperature is above the condensation
temperature of the seed.

e} For large scale MHD generators the walls will be built up
of many tiles. Each tile will be connected by means of a bolt
to the outer wall. To ensure a positive contact between the
several layers, the tiles must be preloaded. During the life-
time of the generator, the preload should not be reduced below
the pressure fluctuation. Creep of the thermal insulating
layer is a possible cause of the decrease of this preload.

Requirements for the cooling layer are the following:
a - corrosion resistancy
b - electrical resistant
¢ - water tight
d - gas tight.

a) If the seed barrier, in the thermal resistant layer, failed
the condensed seed can reach the cooling layer. If no other
provision is taken the cooling layer has to be made of seed
resistant material.

b) Through the condensed seed the conducting plasma can reach
the cooling layer. To prevent internal short-circuiting the
cooling layer has to be made out of material with a high
electrical resistance.

¢} The cooling medium will be water. Diffusion of water
through the cooling layer into the thermal insulating layer
will reduce the thermal insulation properties of this layer.
Contamination of the plasma with more than 500 ppm water will
stop the MHD conversion process [ref. 1.13].

d) Along the generator length, during normal use, the pressure
decreases from 1.2 MPa to 80 kPa. The pressure in the pressure
vessel enclosure is constant along the generator length. To
prevent the plasma to flow in the volume between the cooling
layer and the pressure enclosure, from generator inlet to the
generator outlet, the cooling layer has to be gas tight.
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.5 W terials for the designed co

To choose the materials for the separate layers a number of
considerations has to be made. The chosen materials have to
meet the requirements, mentioned in the above chapter, for the
specified layer. The chosen materials have to be easily machi-
nable, or to be delivered in net shape. To be independent from
manufacturers, the materials have to be made by several manu-
facturers, free available on the world market and ought to be
certified by the manufacturers. The material, should not be
harmful to mankind. Experience in the use of certain materials
is often, and will be in this case, of great influence on the
choice. Research in the field of high tech ceramics will, in

Table 1.1 Comparison of applicable MHD wall materials. The property of a material to
meet a certain requirement is indicated by --, -, 0, +, + +, ranging from bad to good.

corrosion electrical re- | allowable thermal strength
resistance sistance temperature | shock
resistance

Boron 0 ++ ++ ++ 0
Nitride
Reaction 0 ++ + + +
Bonded
Silicon
Nitride
Hot- + ++ 0 ++ ++
Pressed
Silicon
Nitride
Aluminum 0 + + + 0 ++
Oxide
Silicon + - + + ++ ++
Carbide ‘ '
Zirkonium 0 - + 0 ++
Oxide
Fibrous - ++ + ++ -
Alumina

11



future, influence the choice made hereafter. Present research
in the field of developing cesium resistant coatings has
influenced the choices. Data of the ceramics used are given in
appendix A. A number of applicable materials are compared in
table 1.1.

Inner layer.

A number of requirements for the inner layer are intrinsically
related to the material properties. High temperature resistan-
ce and thermoshock resistance are some of these material
properties. Corrosion-, erosion- and electrical resistance of
the material can, if necessary, be improved by a number of
coatings. Since cesium barrier coatings are studied in an
other group, our selection procedure is based on the tempera-
ture and thermal shock properties of the material in combina-
tion with electrical properties and own experience. As a
result of these considerations it is decided to use Reaction
Bonded S8ilicon Nitride (RBSN) as the material for the inner
wall layer. '

Outer layer.

The outer layer will be made out of stainless steel 316.

Thermal resistant layer.

For the thermal resistant layer ZAL 45 from ICI is chosen.
This is an alumina fiber board with high thermal insulating
properties. It is relatively strong. The corrosion resistance
of this material must be improved by a coating. Special atten-
tion has to be paid to the ability of the coating to follow
the thermal expansion of the material. Since this material has
a large shrinkage at high temperatures it should be pre-shrin-
ked before machining to net shape,

Cooling layer.

We have chosen to use g¢glass fibre reinforced epoxy as the
material for the cooling layer. This material has to be pro-
tected by a coating (e.g. RTV silicone of GE) from the seed.
By orientating the glass fibers parallel to the inner wall, a
good water tight construction can be achieved.

12



1.6 ion

The various layers of the wall have to be attached to each
other to make up the desired wall construction. The separate
layers can be glued or cemented together. For high temperature
application there is a broad range of cements available from
AREMCO. Until now no information on the long term behaviour of
these cements in MHD applications nor on the dynamic strength
of the insulating material is available. Our design proposal
is to clamp the inner three layers (fig. 1.4) together by
means of a ceramic bolt. Because it is not possible to produce
tiles of the height of the channel, the inner layer is divided
in small tiles. Bending forces in large tiles will exceed the
strength of the material. Expansion slits between the tiles
should be provided to accept the thermal expansion. There may
be other ways, to attach the large number of inner tiles to
the cooling layer, which can insure a positive contact force
between the several layers, but we will further work out our
design proposal. The positive force is needed to prevent
hammering of the inner tiles which results from the pressure
fluctuations in the channel. If during any time, of these
fluctuations, there will become a clearance between the sever-
al layers, the force at moment of renewed contact, will exceed
the normal force, depending on the stiffness of the construc-
tion [ref. 1.14]. This is called hammering.
We have chosen RBSN as the material for the bolt since RBSN
has some properties which makes it an attractive material.
These properties are the following:

- constant maximum allowable stress until 1800 K
constant stress intensity factor until 1800 K

- there is no glassy phase in the material

-~ it can be delivered at net shape.
Its relatively low strength can be regarded as negative pro-
perty.
This bolt will be the subject of major interest in this the-
sis. For the bolt the lifetime will be calculated using the
material data delivered by the manufacturer and the data
resulting from the experiments. In several tests this lifetime
will be verified. The pressure forces on the cooling layer are
transformed to the outer layer (the pressure vessel) by means
of studs or ridges (fig. 1.5).

t
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Ceramic material description

1.7, eaction Bonded Sili Ni

The production process of reaction bonded silicon nitride is
performed at atmospheric pressure. Pure silicon compacts, with
a binder, are formed at or close to the final shape. These
compacts are reacted in a nitrogen atmosphere at temperatures
up to 1770 K for times varying from 2 - 5 days depending on
the size of the component. Nitriding below 1670 K results in
«-SizN,. Nitriding above this temperature results in P-Si,N,. A
normal composition is 60 % «-Si,N,, 40% B-Si,N, and 2 % Si [ref.
1.15]. Partially nitrided compacts (green compacts) can be
machined with normal workshop tools. After machining to net
shape the compacts are then nitrided to 100 %. Shrinkage due
" to the elimination of the pores is closely matched by the
volume expansion of silicon to silicon nitride. The net volume
shrinkage can be less than 0.05 % which enables net shape
forming of the green bodies. Densities of reaction bonded
silicon nitride varies from 2.3 - 2.65 g/cc. The porosity of
the material is approximately 20 %. A mean pore-size of 20 pm
is given (fig. 1.6). Most pores are smaller, but -isolated
pores up to a size of 500 um were found (fig. 1.7). Due to the
process (the gaseous nitrogen has to penetrade into the
silicon compacts by the pores) the maximum wall thickness is
limited to 12.5 mm. Due to the variation of pores and other
defects in the material, the strength properties of reaction
bonded silicon nitride are expressed as Weibull distributions.
The strength figures are derived from three- or four point
bend tests. The kind of test, the density of the material, the
machining of the testpiece, the volume of the testpiece and
the heat treatment of the testpiece have an influence on
the measured strength. Oxidation of the material at high
temperature would result in higher strength at room temperatu-
re due to the formation of a layer of silicon oxide, with a
larger volume which results in a compressive stress at the
surface ([ref. 1.16]. The strength as well as the critical
stress intensity factor of reaction bonded silicon nitride are
almost constant over the temperature range of 300 - 1770 K.
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Figure 1.6  Reaction bonded silicon Figure 1.7  Reaction bonded silicon
nitride of AME, normal pore size. nitride of AME, large pore size.

1.7.2 Aluminium oxide

To increase the density of the sintered alumina a pressure can
be applied during the process. Pure alumina powder particles
are mixed with a sintering aid (MgO or 2r0,). Under high
pressure up to 4 GPa and at temperatures up to 1800 K alumina
compacts are sintered to final density. It is not possible to
make a green body which can be machined. After sintering, the
machining to net shape has to be performed with diamond tools.
There is no limitation to the thickness of the material.
During sintering the shrinkage of the compact is 5 - 20 %. The
porosity of the final product can be up to nil % (fig. 1.8).
In high purity alumina the content of the sintering aid will
be less than 0.5 %. Due to this sintering aid the strength of
alumina decreases above the melting temperature of the reacti-
on products of the sintering aid. The material data of alumina
also have to be given as a Weibull distribution.

1.7.3 Fibers

The fibers for the insulating material are made by a spinning
process. Droplets of alumina fall onto a rotating disc. By
means of the centripetal force they leave the disc forming a
fiber. Outside the cylinder the molten fibers are solidified
by a gas stream. The fiber diameter is 3 upm. Fibers, mixed

15
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Figure 1.8 Aluminium oxide ceramic of Figure 1.9 Alumina based fibreous in-
ESK. sulating board, Zal 45 of ICI.

with an organic binder form an alumina blanket. The blanket is
compressed to form the alumina board (fig. 1.9). By a firing
procedure the organic binder is removed.

1.8 Test design of modulair wall segment

A schematic overall drawing of the test-rig is given in figure
2.1. The excitator, coupling beam, wall segment and oven can
be seen in figure 1.10. The segment design is given in figure
1.11. A drawing of the measuring cylinder will be given in
figure 2.6. The leafspring system is explained in more detail
by figure 4.39. The numbers of some parts, (between brackets)
used hereafter, correspond with a figure number and the posi-
tion number within that figure. The frontal size of the test-
piece is taken to be 125x200 mm?. The inner three layers of the
wall will be used in the testpiece. The effect of the pressure
vessel is neglected. The inner layer (11.7) should be made out
of RBSN. This material can only be produced with a thickness
of 12.5 mm. The mass of the inner layer will be used to simu-
late the vibrating load (section 2.3), due to the pressure
fluctuations, on the bolt. Since a RBSN tile of 125x200x12.5
mm®, in combination with the excitator, can not simulate this
load we have chosen to use alumina as a tile material. This
tile has a thickness of 25 mm. To obtain a heat flux of 40
kW /m? through the wall, the thickness of the insulating layer
(11.8 11.9 11.10) has to be 32 mm. This value is calculated
using and extrapolating the material properties indicated by
the manufacturer. These properties will be verified (chapter
3 & 4).
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Figure 110 Schematic overview of excitator, coupling beam, wall segrment and
oven.

The ceoeling layer consists of a 16 mm thick and a 8 mm thick
plate of glass fiber reinforced epoxy. The 16 mm thick plate
{11.11} has to transmit the pressure forces to the studs.
Grooves {11.4) are machined in the thin plate (11.11)., Water,
as a cooling medium, flows through these grooves. A thin wall
between cooling medium and insulating fiber permits the
desired heat flux to flow through the epoxy without exceeding
the allowable temperature of this material.

By means of two RBSN bolts (11.6) these layers are connected
to the end-plate of the coupling beam to an excitator. The
pressure fluctustions in the MHD generator will be simulated
by means of the vibration generator. We have chosen Lo use two
bolts to prevent the inner tile from rotating. The weight of
the inner tile is balanced. This will reduce transverse forces
on the belts. On the cold side of the construction, the bolts
are lengthened to accept a force measuring system {11.14). To
provide a fine control of the applied force, a steel cylinder
{11.17) with fine screw-thread is glued and clamped to the end
of each bolt. To make sure that no bending moment is introdu-
ced at the end of the bplts, cardanic joints (11.2) are placed
between the force measuring systems and the endplate (11.3) of
the coupling beam (11.16). The leaf spring system (11.13) at
the c¢old side and the ball and cup (11.5) at the hot side
reduce the bending moment as well. Over a length of 20 mm the
diameter of the bolt is reduced to increase the tensile stress
to a range which will decrease the lifetime sigaificantly.
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Figure 1.11 Cross section of the designed wall segment with testbolis.

Description of the parts of the testpiece of figure 1.11.

no.

1

D =3 O L N

steel spring washer
cardanic joint

end plate

water cooling channel
ball-and-cup

gilicon nitride bolt
alumina tile

Zal 45 board

Zal 45 board
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no.
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i1
12
i3
14
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i
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zal 45 board
glasfibre/epoxy bcard
glasfibre/epxoy board
leaf spring system
measuring tube
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copupling beam

thread clamp
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XPERI SET--

2.1 Introduction

The most realistic way to test MHD generator walls is to place
them in a MHD generator and to expose them to the working gas and
temperatures of a real MHD system. This is a realistic but
expensive way of testing. Another good way to test the wall
segments is to build a test-rig in which several of the MHD
conditions can be simulated. An overall view of such a set-up is
given in figure 2.1. In the set-up it is not possible to simulate
all the conditions of the generator.

HF:ﬂ
. [
data vibration vibration 5 g+ ¢ laser oven +
acqui—-  excitator excitator, £ 20 4a interfer— interfero—
sition control + sound agggﬁ meter meter
cooling isolation 2omod control

Figure 2.1 Schematic view of the test rig.

In a real MHD generator the wall segments will be exposed to a
variety of loads, as described in chapter 1. These loads are the

following:
- thermal - mechanical
- electrical - corrosive
- gas tight -~ erosive.

It is decided to simulate, in the test-rig, the thermal and
mechanical load on the wall segment. The segment will not be
exposed to electrical arcs. The reactive c¢esium in an argon
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cesium mixture as the atmosphere in the oven will not be used.
For the experiments the alumina insulating materials can be used
in the oven [ref. 2.1]. An argon purge will be used along the
testbolts to minimize oxidation. The thermal load on the segment
will be simulated by means of an oven. The oven is described in
section 2.2. The fluctuating mechanical load on the wall segment
will be simulated by means of the inertial force of an
accelerating heavy plate. The vibration excitator to produce this
acceleration is described in section 2.3. The mechanical load on
the testpiece will be measured by means of two different systems.
The first system is an interferometer which measures the
acceleration of the heavy plate. This system is described in
section 2.4 and appendix B. The second system is a strain gauge
system which measures the forces in the testbolts. Section 2.5
describes the strain gauge system. The data from both measuring
systems and from thermocouples in the oven are acquired by means
of a computer system. This system is described in section 2.6.

2.2 Oven

The heat input, into a MHD wall segment, can be simulated in
various ways. Possible heating systems are:

- an infrared radiation source

- & natural gas burner

- an electrical oven.
For the ease of control it is chosen to heat the wall segment by
means of an electrical oven. The wall segment should not be
placed inside the oven but it should be incorporated as part of
the wall of the oven. Most commercial availlable ovens are
constructed in such a way that the heating system is part of the
wall. Such an oven can not be used. So we designed and built our
own oven. The requirements are the following:

- an inner wall (testpiece) temperature of 1500 °C

- be able to supply a heat flux of 40 kWw/m® into the test-

piece

- have an inner chamber of 200x200x200 mm®

- include two diagnostics ports

- have a wall opening of 125x200 mm® for the testpiece

To meet these requirements the oven presented in figure 2.2 has
been build. The inner chamber is surrounded by Zircar ZAL 45, the
alumina fiber insulating board. The outer wall of the oven is
aluminium. The space between the outer and inner wall is filled
with Saffil, an alumina fiber insulating wool. Three silicon
carbide heating elements are placed inside the inner chamber.
These silicon carbide heating elements type Globar of Carborundum
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aluminium outer wall
Saffil insulation wool
Zircar inner wall
diagnostic port

»  SiC heating elements
(Globar)

opening for
wall segment

Figure 2.2 Designed oven with two diagnostic ports in the reverse side and with a opening
in the front to accept the testpiece.

can transmit the desired power at a temperature of 1600 °C.
Because of the fact that the terminals of the elements should be
kept at a low temperature, the elements are inserted from the
bottom. The temperature in the oven is controlled by a West 2050
programmable controller which activates a thyristor in the power
supply. Besides the controller there are two safety systems to

prevent overheating of the oven. This control and safety system
is given by figure 2.3.

TC1 TCR2

control— oven Tmax
ler detector

shunt =

£ thyristor
*t

trans— meter r_—-l

former

relay I =

powerline

Figure 2.3 Control and safety systems of the oven. Normally the temperature in the oven is
controlled by means of TCI and the controller. A too high temperature in the heating
elements results in a shut down of the oven. If the power consumption is too high the oven
will also be shut down.
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In the oven there are a number of thermocouples measuring the
temperature distribution. The measurements from these thermo-
couples will be used to calculate some thermal properties of the
materials used.

2.3 Vibration generator

The testbolts are to be exposed, in the test-rig, to stress
fluctuations, which are similar to those in the MHD generator.
One way to do this is to incorporate the testpiece in the wall
of a pressure vessel and to change the pressure in this vessel.
However to change the pressure in such a volume over 50 kPa at
a frequency of 1000 Hz would not be easy. Another way to achieve
these stress fluctuations is the following. Place a heavy plate
under the boltheads. Vibrate the total testpiece. Due to the
inertia of the heavy plate the testbolts will be loaded with a
fluctuating force. We will use this method in our test-rig.

The size of the inner plate is 125x200 mm?. With a pressure
fluctuation of 50 kPa this will result in a force fluctuation of
1250 N. If we assume the mass of the inner plate to be 2 kg, the
acceleration we need is 625 m/s?. This is correct if we assume a
phase difference of 90 degrees between the movement of the inner
plate and the movement of the steel back plate. Both hydraulic
and electrodynamic vibration generators can deliver this force
(acceleration) at the frequency of 1000 Hz. If we would like to
increase the frequency the only available generators are the
electrodynamic generators. Because of flexibility it is decided
to use an electrodynamic vibration generator. We have chosen type
716 of Ling Dynamic Systems with a frequency range of 5 - 5000
Hz, a maximum acceleration of 700 m/s? and a maximum force of
3100 N.

2.4

2.4.1 Michelson-interferometer

In the experiment some properties of the materials used will be
verified. To do this the dynamic model of section 3.2, the force
measurement, to be described in chapter 2.5 and the acceleration
of the steel back plate will be used. Also needed is the accele-
ration of the inner hot plate. Since this plate is hot (1500 °C)
a normal acceleration probe can not be used. A laser-interferome-
ter is used, because it has the possibility to measure movements
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with a resolution of 0.15-10"% m. This is sufficient as will be
shown later in this section. The laser-interferometer used is the
Michelson-interferometer [ref. 2.3 - 2.5]. The basic set-up of
this interferometer is given in fig. 2.4.

e

beam 1

moving
mirror

LASER

L1

u”

semi
-transparent
mirror

detector

Figure 2.4 Basic set-up of a Michelson interferometer.

The light of the laser is split by means of a semi transparent
mirror into two beams. One beam is reflected on a fixed mirror.
The other beam is reflected on the moving mirror. Both reflected
beams are collected in a detector. A comprehensive description
of the Michelson-interferometer is given in appendix B.

2.4.2 Application of the interferometer

The experimental setup of the laser-interferometer is given in
figure 2.5. Due to the positions of the heating elements in the
oven, the incident laser beam can not be placed perpendicular on
the moving mirror. We will compensate the calculated displacement
for this obligue measurement. Instead of a fixed mirror we use
a couple of beam-splitters to direct one beam into the detector
and one beam through the oven. This can cause some problems. The
first problem is related to the fact that the wavelength depends
on the temperature of the medium, through which the beam passes.
Since we measure displacements in wavelengths we have to know the
wavelength to express the displacement in m. The second problem
is due to the fact that the air inside the oven is moving. So the
temperature at a certain place can change in time. We will
discuss the influence, of these twoc problems, on the calculated
displacement.
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Figure 2.5 Experimental laser-interferometer set-up.

The frequency of the light is independent of the medium. The
wavelength of this light depends on the refractive index of the
medium. According to Popela {ref. 2.6] this dependency is given

by formula 2.1 - 2.3,
A

vac
1r
2 n

n - £(7, p, ¢, A,.)

AA. - f(T:p:(b)

(2.1)

(2.2)

(2.3)

- (0.095pT -~ 0.057 - 60p + 0.05¢T - 0.215¢ + 23936)10"5m

refractive index
temperature
pressure
humidity

At a pressure p of 760 Torr., a temperature of 20

(-1

[ecil

[Torr]

[%]

°C and a

humidity ¢ of 0 % this gives a temperature dependency of the

wavelength according to formula 2.4.
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For the HeNe-laser this results in the following wavelengths.

j"\m: = 0,63299138-10% m
A‘IS K, 760 Torr = 0.6328-10% m
’ M ~6
1773 K, 760 Torr = 0.6337-10"° m.

The front of the testpiece is at 1773 K. The movement of the
testpiece is very small (20-10%° m). Within this small region
there will be no change in temperature. So we can state that the
wavelength near the testpiece equals 0.6337-107 m.

The air in the oven will be heated near the heating elements and
will flow up there. At some distance (the inner wall of the oven)
from the elements the air will flow down. If we model this
problem as two concentric cylinders with the element as the
central cylinder, we can calculate the air velocity near the
outer cylinder [ref. 2.7, 2.8]. The air velocity near the outer
cylinder - the moving mirror - will be equal to 0.6 m/s. At a
beam diameter of 6-10> m the number of fringes on the detector
will be 11. If the temperature difference, of the air flowing
over the mirror, equals 1.5 K, this will result in two extra
fringes on the detector. It will take 0.01 seconds for the hot
air to cover the whole beam. During one period of the oscilating
movement the error in the calculated displacement will be 1.5-10"
8m. This is acceptable.

2.5 i auge m ent

The forces in the testbolts have to be measured. This will be
done by means of strain gauge measurements. We could attach the
strain gauges direct on to the silicon nitride bolt. But to
calculate the force in the bolt, given a certain strain, you have
to know the diameter and the Youngs modulus of the bolt. The
diameter can easily be measured. The Youngs modulus of the
silicon nitride material is not exactly known. Strain gauges
directly bonded to the ceramic can be used if each bolt is
calibrated, at the temperature at which it will be used. To
perform a good calibration the calibration force should be
aligned with the axis of the bolt. It takes a lot of time to
calibrate all bolts at the used temperature and with an aligned
force. It is easier to use separate measuring shells with strain
gauges. These separate shells have to be calibrated only once.
The measuring shells can be placed on the cold side of the
testpiece so there is no temperature influence on the Youngs
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Figure 2.6 Stainless steel measuring shell with four measuring strain gauges
(8G,,) and two temperature compensating strain gauges (SG.).

modulus of the shell material or on the strain gauge. A drawing
of a shell is given in figure 2.6.

The shells are made out of stainless steel 316. Four strain gau-
ges (CFLA.6.350.11 of Tokyo Sokki) are directly bonded to the
shell. Two strain gauges, of the same type, are bonded to thin
stainless steel plates. These curved plates are bonded with heat
sink compound to the measuring shell. The latter two are
temperature compensating strain gauges. Only two of the four gau-
ges on each shell in combination with the two compensating gauges
per shell are used during the measurements. By changing the
wiring at the amplifier the gauges to be used can be selected.
The amplifiers used are Vishay amplifiers type 2100. These are
direct voltage amplifiers.

Known the dimensions of the shell, its Youngs modulus, the gauge
factor of the strain gauges and the gain of the amplifier the
force - voltage relation can be calculated {ref. 2.9)]. This will
be done. But the shells will be calibrated as well. The
calculations of the force - voltage relation will be given in
appendix C.

If two opposite strain gauges on the shell are used, both axial
force and transverse bending moment can be calculated. The total
axial force is given by formula 2.5 and the bending stress can
be deduced from that formula. The definition of the symbols used
is given in figure 2.7.
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u: outer material fibre (outer radius)
r: inner radius

Figure 2.7 Definition of stresses in the measuring shell.

F, - Afi%_"_z ' . (2.5)
F .
—;x' = O iensile (2.6)

O pending = Omax.(1,2) ~ @ tensile (2.7)

- YFu _ o . Ovenaingl (2.8)

¢
bending I uF,

So with two strain gauges the bending moment can be measured.

The strain gauge shells were calibrated in the range from 0 ~ 500
kgf. This was done by means of another force measuring system.
This calibration force measuring system consists of a force
transducer, mark Peekel, type TD00500, and an excitation and
amplifier system, mark Peekel, type MCA 130 (CA 100, CCA 100).
Both the Peekel force transducer and the shell, to be calibrated,
in series, were loaded with a force. The output voltage, from two
opposite strain gauges, amplified by the Vishay system was
plotted as function of the force measured by the Peekel system.
Such a plot is given in figure 2.8. From these plots the
relations given in table 2.1 were derived.
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Table 2.1 Force-voltage relations for the used strain gauges

0-500 strain strain strain strain mean variance
kgf gauges | gauges | gauges gauges - | strain

‘ 13 24 57 68
y = fix) 1.6083 1.5881 15155 1.4379 1.5374 0.0670
107V /kgf
cor.coef 0.9999 0.9996 0.9997 0.9994
x = fly) 62.177 | 62.968 65.985 69.546 65.169 2.89
kef/V

2.6 Data-acguisi;ign

From the experiment a large number of data can be extracted.
These data will be divided in several groups. The first group of
data come from the temperature probes in the oven and in the
testpiece. The second group of data are formed by the signals
from the strain gauge measurements. A third group of data come

tion to the dat
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from the laser-interferometer. These three groups of data are
frequently sampled by a CAMAC-crate based computer system. A
fourth group of data come from the acceleration measurements on
the cold side of the testpiece. These data are visualised on an
oscilloscope. The fifth group of data come from several flow
meters. These data are regulary acquired by hand.

Data- uisiti the CAMAC-~crate

The CAMAC-crate is a system in which several measure-modules can
be placed without the need of separate interfaces. The CAMAC-
crate is described in IEEE standard 583 [ref. 2.10]. CAMAC is
short for Computer Automated Measurement And Control. The
standard describes the mechanical and electrical interfaces
between the crate and the plug-in modules. The CAMAC-crate is
controlled by a controller which can be connected to a computer.
The used CAMAC-crate is controlled by a CAPRO-68K computer. This
CAPRO is connected to a CADMUS mini-computer.
The temperatures in the oven and in the testpiece are measured
by means of thermocouples. The following three kind of thermo-
couples are used for the described temperature range.

~ <Chromel - Alumel 0 - 1000 °C

- Pt - PtRh10% - 0 - 1700 - °C

- PtRh6% - PtRh30% 100 - 1800 °C.
The signals (0 - 30 mV) from these thermocouples are fed into a
Programmable Gain Amplifier (PGA), model 5302 of BiRa, which is
placed in the crate. Between the experiment and the crate, there
is, in a constant temperature box, a change from thermocouple—
wire into Cu-wire. In the PGA the signals are amplified (gain
depending on the type of thermocouple) before they are fed into
a 12 bits A/D convertor. The digital results are stored in-the
PGA for some time. The controller is programmed to send, every
30 seconds, a signal to the PGA to start a sampling sequence.
After this sequence the binary data are transported-from the PGA
to the CAPRO. The CAPRO stores these results for one hour. Each
hour the results are sent to the CADMUS computer for further
processing. The -data on the CADMUS are, normally every. day,
translated into time-temperature plots [ref. 2.11,-2.12].
The signals from the strain gauges are also sampled by the PGA
in the CAMAC-crate. These signals fluctuate in time with a
frequency of 1000 Hz. The signals consist of a DC-part and an AC-
part superimposed on the DC-part. By means of a filter (figure
2.9) these two signals are separated into two constant signals.
So it is possible to sample those signals with the same system
and procedures as the temperature sampling system.
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Figure 2.9 Strain gauge signals before and after filtering system.

The acceleration of the inner plate is measured by the CAMAC-
system as well. The data-processing of this signal is done in a
different way as the processing of the temperature and strain
gauge signals. For the acceleration of the inner plate, which is
measured by the laser-interferometer described in section 2.4,
the fringes that pass over the detector have to be count. The
acceleration has a period time of 1 ms. So counting the fringes
for one millisecond would be good enough. As a compromise between
poor determination of small acceleration signals (few fringes)
and disturbance of the optical path due to convection and
turbulence in the oven, the fringes are counted during 5 ms. This
will be repeated ten times with an interval of 5 ms. The mean
- value of these ten measurements is taken as the acceleration. The
fringes, passing over the detector, are counted by a gquad BCD
scaler type 9021 A&B of Nuclear Enterprises LTD. The inhibit
signals to start the scaler are generated by & programmable clock
generator, model 8501 of Le Croy. Every 30 sec, at the end of the
temperature and strain gauge cyclus, the acceleration measuring
cyclus is started. The results of the acceleration measurements
are stored on the CAPRO, they are daily processed by the CADMUS.
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2.6 ta-acquisitio hand

The signal from the acceleration probe on the cold side of the
testpiece is regqularly acquired by hand. This signal together
with the signals of the strain gauges and of the laser-inter-
ferometer are used to determine the Youngs moduli of the used
materials. The used acceleration probe is a pi&zo-electric probe
type 4384 of Brilel & Kij®r. The output from this probe is
amplified by a Brilel & Kjer piézo-electric amplifier type 5001.
There are five flow meters incorporated in the experiment. Three
flow meters are placed in air cooling systems. Two of these
systems are used to cool the thermocouple connections boards near
the oven. The third system is connected to the air flow through
the excitator. These three systems are only monitored on a daily
base. Flow meter number four is placed in an Argon purge system.
The Argon purge is used to minimise the oxidation of the
testbolts in the oven. This purge is kept at a constant flow of
0.070 nm’/h. The fifth flow meter is placed in the water cooling
system of the testpiece. The measurement of this flow meter,
together with the temperature measurement of the inlet- and
outlet temperature of the cooling water, is used to calculate the
heat £lux through the testpiece. Together with temperature
measurements in the testpiece the heat conduction coefficients
of the insulating layer, at different temperatures will be
calculated. The flow of the cooling water is controlled in such
a way that the temperature, of the hot side of the epoxy cooling
plate, will not exceed 180 °C. Twice a day this flow meter data
are acguired. ‘
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3 MODELLING
3 ntr tion

To obtain the necessary information for the design of a modu-
lar MHD generator wall element, several problems will be
solved. These problems are relative to the following items:
- the dynamic behaviour of the generator wall due to the
pressure fluctuations
- the temperature distribution in the wall segment in
relation with the Youngs modulus of the materials
- the stress distribution in the bolt
- the finite lifetime of the wall segment due to the
crack growth in the bolt
- the maximum allowable stress in the bolt glven a
probability of failure.
These problems will be dealt with separately u81ng some mod-
els, The first model will deacrlbe the coupling of all the
elements that make up the testpiece. It is a simple model that
will calculate. the dynamic force acting on the testbolt. This
first model makes use of the simulationprogram‘TUTSIM. Due to
the poor dynamic resolution of this program a new program had
to be made, This model will be described in section 3.2. In
section 3.3 the second model, a kind of finite element method
calculation- for the heat transfer in the testpiece, is pgesen~'
ted. With the third model, a mechanical finite element method,
the stress distribution in the testbolt is calculated, given
the result of the models mentioned before and the physical
dimensions of the bolt. The finite element method will be
dealt with in section 3.4. The fourth model will describe the
slow crack growth in ceramics. The description of this model
is gradually presented, starting at a constant load, over a
slowly increasing load to a dynamic .changing load. The model
is presented in section 3.5. The fifth model, in section 3.6,
presents a tool to calculate the allowable stress in our bolt
at a given probability of failure, the stress volume integral.
Combination of these models results in a method to calculate
the lifetime of an MHD generator wall. This will be done in
section 3.7.
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Dynami viour
3.2.1 Mod ing of the d ic behaviour

The testbolts will mainly be loaded by a combination of a
static and a dynamic force, as is explained in section 1.6.
The dynamic force represents the pressure fluctuations in the
MHD channel. We assume that these fluctuations are periodical.
The frequency of these fluctuations is 1 kHz and the amplitude
can be as high as 50 kPa [ref. 3.1]. Given these values and
known the dimensions of the testpiece it is possible to cal-
culate the forces, due to the pressure fluctuations, that act
on the bolts according to:

F = ApxA (3.1)

The static force acting on the bolts is a pre-tension force,

needed to prevent a clearance between the several parts of the
construction. To make sure that there will never be a clear-
ance in the construction (section 1.6), the pre-tension force
will be taken twice as high as the force representing the
pressure fluctuations.
In the testrig the same load on the testbolts will be realis-
ed. The pressure fluctuations will be simulated by the iner-
tial force of an oscillating mass. The force in the bolts will
be measured by a strain gauge measuring unit. Also the ac-
celeration of the inner- and outer plate of the testpiece will
be measured. Given these accellerations and forces it is
possible, with the aid of a good model, to calculate some
material constants of the intermediate layers. There are
several methods available to model our testpiece. Pirstly a
simulation program can be used, that, after setting up of a
block diagram, creates the total mathematical model of the
system and solves the resulting equations. This can be done by
using the simulation program TUTSIM (Twente University of
Technology SIMulation). Secondly, by a correct combination of
the formulas describing the behaviour of the elements a mathe
matical model of the total system can be made and the dif-
ferential equations describing this system can be solved.

3.2. [s]

The simulation program TUTSIM is the digital follow up of the
analog computer to simulate physical problems. So TUTSIM works
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with the same block structure as the old analog computer i.e.
integration blocks, summation blocks etc.. For all physical

problems (mechanical, electrical, thermal, etc.) the TUTSIM
flow scheme is simply:

Problem ---> block model ---> mathematical model---> results.

Before the formulation of the mathematical model the equations
have to be known that describe the dynamical behaviour of the
elements that make up the system. These simple elements are a
mass, a damper and a spring. The constitutive equations which
give the relations between force and acceleration, between
force and velocity and between force and place for the respec-
tive mass, damper and spring are given below [ref. 3.2]

MASS: F - Ma - y3X (3.2)
de?

. - . gdx (3.3)
DAMPER: F dv ddt (
SPRING: F = Cx ‘ T o (3.4)
F force ‘ = V {N]
M mass ” [kg]
a acceleration ‘ . Y[miszl
X position . B o . .o [m]
t time . : f : X [s]
d damper [kg/s]
v velocity o L o [m/s]
c stiffness “ o o - [N/m]

PR

TUTSIM is a very simple program to handle. It is sufficient to
£ill . in the damplng constants etc. in. a  correctly arranged
block diagram. - « ~ :
The modelled . testpiece con31sts of a coupllng beam, a coollng
plate, a few .isolation plates and a .heavy inner plate. The
whole is bolted together with two testbolts (fig. .3.1). Only
movements in the -axial direction are considered. Non-axial
movements of the whole and in plane bending of the inner plate
are neglected. It appears that, in the model, to get a good
representation of the construction, the beam should be divided
in three different parts. This subdividing is indicated in
figure 3.1. The resulting block model for TUTSIM is given by
figure 3.2.
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Figure 3.1 Division into several masses of the coupling-beam and the
wall segment.

Figure 3.2 TUTSIM block model of coupling beam and wall segment.
The mass of the bolt is neglected.

To run this model on a computer, with a normal sine input ac-
celeration, all the initial conditions of the integrators have
to be known. This is very difficult to realise. It is more
easy to use a soft starter. A soft starter is an input signal
which has zero amplitude, zero velocity, zero acceleration and
zero impact at time t equals zero. The so called oblique sine
is a good example of a soft starter {ref. 3.3]. The for-
mulation of an oblique sine is given by formula 3.S5.

, , A A i, 20t

: - Wo—— W ew— .5
Oblique sine: y{t) %t mﬁm(gj (3.5)
A amplitude of cyclic function [N}
t, time during which oblique sine is active {8]
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Despite the use of this soft starter the simulations did not
reach a steady state. The amplitudes increased step after step
(fig. 3.3 A). In the real experiments the amplitudes of the
accelerations reached a certain steady state level. The number
of calculations for the model was extremely large (over 3-10%).
The range of the stiffnesses of the components was also large
(110 - 1-10"). The integration procedure, used by TUTSIM,
has no accuracy control. Due to these reasons the simulations
jammed. :

3.2.3 .Coupled gifggggngigl gguations

Since the TUTSIM code failed to produce a steady state soluti-
on another method had to be used to solve our dynamical pro-
blem. The second method mentioned in section 3.1 will be used..
The formulation of the total mathematical model, desribing the
acceleration of all the masses in the system is given by for-.
mulas 3.6 - 3.11. These are a number of coupled differential

C, c, R R, . F by ;
;zo - .._._?.xo + _OXI - _‘;;{o + .....3;21 & ndn . - {3.6))
" Tm, m t m, m, m, ,

;21 - .E‘Zxo - .9.?.:.93.. # .g?.xz + ﬁxo - R0+R1;{'1‘ ,,..1.'51. : (3.7) ‘
m, m - m m; my m, ;
;?2 - & - CI*C‘?*’CS;{‘?-’-& 3+...§x5+£1.x - RI*R?}{'Z«#.EEXJ ' ;(3.8)
* ny 2, mn, my. ~ My m, my
o CACr, . € Ry, . Rp#R,, "Ry =~ aar’
2 - Sy Gy G, Ry ReRiy By Gl
g mny 1, oy T my o my T o
R
2, - Sy GGy L Sy By L BeRay L By (3.10)
m, m, m, m, mg T4 om ,
- ¢, . R,. R,. :
Ry = ixz"' __.4,)(4- .....f.xs.;. ._424.. .....f.xs (3.11)

my Sy T Mg g Mg

equations which can be represented by the matrix notation of
formula 3.12. Because of its high accuracy the one step expli-
cit Runge-Kutta scheme of order five is chosen to solve this
set of equations. Once the acceleration of the masses ‘is
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d?x
dt?

dx

e +

a B F(t) (3.12)

x]+

known, as functions of the places and velocities of the mas-
ses, the coefficients of the matrixes A and B can be calculat-
ed. Now the set of equations can be solved. As a result there
can be computed, as a function of time, the accelerations,
velocities and positions of the masses and the forces in the
springs and dampers. For the model (fig. 3.2) this is done.
With the same parameters as used in the TUTSIM method, the
Runge-Rutta method did not jam. The result is given in figure
3.3 B. To determine the Youngs module we will process our
measured results with the Runge-Kutta method.

g in m/s?

«1008 4500

15 20 % » k] 16 *» ] » E

Figure 3.3 Results of the calculated acceleration of the inner tile (m5 fig. 3.2) with the
TUTSIM method (A) and with the Runge-Kutta method (B).

3.3 Thermal modelling

In a real MHD generator the inner part of the generator wall
is exposed to a high temperature, fast flowing gas. The outer
side of the generator is enclosed in a superconducting magnet.
To minimise the thermal input into the magnet the outer side
of the generator should be kept at low temperature. To realise
this condition the generator wall is built up of several
layers (fig. 1.5). To simulate a real generator wall the test-
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piece will be exposed to the same temperature gradient, which
will result in a certain heat flow through the testpiece.

For the calculation of the stress distribution in the testbolt
the temperature distribution in the testpiece has to be known
because the material constants of the bolts are temperature

dependent.,
will also be verified.
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The material constants given by the manufacturers

Figure 3.4 Cylinder-symmetr-
ical model of the wall segment
with the considered heat flu-
xes.

Definitions of
elements and distances of
the thermal model.

Before the calculation of the temperature distribution in the
testpiece it first has to be modelled. There are some assump-
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tions made. Only one half of the testpiece is considered. The
neighbourhood of the testbolt is of interest and it is stated
that this is a cylindrical region. Since the problem is not
time dependent only the steady state is considered. In this
way the testpiece of figure 1.11 has been simplified to the
cylinder-symmetrical model of figure 3.4. This is a pseudo
two-dimensional heat problem. The model of figure 3.4 will be
divided into small elements. For each element the heat balance
is set-up [ref. 3.5]. The combination of these balances re-~
sults in the total system balance and which will be solved

for the steady state heat flux. For element i (fig. 3.5) the
heat flux from element n into element i is given by formula
3.13.

Heat flux q,., - 1 (T, - T;) = Ko ;(Tp- Ty (3.13)
R, ; + R;p

q heat flux : [W]

R, ; heat resistance [K/W]
between element n and element i

Roi 7 Ry, '

K,; total heat conduction [W/K]
between element n and element i

Kn,i = Ki,n

T temperature [K]

For the stationary system, without sources, combining these
equations for all elements results in the system heat balance.

n n

?_j(xi,jnrj) - ATRY (K ) = 0 (3.14)
-1 I3

For a system consisting of m X m elements the matrix notation

is given by formula 3.15. Because of the fact that a

cylindrical system is used, the heat conduction factors are

radial dependent [ref. 3.5].

. . . Tiux
Kisom Ki sy ~Ki s K; i Ki tom T - o (3.15)
: T:q

Tt L
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Kig = K yn*Kij 3% Ky * Kp jp

K., - bh

i-2.1 In(r,, /1), Inlr/z,,) (3.16)
A’i-l }'i

K - $h

2.4 In(ry,, /) In(ry,/ri,) (3.17)
a’i }‘1“1

1
K, . =
dom 2 difm,i + di,:‘.m (3.18)

AvwPims  Asdiim

Kims = dim: . & (3.19)

AswPim, i A4 im

® = tangential width of element [-1

h = height of element [m]
r = radius of element ‘ fm]
A

= heat conduction coefficient of element [W/mK]

To calculate the temperature distribution some heat inputs
(outputs) and the surrounding temperatures have to be defined.
These are the boundary conditions which will be incorporated
in the right hand side of the matrix equation. At the hot side
of the system there is a constant temperature of the heating
rods which results in a radiative and convectional heat input
term. The temperature of the inner side of the alumina tile is
determined by the program. Free convection along a vertical
wall (tile) is assumed to calculate the convectional heat
input. For the radiative heat input the emisivety factors used
are; €, = 0.92, e, 0.86. At the cold side we have two
different boundary conditions. The first cold side is the
cooling water channel. At this place there is assumed a con-
stant water temperature. The second cold side is the steel
plate of the testpiece. Due to the constant temperature out-
side the oven there is a radiative and a convectional negative
heat input at the steel plate. There are two other boundaries
of our cylindrical system. At the axis of the cylinder there
is no heat transfer in radial direction. Alsc at the outer
radius of the cylinder there will be no radial heat transfer.
The equation to be solved is equation 3.20. This equation is
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solved in an iterative way. For a given temperature all heat
conduction factors are calculated. These factors are position,
material and temperature dependent. With these factors the

_KILJ ’ ’ 0 T’ [ -xl,ovTov
) ' ) =Kz, ovTov
.'K,i,.i . . Tiz' - (3-20)
) ~K Ty
. L. . . 'Kn-z.surTsux
0 . R K,m,m | T ol =Ko, sur Tsur
100
depth
in mm
80 alumina tile
1700 K
60
~’“\\\~‘*
40 |B N—
S
350 K
;’ glasfibre epoxy
0 t "T steel endplate
0 20 40 60 radius in mm

Figure 3.6 Isotherms in testpiece as results of the calculations.

matrix equation is solved, which will result in the new tempe-
ratures of all the elements. With these new temperatures the
heat conduction factors are recalculated and the matrix e-
quation is solved again to give a new temperature distribu-
tion. If the difference between the last and the last but one
distribution is small enough the calculation stops. Figure 3.6
shows the isotherms in the testpiece while figure 3.7 gives a
three-dimensional view of the temperature distribution.
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Figure 3.7 Temperature d:lrtributiorg in testpiece. Left-side is bolt-axis.

3.4 ack growth modellin

3.4. uberitic crack growth

Ceramics can withstand large compressive stresses. If a ten-
sile stress is put on the ceramic the situation is quite dif-
ferent. The cracks in the ceramics - from the fabrication
process or caused by the machining process - start to grow,
even at  low stresses. This is called the subcritical crack
growth [ref. 3.6 - 3.16]. The. first stage of it is sometimes
called corrosion induced crack growth [ref. 3.17). We will
call the total phenomena subcritical crack growth, but we have
to keep in mind that it is influenced by the environment. The
cracks will grow in size, often at a very low speed, until
catastrofic failure of the ceramic part occurs. In the next
sections this crack growth phenomena will be described.
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3.4.2 Crack velocity versus stress intensity

The relation between the crack velocity and the applied stress
intensity factor has been determined by a number of authors
for several materials [ref. 3.19 - 3.20]. An idealised diagram
of this relation, in which there are a number of stages, is
shown in figure 3.8. '

v
m/s stage 3

(log) _
stage 2

stage 1

; |
K. Ki N/mi’?
(log)

Figure 3.8 Crack velocity versus stress intensity factor.

In stage 1 the log v is proportional to log K;. In this region
there is a strong interaction between the environment and the
ceramic. In stage 2 the rate of diffusion of corrosive species
to the crack tip is rate controlling and the v is independent
of K;,. In stage 3 the log v is again proportional to log K;.
Several mechanism, e.g. plastic deformation induced crack
growth, thermal induced dislocation movement or grain boundary
sliding control this stage. This stage is assumed to occur in
all ceramics. At the end of stage 3 the stress intensity
factor has reached its critical value (material dependent) and
the crack will grow instantanecusly with a catastrophic
result. After definition of the stress intensity by formula
3.21 a general expression of the crack growth relation will be
given by formula 3.22.

K = Yﬂ\fg (3.21)
K, = stress intensity factor [N/m/2}
Y = shapefactor of crack -1
¢ = global stress {pa]
a = crack length [m]

=2

v - % - 2 ® (voym) " (3.22)
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v crack growth velocity [m/8]
A* = constant [-]
Q = activation energy {J/mol]
R = gas constant [{J/molK]
T = temperature [K]

The relation for the crack growth velocity is temperature
dependent. The test will be performed at one temperature.
Relation 3.22 will be simplified to relation 3.23 to exclude
the temperature dependency. This relation will be used
throughout this thesis.

crack velocity : v = -g% = AK® (3.23)

Reaction bonded silicon nitride is a porous material (20 %).
Although a mean pore size of 20 um is given for our material,
the measured largest pore had a length of 835 pm. The pores
are surrounded by a number of grains. There is no secondary S0,
phase inside the pores nor between adjacent grains. At high
temperatures, in contrary to the HPSN, the RBSN grains can not

Figure 3.9 Schematic representation of crack growth by a combination of grain boundary
sliding and dislocation movement. Due to the grain boundary sliding along lines AB and
BC the crack will grow. Without self diffusion a secondary crack will be initialised at BD.
Self diffusion, either through the bulk (Nabarro-Herring) or by the grain boundaries
(Coble), will deform the grains to fill this secondary crack.

slide over a soft secondary phase. The crack growth can be
stimulated by thermal activated dislocation movement. The
dislocations can be formed at the grain boundaries ([ref.
3.21}. Another possible crack growth mechanism, which is said
to occur more often in RBSN [ref. 3.22], is the crack growth
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by means of grain boundary sliding. Figure 3.9 gives an im-
pression of several stages of this crack growth mechanism.

3.4.3 Subcritical crack growth under static load

Many constructions are subjected to a static load. Description
of the crack growth (lifetime) in such a construction is of
technical importance. Assume the ceramic part will be used
under a certain tensile stress distribution. The part will
first be proof tested shortly under a higher but equaly dis-
tributed stress a,- If the part does not break during the proof
test then nowhere in the part the stress intensity factor has

reached its critical level.

Ky = Youfa, < K (3.24)
Y = shape factor -]
o, = proof stress [Pa]
a, = crack length during proof test {m]

After thls proof stressing, the cracks, at the point of high-
est tensile stress, have a maximum length a,. During normal use
the stress o, on the part will be lower then the stress during

the proof stressing o,. The start value of K, will also be

lower.
K (t-0) =- Yo,fa, (3.25)
6, < o, » (3.26)
3.24,3.25,3.26 = K/(t=0) s —Uk_ ‘ (3.27)
OP

During a constant load the stress intensity factor only in-
creases due to the growth of the crack.

dKI(t) - Ycu da(t) {3.28)
dt 2/atey  dt
3.23,3.28 - HalO) _ AYO, .y (3.29)
de 2/a(Ey
K (&) - Yo Jal(ey (3.30)
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de,(t) _ AY%e?

3.29,3.30 I > KAL) (3.31)
Lffo)% - L:Wdt (3.32)
t, = Ayzouzfnz-z)xmn-z ((Kirg) )”_2- 1) L (3.34)

Since the part did not break during the test the size of the

largest crack will be smaller than a,.

Ly 2 2 (ﬁm- 1) (3.35)
AY?6 2(n -2) K, 2 \ 0,) .
0 [Te] Te] [Te}
b &
K Tg %S S s S
in (|Cu 70 50 30 10
n/nq/;r%ﬁz-—-/?é .T -T
2

1
A
0 3 6 "9 12 15
i 100 10° 1 10® 10
time in s

Figure 3.10 Increase of the stress intensity factor during the lifetime of a component,
according to formula 3.29, with o, as parameter. As soon as the curve reaches the
critical stress intensity factor of 2.5 MN/m** (RBSN) the component will fail. Due to the
greater than sign in formula 3.35 this failure can be postponed. The assumed o, is equal
to 80 MPa. The constants A = 1*10%, n = 18 are according to our measurements.
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If the proof stress is relatively high then a large number of
specimens will fail during proof stressing. If the proof
stress equals the stress during normal use then the lifetime
of some of the parts will be short. There has to be found an
optimum between tensile stress of the material, the proof
stress and the stress during normal use to achieve a certain
lifetime with a few failures during proof stressing. To make
sure that the lifetime can be calculated all the parts have to
be exposed to the proof stress. As will be shown in section
3.6 there is also another way to calculate the lifetime with-
out testing all the parts.

For certain values of o,/0, the increase of K, in time is given
by figure 3.10. A small change in the value of ¢, /0, has a
great influence on the lifetime as can be seen in this figure.

3.4.4 Subcritical ¢ owth under increasin

Although not of technical importance, the subcritical crack
growth under a slowly increasing load will be described in
this paragraph. As will be shown the model is important to
acquire material data that describe the subcritical crack
growth.

As with the constant load, all parts will be shortly proof
tested with a constant load, before applying the increasing
load. After the test the largest crack in the part has a
length a. During use the stress will be time dependent
according to fomula 3.36.

g,(t) ~ Bt ‘ (3.36)
B = constant [Pa/s]

For small values of B the stress intensity factor at time t =
1 5 will be.

0,(1)

P

K (1) - vo,(1)¥a(Z) = YB1/all) < Ko (3.37)

During the lifetime, the stress intensity factor will increase
due to the increase of the crack size and due to the growth of
the stress.

daK, () ATET YBt da(t) 3.38
dt YByatt) + 2/alty dt ( )
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dk,(t) _ YBK,(t) _  y?B?t? da(t)

3.37,3. 3.39

38 dt YBE 2K, () dt (3.39)

3.23,3.30 - 28 KO AYIBIEZ, ay (3.40)
dt z 2

There is no simple analytical solution for this differential
equation. This first order initial value problem will be
solved with a Runge-Kutta method. Figure 3.11 gives us the
increase of the stress intensity factor for a certain value of
B, compared with two curves of constant stress.

3.4.4.1 Determination of the crack growth parameters

The crack growth parameters n, A can be determined by measu-
ring the time to failure and the failure stress of two parts
loaded with different stress increment velocities. The crack
growth parameters are used in the power law for the crack
growth velocity v = da/dt = A-K,". Given therelation for a
slowly increasing stress superimposed on a constant stress ¢

pt.

o(t) = o, + 6t (3.41)

do(t) _ do(t) dt | S (3.42)

da(t) dt  da(t) v

L da(t) 8 |

3.23,3.41,3.42 D prrYYe (3.43)

3.21,3.43 = do(t) 6 (3.44)
da(t) AY P67 (t)Ja?(t)

on(t)do(t) - -—9dalt) (3.45)

AYafaE(t)

%f =n - ar (B'da(t) .46

-’;(O)G (C)da(t) j;(a) Aynlan({;) (3 4 )

ot m o™ 6 2 1. 1 (3.47)

n+1 ‘ AY? {n - 2)((\{&_.?)”“2 ((-m O,n'z
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Figure 3.11 Increase of the stress intensity factor during the lifetime of a component,
according to formula 3.40. Due to the greater than sign in formula 3.35 the lifetime can
be longer than the time the curve reaches the critical stress intensity factor Ky, = 2.5
MN/m*2 The assumed o, = 80 MPa. The constants A = 1*10 % n = 18 are according
to our measurements. Curve X represents a constant stress of 50 MPa. Curve Y represents
a slowly increasing stress with B = 50 Pa/s. Curve Z represents a constant stress of 25
MPa. The lifetime of the slowly increasing stress is longer than that of the constant stress
of 50 MPa.

o fa+1_op1n+1 -26 ( 1 1 )
- - (3.48)
n+ 1 ari(n - 2)| yr2 (@)™ ye-2(/atoy) ™’
> 3 +1 -2 -
3.21,3.24,3.48 = 2L %p"" 26 (872 _0(072) (3.49)
n+1 av?(n-2) | K, 7% K, (0)72
ol - o™ 26 o/ | 1 (3.50)
n+1 Ay¥(n - 2){ K" yee2(/ator) e

with Q-W and § =~ - 1
2(n+ 1) ya-2 (yatoy) *
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[ofa—z . s] (3.51)

With two different stress increase velocities ¢, and &, this
resulte in formula 3.52.

(o311 - 0311 Q
n-2
05{2 + 8
.fi - K1e / (3.52)
9z ( (0512 - 0590 ‘
0%
...2 + S
e

For both parts (both velocities) the factors K, , Q and S are
the same. With an iterative procedure it is possible to solve

eguation 3.52 to get the crack growth exponent n. Known the
factor K, and the lifetime t, the crack growth factor A can be
fitted to get a solution of the differential equation 3.40,
which described the crack growth under slowly increasing load.

The parameters, describing the crack growth velocity, accor-
ding to v = AK,", are now determined by this method.

5 Subcriti ck growth under cyclic ad

Many constructions are subjected to cyclic loads o, superimpo-
sed on a static load o, - The growth of a crack in a ceramic
part under such a load will be described in the first part of
this section. In the second part an effective stress will be
introduced which simplifies the calculation of the lifetime of
a ceramic under cyclic load.

As with the other loads, all parts will be proof tested,
before applying the normal load. After the test the largest
crack in the part has a length smaller than a,. During the use,
the stress can be time dependent e.g. according to formula
3.53.

0,(t) = o, +0,sin(wt) {3.53)
o, = pre-load stress [Pa]
¢,, = alternating stress [Pa]

Immediately after applying the load the maximum stress inten-
sity factor will be:
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K (£) = Yo,(t)/a, (3.54)

3.53,3.54 = K,/(t) - Yo, /a, + (Yo, /a,)sin(et) (3.55)

During the lifetime, the stress intensity factor will vary due
to the increase in crack size and due to the cyclic fluctuati-
on in the stress.

We have no detailed knowledge about processes of plasticity
near the crack tip in RBSN. Grain boundary sliding can be one
of the processes [ref. 3.22]. We suppose that static crack
growth, e.g. by grain boundary sliding, will be the most
important mechanism.

dKI( t) - Yopl da ( C)

+ WYo,,/a(t) cos(at)

de 2/a(ey dt
—E:r——,:(—’__r-::—-sin‘(mt) da(e) (3.56)
3.30,3.56 dKé::t) - Ys;;i;it) da(;tt) " &2;’5(%;;8) cos{wt)
X0019u(8) o3 () dRLEL (3.57)
2K (e dat
3.23,3.57 dxéit:) ) Ayzoplzoa(t) Kx(t)n*l+wccs(wt)
. AY2§8;ou(t} K, (£)™isin(et) (3.58)
3.53,3.58 | ﬁ’%—ﬂ Kr(t)(opj}‘:“fzf:;:(ﬁt))
+ W(o‘,f + 20,,0,,5in(wt) + 0,,’sin*(wt)) (3.59)
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Figure 3.12 Calculated envelope of the stress intensity factor during the lifetime of a
component, under cyclic load, according to formula 3.59. Due to the greater than sign in
formula 3.35 the lifetime can be longer than the time before the curve reaches the critical
stress intensity factor of RBSN K. = 2.5 MN/m*”. The assumed o, is 80 MPa, oy is 40
MPa and o, is 20 MPa. The constants A = 1*10%, n = 18 are according to our
measurements. '

Equation 3.59 has first been ‘solved with the Runge-Kutta
method. Afterwards an analytical solution was found for this
differential equation of Bernoulli (as is done in appendix D).
Using the analytical solution of equation 3.53, to calculate
the lifetime, is less time consuming than using the Runge-
Kutta method. Figure 3.12 gives the envelope of the stress
intensity factor for RBSN. ’

3.4.5.1 Effective stress

To calculate the lifetime of a ceramic part under a cyclic
load, with the Runge-Kutta method to solve equation 3.59, is
very time consuming. It is more adaquate to introduce an
effective stress and to use equation 3.35 to calculate the li-
fetime of a ceramic part. To simulate a cyclic load a constant
effective stress can be introduced, if the number of cycles is
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large during the lifetime of the part. If the periodic time is
very small compared to the lifetime, the increase in crack
size, during one cycle, can be neglected. During one period
the stress intensity factor will then be dependent on the
stress only.

K (t) = vo(t)fa - co(t) (3.60)
C : constant (m'/2)
a : mean value of crack size during one period [m]

The crack growth velocity will be given by formula 3.61.

dal(t)

v dc

AKF(L) = AC%oi(b) (3.61)

We will define the effective stress as that constant stress,
which has, during one period, the same effect on the crack
growth, as the cyclic stress [ref. 3.23].

- 17T :
- }..’?fo ACPg M (t)dt = ACP0 " (3.62)
1
T A
Corz = [%,L Uu"(t)dtl” (3.63)
T 4
Oorr ™ [—‘%fo (0,; + 0,8in(wt)) 2de|” (3.64)

For other periodic loads, with ¢ > 0 during the period, an
effective stress can be defined in the same way. For certain
values of o“/om, the effect of the crack growth exponent n on
the effective stress is shown in figure 3.13. During one pe-
riod, the instantanecus stress intensity factor will reach a
higher level than the effective stress intensity factor. This
is shown in figure 3.14. An effective critical stress inten-
sity factor is defined, as indicated in figure 3.14, in such a
way that the effective stress can be used to calculate a
correct lifetime, given the value of K-

o, o

Ky, = _— "®ff g 8Lf 3.65
Ic op.! - 0.11 Ic o3 Ic ( )
K*,, c:effective critical stress intensity factor [N/m*2)

When using an effective stress to calculate the lifetime also
the (lower) effective stress intensity factor should be used
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as upper border of the integration interval. When subjecting a
part to a cyclic load according formula 3.53, then the lifeti-
me of that part will decrease, compared with the lifetime of a
part, subjected to the preload stress only.

et/
2.0 l
| 0.9
1.8 -
/
1.6 e : 0.7
[T
0.5
1.4 V A
0.3
1.2 /
0.1
1.0
0 20 40 60 8o 100

Figure 3.13 The effective stress over the preload stress as function of the the crack growth
exponent n. The parameter | = a,/0,,

K, T
(log.)
K.

Kic

K} max
K err(t2).

K;e!‘ tl) |11

tpeﬁod . tperiod t (log.)

te

Figure 3.14 The development of the stress intensity factor. Indicated are the effective
stress intensity factor K, and the maximum stress intensity factor Ky,
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3.5 Finite element method

In the last section was shown, how the lifetime of a ceramic
part, subjected to a certain stress distribution can be cal-
culated. All the parts had to be tested first, with the same
stress distribution as during normal use. There is another
approach possible without testing all the parts. When using
this probabilistic approach data delivered by the ceramic sup-~
plier are used to calculate the maximum allowable stress in
the part accepting a certain probability of failure.

For simple geometries and loadings it is easy to calculate the
maximum stress using handbooks like ([ref. 3.23 - 3.27]. To
determine the maximum stress in a more complex geometry or
load case, finite element methods are used {[ref. 3.28]. The
program we use is a PC-based program called ALGOR (SUPERSAP).
The ALGOR program does not have the normal disadvantages of
PC-based finite element programs i.e. the size of the problem
is unlimited. Although the ALGOR program is designed to
compute mechanical problems it has a processor which can
compute heat transfer problems. So the problem of section 3.3
could have been solved with this program. The results of the
heat transfer computation can be combined with a mechanical
computation. In contrast with other PC-based programs ALGOR
has the feature to include temperature dependent material con-
stants in the computation.

For the probabilistic approach the stress distribution in the
whole part has to be known. The parts will not be modelled by
axissymmetric elements. Despite of the longer computation time
the three dimensional block elements of ALGOR are used to
compute the stress. For two ceramic parts of the construction
the stress distribution has been computed. These parts are the
inner aluminium-oxide tile (fig. 3.15) and the silicon nitride
bolt (fig. 3.16). Because of the result of the calculations
the radius in the bolt hole of the tile is enlarged from 0.5
rmm to 2.5 mm, to make sure that the stress intensity factor at
this place is low in order to minimise the c¢rack growth.
‘During our tests the crack has to grow from a well defined
crack at a well defined place. Since the stress in the bolt-
shaft was the highest stress in the bolt, a little slit was
made in the boltshaft,
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Figure 3.15 Suuﬁngnumhbmonequap’;‘ Figure 3.16 Starting mesh in one half
© ter of the aluminium oxide tile. of the silicon nitride bolt.

3.6 Probabilistic modelling

3.6.1 Stress volume integral

When measuring the tensile strength of a large number of cera-
mic tensile bars of certain volume, there will not be found a
fixed value of the strength, above which all bars break.
Instead there will be found a range of strengths at which the
bars break. The strength distribution, which best £fits the
data of the above tests, is the Weibull distribution given in
formula 3.66 [ref. 3.16, 3.17, 3.29 - 3.32].

V 9-0y

Yy

- " 3.66
P(g) = 1 - % % ) ( )

6, 6, and m, the three parameters of the Weibull distribution,
are defined as follows:.

1 - o, is the threshold stress, below which the failure proba-
bility is zero. In practice, best estimates of o, are
relatively small compared to the mean stress. A safe
value of o, is zero unless there are reasons to expect un
upper limit to the size of the crack.

2 - o0y is a normalising stress. It is the stress at which the
probability of failure equals 0.63 if o, is zero.
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3 - m is the Weibull modulus. It is a measure of the width of
the distribution. The higher the value of m the smaller
'is the distribution. m is a measure of the reliability of
the material.

v = the volume of our test bar (m*)
Vg = a normalising volume e.g. 1 mm’ [m’]
P(o) = probability of failure at stress o [~1
1.0
Po) /|
0.8

0.63 /
0.6
0.50

0.4
/
/

0.2 /
e

0.0 =
100 120 1407 o 160

180 ,
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Figure 3.17 Weibull strength distribution of reactionbonded silicon
nitride ( oy = 150 MPa, m = 15 according to AM.E.).

There are some assumptions made while using equation 3.60.
1 - The weakest link hypothesis is valid.

2 - The number of flaws in the specimens is large.

3 -~ Failure must occur for a high stress.

One remark on the value of ¢, is concerned with manufacturers
who want to present the best ceramics. Some manufacturers
pretend to give the mean fracture stress o, but in fact they
give oy5. As can be seen in figure 3.17, there can be a sig-
nificant difference in the mean stress and the normalising
stress, depending on the value of m.

In section 3.4 was explained that the critical stress inten-
sity factor is a material constant, independent of crack size
and distribution. The stress intensity factor is depending on
the flaws (location and orientation), stress and flaw size. If
for the experiment to determine the Weibull distribution,
tensile bars of the same size and orientation from one homoge-
neous batch of ceramics are used, it can be stated that the
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flaw distribution and orientation are the same in all the spe-
cimens. The stress intensity factor for the specimens only
depends on the stress and the flaw size. A strength distribu-
tion has been determined. But since K,. is the same for all
specimens it can be stated that a flaw size distribution has
been determined. Figure 3.17 gives the strength distribution
of RBSN. The from the strength distribution derived flaw size
distribution is given in figure 3.18, supposed the critical
stress intensity factor to be independent of the flaw size
distribution. ‘

o ——m—

0.63
0.6

0.4 //
0.2 4//
0.0

100 200 300 400 -6
flaw length in 10 m

Figure 3.18 Flaw size distribution derived from the strength distribution
of the AM.E. RBSN and a Ky of 2.5 MN/m>>.

If the size of the tensile bars is increased, the probability
of the inclusion of a large flaw increases. With the same ma-
terial constant K, this will result in a decrease in failure
strength. In the tensile bars the stress is uniformly distri-
buted. When using a three point bend test the stress distri-
bution is linear along the bar length and along the bar heig-
ht. Only at one line in the bar there is a maximum tensile
stress. The probability of a large flaw to be located at the
same place of the highest stress is small. The failure stress
measured at a bend bar, of the same size as the tensile bar,
will be higher than the one of the tensile bar. The effects of
the size and the stress distribution can be combined as fol-
lows. The probability of failure of two volumes v, and v, with
stresses o, and o, are given by formulas 3.67 and 3.68. The
probability of failure of a volume of size v, + v, is given by
formula 3.69.

61



V.f o\
(= et | el
P, = 1-e 7)) (3.67)

I

P, - 1-6 (%)) (3.68)
2

LY fvi\" Ve Ov\"

-1
- 1-e %%

(V104," + V0u,™

Let the maximum stress in the two volumes be equal to ¢,. The
total volume of v, + v, is V.

P; - 1~ e("(%)n(%)%'ﬁ”"‘(:;i)m’ (3.70)

For a large number of small volumes this will become.

P, = 1- e('(ozx).(%)%fv(';ﬁ)m“’ (3.71)

o [ Smax\" v
b, - 1-6' (C=)(F)zw> (3.72)
; . - 29 g3 72
with Stress Volume Integral S.V.I.: ¥, (V) T,f‘{ Um] dv( )

The Stress Volume Integral is a measure of the load of a
component. If this integral is small, then only a small volume
of the component is subjected to a high stress. For a uniform-
ly distributed stress, as in a tensile bar, this integral
equals the value of unity.

The allowable maximum stress of components with different
volumes v, and v, can be compared. If these components should
have the same probability of failure the maximum allowable
stress for component 1 can be derived if this stress is known
for component 2.

P, =~ 1- e('(%)m(%)%fﬁ(%%i)-"” (3.74)
1
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P, - 1-e (%)'(%)%fvz(% av) (3.75)
2

For equal probability of failure P, = P,.

0 axs Vi (V) = 0%V, Y (V) (3.76)
Onans _ (Y X (V) )" (3.77)
Ornaxz2 vV, E (Vl)

How can formula 3.71 be used? It is known that the stress
volume integral of a tensile bar equals unity. If the allowa-
ble stress Oz Of @ tensile bar of volume v, is known then the
allowable stress for a tensile bar of volume v, can be cal-
culated.

VZ]U'" (3.72)

Opaxz = Omaxz {T,:

For a three point bend bar the stress volume integral equals
1/(2(m + 1)2). If the volume and the allowable stress for a
tensile bar (component 2) is known, for equal probability of
failure, the allowable stress in a three point bend bar (com-
ponent 1) of the same volume will be equal to ¢, according to
formula 3.79.

1 1/m (3.79)
2(m + 1)2] ’

Omax: = omaxz[
Suppose the manufacturer gives the stress distribution parame-
ters o, and m, the size of the test specimen and the kind of
test used to measure these parameters. If the stress volume
integral for the component used can be computed it is possible
to calculate for a component, for an allowable probability of
failure, the maximum allowable stress. The next section will
deal with the computation of the stress volume integral.

3.6.2 Algor stress volume integral

If the allowable stress for a component is to be compared with
the allowable stress given by the manufacturer, the stress
volume integral of both the component and the component of the
manufacturer should be known. To calculate the stress distri-
bution in the component the volume is divided in small
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elements by using the finite element program ALGOR. Since
volumes are of interest the component is divided in 3-
dimensional blocks, the 8-node bricks of ALGOR. As a result of
the F.E.M. computation, ALGOR can produce a file with several
stresses. :
1 - The mean value of the node stresses as a constant stress
at the centre of the brick
2 - The maximum value of the node stresses as a congtant
stress at the centre of the brick
3 -~ The minimum value of the node stresses as a constant
value at the centre of the brick
4 - The stress at the centre of the brick.

The maximum stress of a node will be used as the constant
stress throughout the brick. This will result in a higher
value of the stress volume integral, which will result in a
lower allowable stress.

- From the output file of ALGOR first were calculate the volumes
of all the bricks that make up the component [ref., 3.33]. Next
this file was searched for the highest value of the stress o,
in a wanted direction. With the highest value of the stress in
the component, the volume of brick i, the maximum stress in
brick i and a given value of the Weibull modul m, the contri-
bution of brick i to the stress volume integral was calcu-
lated. The contribution of all bricks was summed to get the
stress volume integral of the component.

S.v.I.: ¥ (n - "2"271'72‘2 Vi[_g;:x:_” (3.80)
fez 4

The calculated stress volume integral strongly depends on the
mesh size of the finite element program. If the mesh size is
too large (the number of elements too small) then the stress
distribution is not smooth. The resulting stress volume in-
tegral will be too high since the highest stress will be used
for the total volume of the mesh. If the mesh size decreases
the stress distribution will become smoother. If the stresses
between two adjacent elements do not differ more than ten
percent, the calculated stress volume integral will be a good
approximation (error < 5%) of the real stress volume integral.

3.6 Algor stress surface integral

The stress volume integral can be used if it is assumed that
there is a uniform distribution of flaws over the volume of
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the element. This is often true. In other cases the flaws are .
non-uniformly distributed. The flaws at the surface of the
ceramic have a larger size than the flaws inside the ceramic.
Machining ceramics causes the creation of large surface flaws

[ref. 3.34]. Another problem is the fact that most common
loads result in the highest stress at the surface of the
component. So at the surface of a component will be the lar-
gest flaw size and the highest stress. Therefore crack growth
initation at the surface can be of paramount importance. The
probability of a surface flaw to grow with the highest speed
will be large. As an analogon of the stress volume integral,
the stress surface integral will be introduced. If we know the
surface condition of both the component and the testpiece, it
is possible to compare, with this integral, the allowable
stress for a component to the stress given by a manufacturer
for his testpieces.

s.s.1. - L f (&)mdz-x (3.81)
AJdal| o,

8.8.I. Stress Surface Integral [~-1]

A total surface of component [m?]

a, , surface stress of one element - [Pa]

o normalizing stress [Pa]

For two components with different surfaces, the two allowable
stresses, at equal probability of failure, will be according
to equation 3.82. '

Owax: _ [A5.8.L\/" (3.82)
Opaxz A,;8.8.1,

This equation can be used in the same way as equation 3.77.
There is a version of ALGOR which can produce an outputfile
with all the stresses at all nodes of the used bricks. This
version will be used to compute the stress surface integral.
When computing the S.S.I., it must be sure that only surfaces
of the bricks, that are outer surfaces of the component, are
used. The first part of our 8.S.I. program determines whether
a surface is an outer surface. Next, all the outer surfaces of
the bricks of the component are calculated. The outputfile is
searched for the highest stress in a wanted direction. The
fourth step is the calculation of the contribution of the se-
parate bricks to the S.S.I. The last step is the summmation
which results in the total stress surface integral. As with
the 5.V.I. the mesh size should be small enough.
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3.6.4 Lifetime calculations

The first subsection will give a flow diagram of the proba-
bilistic method used to design a ceramic part of a constructi-
on. The calculation of the lifetime of that part is incorpora-
ted in the design. The second subsection will deal with the
calculation of the lifetime of a system built up of several
ceramic parts.

3.6.4. ifetime c tion of on omponent

After the decision, which depends on the thermal and mechani-
cal load, to design a ceramic part, some kind of ceramic will
be chosen, based on the information of the manufacturers. With
this information and the available space in the construction a
first decision will be made on the global dimension of the
ceramic part. Given the dimensions and the external load, with
a finite element program, the stress distribution can be
calculated. This will give the maximum stress in the com-
ponent. If this stress is too large the procedure has to be
followed once again. With the extension of ALGOR it is possi-
ble to calculate the Stress Volume Integral or the Stress
Surface Integral of the component. With the information of the
manufacturer and a finite element program the S.V.I. or the
S.5.I. used by the manufacturer can be calculated. Since a
certain probability of failure has to be accepted the decision
has to be made what stress is acceptable in the component.
Based on the information of the manufacturer, tensile stress,
critical stress intensity factor and Weibull modulus, the
largest crack size in the part can be calculated with the aid
of the Monte Carlo method [ref. 3.35]. With the crack growth
models as described in this thesis and the crack growth data
of the ceramic it is possible to calculate a minimum lifetime
of the component (with a certain probability). If this lifeti-
me is too short there has to be started all over again until
an acceptable lifetime has been reached. In the end this will
lead to a certain stress in the component and to the final
design of the component.

3.6.4.2 Lifetime calculation of an MHD generator

A detailed example of the calculation of the lifetime of a
system built up of several ceramics parts is given in this
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Figure 3,19 Flow chart of the design of a ceramic part.



subsection. The system we consider is a MHD generator channel.
Such a channel consists of a tube with rectangular cross
section. Along the channel length the cross section increases.
The walls of the tube are covered with ceramic tiles. Each
tile is connected, by means of a ceramic bolt, to a load
carrying back plate. There is a built-in redundancy in the
system, by means of the shape of the tiles, in such a way that
if one bolt fails the system does not fail. Only if two adja-
cent bolts fail the system will fail. For the ease of the
lifetime calculations the following assumptions are made:

- the walls are rectangular (6 x 1 m?)
- the load on the tile depends only on the pressure fluc-
- tuations in the channel

- the pressure fluctuation is constant throughout the
channel length

- the bolts are pre-loaded with twice the maximum pressure
fluctuation :

- the behaviour of the walls is independent from each
other. :

Assume that the material constants such as the tensile stress,
the Weibull modulus and the critical stress intensity factor
are known. Further should be known the crack growth exponent,
the crack growth constant and the models describing the crack
growth.

The lifetime calculaﬁion follows .the scheme indicated below.

"1 - From the tensile stress ditribution and the critical
stress intensity factor we calculate a flaw distribution
2 - By means of the Monte Carlo method every bolt is assigned

a largest flaw out of the distribution

3 - The load is equally distributed over the bolts

4 - The lifetime of the bolt with the largest flaw is calcu-
lated

5 - At that time the size of the flaws in all the bolts is
calculated

6 - Due to the failure of one bolt a redistribution of the

load over the bolts is calculated

7. - With the new load and with the new “initial flaw" the
lifetime of all the bolts is calculated

8 - The bolt with the shortest lifetime will fail next

9 - If this bolt is adjacent to a bolt which failed earlier,
the system will fail

10 - If this bolt is not adjacent to a bolt which failed
earlier we go back to point 5.
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Formulas on which this scheme is based are:

the time to failure according to formula 3.34

n-z
te = 2 (222 _) - 1) (3.83)

AY?g3(n - 2) K2 K. (0)

[

the flaw size at time t deduced from formula 3.31

a2y (K2 (0) - (n-Z)AYzozt)}T:z' (3.84)
2
-~ the stress distribution
u&)‘ (3.85)

Pg = 1-e

the definition of the stress intensity factor
K, = YoJa (3.86)

Combination of formula 3.85 and 3.86 will give us an expres-
sion of the flaw size a:

) 1
a - e(ln(ao) ’ = laln( gy )) {(3.87)

The probability of flaw length a is a number between zero and
unity which can easily be generated by the random generator of
a computer. Using such a random number in formula 3.87 gives a
certain flaw size. For a large number of flaw sizes, calcu-
lated in this way, the flaw size distribution equals the
distribution of figure 3.18.

By means of the above scheme it is possible to calculate the
lifetime of a MHD generator. With material data and with
chosen crack growth data this lifetime was calculated for a
number of situations. The starting situation is: a tensile
stress of 150 MPa, a Weibull modulus of 15, a load of 60 MPa
and a stress intensity factor of 2.5 MN/m*2. The number of
bolts in one wall is equal to 150.

The parameters that will be changed are:

the load on the bolts,

the Weibull modulus of the strength distribution,

a proof load for all the bolts,

a lower load on the outer bolts,

the number of bolts on one wall,

the arrangement of the tiles on the wall.
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For the three different arrangements of the tiles on the wall
(fig. 3.20) the parameters are changed one by one. The other
parameters are kept at their normal (starting) value described
above. For every parameter the lifetime of the system MHD
channel is calculated one thousand times. The lifetime is as-
sumed to be distributed according to a Weibull distribution.
The characteristic lifetime of a generator is defined as the
time at which 63 % of the generators failed. This characteris-
tic lifetime is given in the next figures. For the first
series of experimental MHD generators a characteristic life-
time of 1000 hours (3.6e6 s) should be established. The re-
sults of the change in load on the bolts are given in figure
3.21. The results of the change in Weibull modulus are given
in figure 3.22. The results of the change in proof load are
given in figure 3.23. The results of reduction of the load on
the outer bolts are given in figure 3.24. The results of the
change in the number of bolts are given in figure 3.25. More
detailed information on the figures is given in appendix E.
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Figure 3.20 Three different arrangements of the tiles on the wall.
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Figure 3.21 Lifetime as function of load on the bolts.

As can be seen in figure 3.21 the lifetime of generator de-
creases with an increase of the stress in the bolts. This is
expected. The decrease in lifetime is not a linear function of
the increase in stress.

Weibull modulus

" lifetime in le6 sec.

X Fl 1 1 i i L

3 k& 10 RS i5 175 20 22,8 25
Weibull modulus

—+- NO BOND — STRETCHING BOND —%— HEXAGONAL BOND

Figure 3.22 Lifetime as function of Weibull modulus of RBSN.

A high Weibull modulus indicates a sharp distribution of the
cracks around the mean crack size. For RBSN with a high Wei-
bull modulus only a few bolts will have large cracks. After
failure of these bolts the stress intensity factors, in the
remaining bolts, will be low due to the small crack sizes,
which results in a slow crack growth and long lifetime.
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Figure 3.23 Lifetime as function of the proofload.

During applying of a high proofload, bolts with a large inclu-
ded cracks will fail. The remaining bolts will have small
cracks. The small crack size together with the low stress,
during normal use, results in a small stress intensity factor.
This leads to slow crack growth and a long lifetime.

Load on outer bolts
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o i ) i i
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Figure 3.24 Lifetime as function of the relative load on the outer bolts.

After failure of an outer bolt, the load on this bolt will be
distributed over less bolts than after failure of an inner
bolt. It was expected that this would influence the lifetime.
No influence on the lifetime can be seen in figure 3.24.
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Figure 3.25 Lifetime as function of the number of bolts used.

While increasing the number of bolts the stress in the bolts
is kept at a constant value of 60 MPa. More bolts results in a
higher probability of a large crack. This will result in a
decreasing lifetime. ’ '

Looking at the last five graphs we can state that an increase
in the stress on the bolts results in a decrease of the sys-
tems lifetime compared to the normal condition. An increase in
the stress in the bolts results in a smaller number of bolts.
A smaller number of bolts results in a longer lifetime of the
system. An optimum between load on the bolt and number of
bolts should be established.

The expected lifetime of the system varies linear with the
Weibull modulus. So effort to increase this modulus will be
well paid.

Prooftesting of the bolts has only a significant influence on
the lifetime, if the proofload approaches the tensile stress
of the material. Due to such a high proof load a large number
of bolts will fail during testing. Since the cost of a bolt is
small compared to the cost of an overhaul of the complete
system, it is worthwhile to test all the bolts with a high
proofload.

Reducing the load on the outer bolts has no significant influ-
ence on the lifetime of the system.
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4 Measurements

4. tr

One of the main issues of this thesis is the lifetime of a
ceramic bolt. The measurements concerned with this item will
be dealt with in the section 4.2. In chapter 3 there was
presented a model of the dynamical behaviour of the wall
segment. Measurements on one of the earlier versions of the
segment, in the cold situation, will be given in section 4.3.
The results of the thermal measurements will be compared with
the results obtained from the model, as described in chapter
3. This comparison will be given in section 4.4.

Additional measurements involved in this project will also be
given in this chapter. These measurements were carried out to:

- prepare the testbolt,

- determine the thermal and chemical attack on the bolt,

- improve the loading system of the testbolt.
The received testbolts had a certain machined surface. To. make
sure that there was a set of equal testbolts they were ground
in the workshop. This is discussed in section 4.5. According
to the strength distribution theory of section 3.6, weak
bolts, with large included cracks, should first fail during
tensile tests. The results are discussed in section 4.6.
Starting cracks of a given length can be made by various ways.
The first idea of using Vickers indentations and the saw slit
that was used are discussed in section 4.7.
A number of bolts failed long before the expected 11fet1me.
The bolts did not fail at the notch introduced, but near the
bolt head. Chemical attack from the environment by gas or by a
liquid surface layer could have caused a decrease in strength.
Poor distribution of sintering aids can locally decrease the
strength of the material. Phase transformation, at the testing
temperature will decrease the strength. These possibilities
are described in section 4.8. Due to the construction of the
wall segment, a bending moment can be introduced to the bolt.
S8ince ceramics do not deform plastically this leads to high
stresses near the bolt head. The loading of the testbolt will
be described in section 4.9. Measurements on an improved
loading construction of the testpiece are given in section
4.10.
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4.2 ul ifetime measurements

The aim of the lifetime experiments was to determine the crack
growth parameters A and n by means of a number of guasi static
experiments. This will be done in the £first gquasi static
experiments in which the stress increase velocity will be
significantly changed from one series of runs to the other
series of runs. With the crack growth parameters the lifetime
of a dynamic experimené will be calculated, according to the
model of section 3.4. This lifetime will be verified by a:
second series of gquasi static experiments with a dynamical
load superimposed on the static load.

All these experiments were performed with the ceramic bolt (as
part of the designed MHD generator wall segment) positionned
in the oven. The experiments performed will briefly be presen-
ted in chronological sequence. At several points in this
section an overview of a series of experiments will be given.
A comprehensive description of the measurements will be given
.in appendix F.

The oven has the capability to heat up from room temperature
to 1773 K in 2 hours. To minimize the thermal load on the
alumina tile the oven is programmed to heat up in 4 hours and
to cool down in 8 hours. Independent of the starting tempera-
ture or of the final temperature this heating schedule was
followed. During the heating up cycle the bolt was loaded with
a small force. This was necessary to position the inner tile
of the testpiece during inserting in the oven. While heating
up the wall segment, the load on the bolt changed slightly due
to the difference in thermal expansion of the several parts.
The starting preload was approximately 10 MPa. During the
heating up cycle this decreased till 5 MPa. At the desired
steady state temperature the preload was adjusted to aproxima-
tely 10 MPa. The first experiments were carried out in an air
atmosphere. All bolts have a small slit (radius 0.14 or 0.03
mm) .

The first runs were used to get familiar with the test-rig.
During these runs two bolts broke prematurely due to a power
failure. The cooling of the wall segment and the control
system of the oven were improved. It was also noticed that the
bolts did not break at the saw slit but near the bolt head.
This bolt head was often covered with a reaction layer. Some
experiments were performed to investigate this layer. During
the first runs the load was kept at a constant value of 9.7
MPa. The excitator was used for half an hour in run six. The
most important data of the first seven runs are given in table
4.1. Remarks on these runs are compiled in table 4.2. The
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character behind the run number is A for the upper bolt and B
for the lower bolt.

Table 4.1 Data of the first seven runs. The bolts of run 2 broke during run 5.

run envi- initial| oven initial] failure|] life-
ron- stress temp. notch stress time
ment MPa K depth MPa 10° sec

10% m

1a air 10 673 0.3 10 ?

2A,B air 10 1679 0.3 -

3A,B| air 10 1208 0.3 -

4A,B| air 10 1773 0.3 -

5B air 10 1773 0.3 4 70.0

6A,B air 10 1773 0.3 10 5

7A,B  air 10 1773 0.3 10 4

Table 4.2 Remarks on the first seven runs.

run | location of moment of remarks
fatal fracture | fatal fracture

1a saw slit during heating premature failing

2A,B| - - epoxy burning

3A,B| - - burn optical system

an,B| - - one hour at 1773 K |

5B near bolt head | during cooling one hour dynamic

, load
6A,B| near bolt head | at high temp.
7A,B| near bolt head | during cooling power failure

After these runs some experiments were performed to investiga-
te the reactivity between RBSN and some other materials which
will be dealt with in section 4.8. This is also given in
appendix F.

After these experiments the lifetime measurements were conti-
nued. In the following runs the stress was slowly increased
stepwise. The data of the next four runs are given in table
4.3 and the remarks on these runs are given in table 4.4. More
information on these runs is given in appendix F.
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Table 4.3 Data of runs eight to eleven.

run envi- initial| oven initial| failure] life-
ron- stress temp. notch stress time
ment MPa K depth MPa 10® sec

103 m

8B argon 10 1773 0.3 70 1.037

.9A | argon 10 1773 0.3 90 691

10A | air 10 1573 0.6 -

11B air 10 - 1573 0.6 max. 88

Table 4.4 Remarks on runs eight to eleven.

run | location of moment of remarks
) fatal fracture fatal fracture

8B | bolt head - -

92 | bolt head - -

10A | bolt head during cooling loos screw thread

11A:| bolt head during cooling computer failure

It can be stated that run 8 and run 9 are in agreement with
expections derived from the theory presented in section 3.4. A
small stress increase velocity should result in a long life-
time and a small failure stress. A larger stress increase
velocity results in a shorter lifetime and a higher failure
stress. Although the measurements are in agreement with the
theory some features were noticed which indicated that the
theory did not describe all the processes in the bolt. In
spite of the argon flush, the surface of the bolt was still
covered with a brown layer. The fatal crack did not originate
from the saw glit. These features will be dealt with in secti-
ons 4.8 and 4.9. As result of the investigations (described in
sections 4.8 and 4.9) as to these features it was decided to
take the following actions:
- decrease the testing temperature from 1773 K to
1573 K to stop the transformation from «-RBSN to
B-RBSN which has a lower strength
- stop the flushing with argon because it has no effect -
on the oxidation mechanism _
- increase the notch from a depth of 0.3 mm to a depth
of 0.6 mm to increase the local stress intensity
factor '
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- use, at the cold side, a spring leaf suspension
system to decrease the bending moment in the bolt

- use at the hot side the ball-and-cup system to
decrease the bending moment in the bolt.

With the spring leave system and the ball-and-cup system, a
large number of experiments were performed, at room temperatu-
re, to determine their influence on the bending moment in the
bolt. The results of these experiments are presented in sec-
tion 4.10. As expected both systems reduced the bending moment
significantly. Both systems were incorporated in the high
temperature wall segment. .

To increase the influence of the saw cut on the stress distri-
bution in the bolt, the depth was enlarged from 0.3 mm to 0.6
mm. The load was stepwise adjusted by tightening the nut on
the bolt in run twelve., To prevent breaking of the bolt during.
the increase of the stress, from run thirteen on, the stress
was remotely increased by adjusting the pressure in an air
cylinder beneath the bolt nut. To make sure that the fatal
crack originated from the saw slit, this slit was again enlar-
ged to 0.9 mm from run fourteen on. The main data of runs 14
till 18 will be given in table 4.5. Remarks on these runs will
be given in table 4.6. More information on these runs is given
in appendix F.

Table 4.5 Data of runs 12 to 18.

run envi- initial|] oven initial| failure] life-
ron- stress temp. notch stress time
ment MPa K depth MPa 103 sec
103 m
12A air 6 1573 0.6 111 1,105
i3 air 6 1573 0.6 202 1,175
14A air 9 1573 0.9 211 434
154 air - 9 1573 0.9 227 ’ 661
16A | air 9 1573 0.9 224 3.36
17A air 9 1573 0.9 279 4.56
18a air 9 1573 0.9 229 5.04
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Table 4.6 Remarks on runs 12 to 18.

run | location of moment of remarks
fatal fracture | fatal fracture :
12A | bolt head during loading transverse force
13B | bolt head - -
1432 | saw slit . - -
15A | saw slit - -
16A | in colder part | - failure spring leaf
‘ system
17A | near saw slit - flaw in material
18 in colder part | - flaw in material

. Some bolts still broke at a natural flaw. To increase the
effect of the saw slit its radius was decreased from 0.14 mm
to 0.03 mm as is explained in section 4.7. With this smaller
radius in the bottom of the saw slit the other experiments
were performed. During runs 22 to 24 besides the pre-load also
the dynamic load was slowly increased. It was intended to let
the dynamic load be 50 % of the pre-load but only a dynamic
load of 10 % was achieved. This was due to a weak air cylinder
in the load chain. The data of these experiments are given in
table 4.7, the remarks in table 4.8 and the descriptions in
appendix F.’

Table 4.7 Data of runs 19 to 24.

run envi- initial| oven initial failure’ life-
E ron- stress temp. notch stress | time
ment MPa K depth MPa 10® sec

103 m '
/radius

19 ‘air 9 1573 0.9/0.03 118 2.40

20 | air 10 1573 | 0.9/0.03| 139 2.82

21 air 10 1573 | 0.9/0.03| 93 242

22 air 10 1573 0.9/0.03 110 2.28

23 air 10 1573 0.9/0.0’3 69-~-103 102-158

24 air 10 1573 0.9/0.03 125 159

25 air 10 1573 0.970.03 94 152
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Table 4.8 Remarks on runs 19 to 24.

run | location of moment of remarks
fatal fracture fatal fracture

19 saw slit during reloading| ball-and-cup frac-
ture

20 saw slit - -

21 saw slit - -

22 saw slit - dynamic loading
0.1 x load ,
23 saw slit unknown failure of data-

acquisition system

24 saw slit - -

25 saw slit - , -

From these runs only runs with bolts with a saw slit depth of
0.9 mm will be used to determine the crack growth constants n
and A. Run 14 and run 15 will both be used. Run 16 will not be
used because the bolt broke due to a failure of the leaf
spring system. Although the bolt of run 17 broke just beside
the saw slit, the data will be used because the temperature at
that place was almost equal to the temperature in the saw
slit. The width:depth ratio of the flaw in the bolt was smal-
ler than the width:depth radius of the saw slit. The data of
run 18 will not be used because the fatal crack was to far
away from the saw slit. Due to a failure of the ball-and-cup
system the bolt of run 19 could not rotate in the aluming
tile. During re-adjusting of the load the bolt broke. The data
of this run will not be used. Date of runs 20, 21, 22, 23, 24
and 25 will be used,

The runs used are plotted in figure 4.1. The lines through the
failure points of matching runs should be parallel if a simi-
lar crack growth exponent n for all the runs excists. If the
bolt of run 17 had broken at the saw slit, it would have been
at a higher stress. Due to a difference in crack geometry
sharper saw slits will result in a shorter 1lifetime. The
results of runs 22-25 are not contradicting the influence of
the dynamic loading.

By a combination of several experiments the following crack
growth constants can be deduced (table 4.9).
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Figure 4.1 Results of the lifetime-measurements.

Table 4.9 Crack gfowtlz constants of RBSN

experiments crack growth crack growth
exponent n constant A
14 and 17 h =18 A = 1*10"%
14 and 17* n =13 = 1%10°%
15 and 17 n = 27 A = 1*107%
15 and 17* n=19 A= 1%1071®
20 and 21 n =11 A = 1*10"%
14 - 21 n=18 %6 A = 1%10°9%%

As an overal result it can be concluded that RBSN: shows a time
If this time dependent behaviour
is described by the subcritical crack growth models of section
3.4, then the crack growth constants n and A can be deduced
For the RBSN of AME this results
in -equation 4.1 describing the slow crack growth. at an .oven

dependent failure behaviour.

from the above experiments.

temperature of 1573 K in air.

v = 1.0+107%°k}®
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For the mean n from table 4.9 a line is drawn tkrough the
points of runs 22 till 25 in figure 4.1. As can be seen there
is a wide spread between the mean line through these points
and the points themselves. This can be due to the influence of
small natural flaws in the bottom of the saw slit. The spread
of the points around the line gives no verification of the
correctness of the subcritical crack growth model under dyna-
mic load. It is possible that the crack growth behaviour can
be described by that model. More tests should be performed to
prove this statement.

Figure 4.2 Crack surface of run 14 origi- Figure 4.3 Crack surface of run 17. Crack
nating from saw slit. Flat region near saw originated from natural flaw (arrow).
slit, rough region and shear lips. Bar = 5 Bar = 5 mm.

mmi.

Fo s : Nt & . s o & s, %
Figure 4.4 Natural flaw from which the Figure 4.5 Large inclusion on the crack
crack originated during run 17. Bar = 0.5 surface of run 18. Bar = 2 mm.

mm.
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The measurements of figure 4.1 can be translated to a K;-v
diagram more commonly in use (fig. 4.6). Some typical crack
surfaces are given in figures 4.2 to 4.5.

-6
!Og V.,7 i

=20 | B— T
05 - 0 15 201%5 K; in MPa/m

Ie

1/2

Figure 4.6 K, - v diagram for the RBSN used. Curve A slit radius 0.14 mm.
Curve B slit radius 0.03 mm.

amical behaviour e wall segment

The dynamical behaviour of the wall segment has been calcula-
ted using the models presented in section 3.2. These calcula-
tions were performed with material data for room temperature.
The results of these calculations are given in table 4.9. The
acceleration of the inner tile and of the steel back are mea-
sured. The acceleration of the inner tile is measured by means
of the laser-interferometer. An accelerometer is used to
measure the acceleration of the steel back plate. The Youngs
modulus of the Zircar had to be adjusted to bring the calcula-
ted accelerations in line with the measurements. The manufac-
turer Youngs modulus and the Youngs modulus used are given in
table 4.10,

The dynamical behaviour of the wall segment was only measured
and calculated at room temperature. Due to the mechanical
improvements (e.g. spring leaf system) in the design the
dynamical ‘behaviour will change. These improvements are not
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accounted for in the models. Also the influence of the tempe-
rature dependency of the Youngs moduli is not accounted for.

Table 4.10 Comparison of measured and calculated values of the accelerations and
forces.

cceleration of |Youngs modulus force in
inner plate Zircar bolt

1) given by ICI
2) own measurement

icalculation 555 m/s? 1) 117 MPa 1250 N

Fneasurement 538 m/s? 2) 78 MPa 1210 N

By placing the accelerometer along the mirror on the inner
tile, the laser interferometer can be checked. The results of
these measurements are given in figure 4.7. It can be conclu-
ded that the acceleration of the inner tile can be measured by
means of the laser-interferometer at room temperature.

. &

by laser—interferometer

acceleration in m/s®

100

0 Y T T |
0 100 200 300 400 .
' acceleration in m/s
by accelerometer

Figure 4.7 Comparison of the measurement of the acceleration of the inner
tile by means of an accelerometer (x-axis) and by means of the laser-
interferometer (y-axis).

The laser-interferometer has been used at high oven tempera-
ture to measure the acceleration of the inner tile. Due to
oxidation and evaporation of the platinum mirror, the laser-
interferometer could only be used for a short time.
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In section 3.3 a thermal model of the testpiece was presented.
As one of the boundary conditions for this model a oven tempe-
rature of 1773 K was assumed. During the rune this oven tempe-
rature has been reduced to 1573 K. For. this new boundary
condition the same model has been used to calculate the tempe-
rature profile. The results from these calculations were
compared with the temperature measurements in the wall seg-
ment. The thermocouples in the wall segment were placed in
seven distinct places. These places are indicated from TCA to
TCG in figure 4.8.

The calculations (fig. 4.8) did not agree with the measu-
rements. So the model has to be adapted. This adaption is
performed in two steps. In the first step the temperature
dependent heat conduction coefficients of the alumina, the
- Zircar and the epoxy are adjusted in such a way that the
calculated temperatures are in good agreement with the measu-
red values (TCA - TCE).

100
depth ;
in mm TCA 1548 (1550)
80 fJ umina tile [1573]
/
-—1500 v
TCG 1318 (1337) TCB 1488 (1483)
[1473] 60 [1530]
. TCC 1171 (1148)
TCD 958 (953)
40 [B
TCE 411 (417}
TCF 689 (712) qm [440)
[910] 20
| 0 © glasfibre epoxy
0 ¢ steel endplate ‘ v
0 20 40 60 radius in mm

Figure 4.8 Result from the thermal calculations for the testpiece in an oven at 1573 K
Indicated are the thermocouples and the measured temperatures. The calculated
temperatures for material data of the manufacturer are placed between brackets and for
adjusted material data between parentheses.
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In the second step the heat conduction coefficient of the RBSN
and the heat transfer coefficient in the slit between the bolt
and the tile and Zircar is adjusted to bring inte line the
calculated values with the measured values (TCF,TCG). The
results from the calculations and from the measurements are
presented in fiqure 4.8.

The heat conduction coefficient of the alumina had to be
decreased in comparison with the data of the manufacturer. A
broken alumina tile showed a not completely sintered interior.
The heat conduction coefficient of the Zircar had to be incre-
ased. Due to the pressure on this material it is compressed.
The contact between the fibers is enhanced and the insulating
air is diminished. This result in a better heat conduction.
The heat conduction of the RBSN had to be increased in compa-
rison with the manufacturers data. The heat transfer between
the bolt and the surrounding had to be enlarged as well. The
model is not adjusted for the heat transfer inside and outside
the oven which could also influence the differences betweeen
measured and calculated temperatures. The result f£rom the
measurements and calculations are used in the calculation of
the stress distribution in the bolt. Figure 4.9 gives an
indication of the difference between the used matetlal data
and the given material data.

Aim W/mK
%

¢ W ow oo we ¢ m ow w e e ¢ W e om0 e
- tempersture in K temperature in K tempersture in K

Figure 4.9 Differences between the heat conduction coefficients given by the manufac-
turer (continuous lines) and the used heat conduction coefficients (dashed lines).

4.5 Grinding

In the green stage after presintering the RBSN bolts are
machined to net shape. As can be seen from the received bolts
this machining is done on a lathe. The machining grooves are
perpendicular to the axis of the bolt. These grooves act as
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notches. In the reduced diameter part of the bolt there should
not be any other crack, perpendicular to the load, except from
the saw slit introduced on purpose. To remove the machining
grooves the bolts have been ground. Grinding removed 100 pm
from the surface of the bolt. The machining grooves introduced
by the grinding are parallel to the axis. Since the cracks,
eventual resulting from this grinding, are parallel to the
load they have no influence on crack initiation.

Together with the reduced part of the bolt the contact surface
of the bolt head has been ground in one clamp. In this way the
contact surface of the head is perpendicular to the axis of
the bolt. Grinding parameters are:

- grinding speed 6.28 m/s
- feeding speed 0.7-103 m/s
- size of diamond grains 50-1073 m.

As a result of this machining no microscopicly visible cracks,
except from the natural pores, could be detected. The machi-

ning grooves are visible, see figure 4.10. The roughness has
been measured by an instrument developed by the faculty of
mechanical engineering of the Technical University Eindhoven.
With this instrument it is possible to measure the roughness
of curved surfaces. The roughness turned out to be 10.4 pm.
Figure 4.11 gives a three dimensional representation of the
measured roughness. '

¢ A ,,_;Nﬁ) ARl oy i b
Figure 4.10 Machining grooves as a result Figure 4.11 Three dimensional represen-
of grounding the RBSN bolt. Bar = 0.1 tation of the measured roughness. The fi-
mm. gure covers an area of 1200 x 600 pym.
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4.6 Proof tensile tests

The first series of bolts (10 pieces) have been subjected to
tensile tests. These tests had two objectives. The first
objective was to set a maximum limit to the crack size in the
bolt. The second objective was to measure the Youngs modulus
of our RBSN. As is stated in chapter 1 the tensile strength of
RBSN is not a fixed value. This strength has a certain Weibull
distribution. As is explained in section 3.6 this distribution
in strength is due to a distribution in initial crack size.
Bolts with a large crack in the reduced diameter will, at
increasing the force, sooner reach the critical stress inten-
sity factor. These bolts will then break. The remaining bolts
will have cracks in the reduced diameter with a size smaller
than K 2/¥%-02_ . The cracks are assumed to surface cracks. The
value of o, was equal to 80 MPa. For the given material this
will result in a maximum value of the crack of 780 upm. Due to
a bending moment, which can be deduced from the signals of the
two opposite strain measuring systems, some bolts broke just
at the clamps. At a mean tensile stress of 80 MPa a bending
stress of 30 MPa was measured at the centre of the bolt. To
reduce this bending moment the standard clamps of the
Lingstrom 400S tensile testing machine were replaced by a
flexible clamping system which resulted in a decrease of the
bending stress to 5 MPa (fig. 4.12, 4.13). The extension meter

—— RBSN
bolt

‘fi&l-— rubber
» washer
. [/J il clamp
Figure 4.12 Experimental proof tensile Figure 4.13  Schematic overview of
set-up. bending free clamping system.
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used was of mark Schenck Trebel type RDA2. Although the Youngs
modulus of the RBSN has been given by the manufacturer this
value has beenverified According to A.M.E. the Youngs modulus
should be 170 GPa. During the tensile tests both the
elongation and the applied force were measured. Given the
cross section area of the bolt, the stress and the Youngs
modulus can be calculated. Figure 4.14 gives the force and
strain signals from the tensile tests. The calculated mean
Youngs modulus for ten bolts is equal to E = 167 GPa * 5 GPa.
This is in good agreement with a value of 170 GPa given by the
manufacturer and with a value of 172 GPa for RBSN with 20%
porosity according to Phani and Niyogo [ref.4.l1].

2 | bolt 1 2 4

)

1
| 1
¥ !
! 4
| !

| ] L ]

. | f e
0 100 6 A100 0 100 0 100 © 4 100 © 100 © 100 0 100 0 100
. o . -6
- strain in 1*10

o L

Figure 4.14 Force versus stﬁzin signals of nine RBSN bolts during the tensile tests (bolt 3
was already broken). The strain was measured with two opposite systems. From thq
signals of the separate systems the bending moment can be deduced. :

4.7 Vickers indentation and saw slit

7. ickers indentati

The mean ‘purpose of the tensile tests was to set a maximum
value for the crack size in the surviving bolts. The maximum
possi‘bl‘é size of the remaining cracks is thus known. But these
cracks still have a certain distribution.  To decrease “the
spread in- lifetimes, to be measured during the tests, it is
desirable to have, in all the bolts, cracks of one size. For
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this reason in all the bolts cracks of one size, larger than
the largest size of the cracks remaining after the tensile
tests should be introduced. According to Steinmann and Bethge
[ref. 4.2, 4.3] it is possible to introduce cracks of a given
size by means of Vickers indentations. By the Vickers indenta-
tion a penny shaped crack should be created. For a value of
a/b = 0.45 [ref. 4.3] the depth b of the crack can be determi-
ned by measuring the length 2a of the crack. For 23 HV50
indentations the lengths of the cracks, originating from the
indentations, are measured. Figure 4.15 gives a Vickers inden-
tation in RBSN. Figure 4.16 gives a crack originating from an
indentation. The mean crack size (a) around these 23 inden-
tations is equal to 154 um. The standard deviation equals 177
pm. The shortest crack has a length of 0 pm and the largest
crack has a length of 500 pm. From these figures it can be
concluded that the «cracks, introduced by the Vickers
indentation in the RBSN, have a 1length, which can not be
reproduced within 10 %.

A deviation in crack length of 10 % can give rise to a change
in lifetime by a factor ten (fig. 3.10). Although this method
will produce sharp cracks, it is not used because the crack
size is not reproducible. With a mean indentation width of 430
um, a crack length of 2x154 pm and a depth width ratio of 0.45
this should result an a crack depth of 332 pm. This is not
larger than the largest crack remaining after the tensile
tests.

e e " ) . w&? R ¢ o5 : {Jﬁu o
Figure 4.15 Vickers HVS50 indentation in Figure 4.16 Crack clearly visible at the
RBSN. From both horizontal edges cracks RBSN surface. Bar equals 50 pm.
oniginate. Bar equals 100 pm.
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4.7

.In our opinion it is necessary to make, in the bolt, a well
defined crack at a well defined position. With such a crack
the shape factor in the stress intensity factor can be calcu-
lated according to Paris [ref. 4.4]}. For this calculation the
circular cross section is translated to bar with a rectangular
cross section. The rectangular cross section has a height
equal to the diameter of the bolt. The width is adjusted to in
such a way that the bending resistance moment of both bar and
bolt are equal. Now it is possible to use Parish handbook. By
means of the tensile proof test it is possible to exclude
cracks larger than a given size. But neither the size nor the
p081t10n or orientation of the remaining cracks are known. By
" means of the Vickers indentation method it is possxble_to make
& crack at a well defined position. This crack size is not a
. reproducing function of the indentation force. Therefore it is
not ‘possible to create cracks Wlth a fixed depth in this way.
It is possible to make a notch at a well defined position with
a well defined depth by means of a diamond saw., If the slit is
small enough it has been assumed by Pabst to be a sharp crack
{ref. 4.5]. In our case the slit was made with a diamond saw
with a width of 0.2 mm. This resulted in a slit width of 0.28
mm (fig. 4.17). In figure 4.18 the critical stress intensity
factor as a function of the saw slit radius according to Pabst
is given.

“The notch made by the saw has a width of 0.28 mm. As can be
'seen from figure 4.19 the saw slit intersects with a number of
natural pores. These pores form sharp cracks. It is assumed
that the effective width of the saw slit is equal to the width
of those natural pores. In this way the saw slit has a sharp
extension. The mean size of thesé pores is 20 pm. The depth of
the slit ranges from 300 to 900 pm. In the calculation for the
shape factor Y the length of a natural pore will be added to
the notch depth. Despite the enlarging of the depth the bolts
sometimes broke at large natural flaws (fig. 4.5). This could
be an indication that the saw slit did not always intersect a
sharp natural flaw.

According to Inglls [ref. 4.6} the stress concentration near a
crack tip is inversely proportional to the root of the crack
radius if the radius is small. To increase the effect of ‘the
saw slit its depth could be enlarged or 'its width could be
decreased. It was decided to decrease the width of the saw
slit. By means of a steel wire (d = 40 um), covered with dia-
mond paste (d < 10 pum), a small groove was made in the bottom
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of the saw slit (fig. 4.20).

After this improvement of the saw slit configuration all bolts
broke at the saw slitt. Our measurements are not in agreement
with the saw width - K, relation according to Pabst. The

critical stress intensity factor is strongly dependent on the
saw width.

o
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Figure 4.17 Cross section of the saw slit. Figure 4.18 Relation between slit width
Shit width is 0.28 mm. and critical stress intensity factor accor-
ding to Pabst.

Figure 4.19  Crack surface on'ginatig Figure 4.20 Cross section of saw slit
from a natural flaw (I = 300 um). (0,28 mm) with small groove made with
steel wire.
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4.8 Thermal and chemical attack of RBSN

4.8.1 Description of problem

The use of the RBSN at high temperatures during a long time,
can result in a number of problems which have to be solved
e.g.:

- the oxidation of RBSN in air

- the compatibility of RBSN with other ceramics

- the inhomogeneous distribution of sintering aids

- the phase transformations in the RBSN.
These problems will shortly be highlightened in the following
subsections.

4.8.1.1 Oxidation of RBSN

After the first tests it turned out that the silicon nitride
bolt head was covered with a layer of reaction products. The
tests were performed in air at a temperature of 1773 K. The
tests lasted approximately 10 hours. The layer at the front
(hot) side of the bolt head had a thickness of 0.5 mm and was
coloured brown. This is an indication that the layer contained
iron-oxide next to silicon-oxide. In the layer large (0.5 mm)
bubbles were enclosed. The bottom of the head, which was close
to the alumina tile, had a white coloured layer. In these
layers cracks were visible. Some of the cracks extended

f e ] 9%

Figure 4.21 Impression of the reaction Figure 4.22 Agglomeration of bubbles in
layer around the bolt head. Bar = 5 mm. the reaction layer.Bar = 0.1 mm.
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into the silicon nitride bulk material. These cracks might
have been formed during cooling of the bolt. Figure 4.21 gives
an overview of the layers around the bolt head. Figure 4.22
shows an agglomeration of cracks in the reaction layer.

To decrease the thickness of the reaction layer, the bolt was
flushed with argon. The argon flush was set at a flow of 0.070
m’/h. This resulted in a decrease of layer thickness around the
head from 0.5 to 0.2 mm. The thickness of the front layer
remained the same. Although the thickness of the layer decrea-
sed, it was decided to stop flushing the bolts.

4 o2 (e) tibilit ts

Four three point bend tests were performed to examine the
compatibilty of ceramic materials in air at a temperature of
1673 K during approximately 100 hours. The maximum stress in
the RBSN bend bar was 2 MPa. The following combinations of
ceramics were used:

a - BN (low oxygen of Duramic) - RBSN (AME)

b - Al,0, (Al23 of Friedrichsfeld) - RBSN (AME)

c - RBSN (Ceranox NR ofAnnawerk) - RBSN (AME)

d - Al,0; {Al23 ofFriedrichsfeld) - RBSN (Ekasin R of

Elektro Schmelzwerke Kempten ESK).

a - The test was performed with a RBSN bar on a BN support.
After the test it turned out that the BN support evapora-
ted (thickness loss = 0.5 mm). The RBSN bar was covered
with a white glassy layer (fig. 4.23). Bubbles were
visible in this layer. Cracks originating from this layer
penetrated into the RBSN, causing the bar to break. The
RBSN bar sintered to the BN support.

b - After the test the RBSN bar was completely covered with a
brown glassy layer (fig. 4.24). No cracks were visible in
this layer nor on the bar itself. The transition area
from RBSN to Al,0; was covered with a transparent glassy
layer. Also this bar sintered to its support.

¢ ~ After this test it turned out that both the RBSN bar and
RBSN support were covered with a brown glassy layer. No
cracks were visible in the layers nor on the beam or sup-
port (fig. 4.25). Also in this set-up the bar sintered to
its support.

d - After the test the RBSN bar was covered with only a very
thin transparent glassy layer (fig. 4.26). No cracks were
visible in this layer. The RBSN did sinter to the Al,0;.
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Figure 4.23 Layer on RBSN beam with Figure 4.24 Layer on RBSN beam wit-
cracks and bubbles. Bar = 5 mm. hout any cracks. Bar = 0,5 mm.

e

¥ o > o B N Pl 4 . Ty -
Figure 4.25 Layer on RBSN beam wit- Figure 4.26 Transparznt layer on E.S.K.
hout any cracks. Bar = 0,5 mm. RBSN beam. Bar = 0,5 mm.

From these experiments it was concluded that the different
makes of RBSN will sinter together to Al,0;. Both the RBSN of
AME and Annawerk showed the typical covering with the brown
(Fe,0;) layer. This layer was not visible cn the RBSN of ESK.

4.8.1.3 Iron 'vulcano’

The sintering reaction of RBSN is increasec by adding a small
amount of metallic iron (¢« 1%) to the silicon before nitri-
ding. In order to have an influence on the sintering speed the
small iron particles should be equally dispersed in the green
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silicon preshape. According to the observations the iron is
not equally distributed over the RBSN. A normal cross section
of an RBSN product is coloured grey (fig. 4.27). The cross
section of the AME RBSN is coloured light grey. In this cross
section dark grey areas are clearly visible (fig. 4.28).
By means of a semi quantitative Electron Micro Probe Analysis
(EMPA) the composition of the ceramics is determined. This
method only gives a relation between the elements selected to
analyse. Elements with a molecular weight less than 16 can not
be detected by the method used. To perform a correct quantita-
tive measurement the surface to be analysed should be:

~ electrically conductant

- perpendicular to the incident electron beam

- polished.

The RBSN surfaces analysed do not meet any of these require-
ments. As mentioned above the only information is a relative
composition between selected elements (8i, Fe, Al, Ca and Mg).
At four places over a radial section of the bolt head the
composition has been determined. These places are:

1 - the centre of the bolt head

2 - a dark grey area

3 - a white coloured region near the surface

4 - the reaction layer on the surface.

In the centre of the bolt head there is a 1.2 % contribution
of iron in the composition. In the dark grey area the contri-
bution of iron is 10 %. The iron contribution in the white
region below the surface is 0.55 %. In the reaction layer on
the surface the iron content is 13 $%.

From these measurements it is concluded that the iron is not
equally dispersed in the RBSN. The amount of iron in the dark
grey area is a factor ten higher than in the matrix. The iron
content near the surface is low in contrary to the iron con-
tent in the reaction layer. It was concluded that the iron
diffused to the surface. At the surface it reacted with oxygen
to form a brown iron-oxide layer.

Some RBSN parts, which had no visible defect at the surface,
before the test, showed some very explicit holes in the surfa-
ce, after being exposed for approximately 100 h at 1773 K in
air atmosphere. On the surface around these holes there is a
thick brown reaction layer. In a cross section (fig. 4.29),
through one of these holes, it looks as if a *“vulcano" has
erupted. A deep crater is visible at the surface. The “vulca~-
no" cone, out of iron oxide, is formed on the surface of the
RBSN ceramic (fig 4.30).
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We assume that just below the RBSN surface there was a dark
grey area with a high iron content. During the exposure at

high temperature in air the iron oxidized.

Iron-oxide has a

larger volume than pure iron. Due to the increase in volume a

pressure will develop in the dark grey area.

If this pressure

is high enough the RBSN bridge between surface and iron dropp-
let will desintegrate. At 1773 K the iron-oxide is liquid. It

will flow,

through the created hole,

to the surface of the

RBSN. In this way a crack will be formed.

>
i

Figure 4.27 Cross section of RBSN from
Annawerk. The cross section is equally
coloured. Bar = 0,5 mm.

Figure 4.28 Cross section of RBSN from
AME. Clearly visible are dark spots on
this cross section. Bar = 0,5 mm.

* N wy

Figure 4.29 Cross section of iron vulcano
with deep crater into the RBSN and with
iron oxide 'vulcano’ cone on the RBSN
surface. Bar = 0.5 mm.

100

Figure 4.30 Top view on large iron vul-
cano. Bar = 5 mm.



From the measurements and from the observations it was conclu-
ded that RBSN used was of a poor quality. Because of the
economics the manufacturer could not produce a homogeneous
RBSK with a lower iron content.

.1.4 ase t sformations

During the production of RBSN, the silicon preform reacts with
nitrogen to form silicon nitride. In the first stage of this
process, at a temperature of 1623 K, «-8i,N, is formed. During
the second stage of the process, at a temperature of 1723 K,
the «-Si,N, is transformed into B-Si,N,. This second stage takes
approximately 100 hours. During this stage 40 % of the Si,N, is
transformed. The strength of P-Si,N, is some 25 % lower than
the strength of a-Si,N, [ref. 4.7). During the first experi-
ments the RBSN bolt head was kept at a temperature of 1773 K.
The experiment lasted 100 hours. The experiment (in air with
80 % N,) had the same influence on the transformation of Si,N,
as the last stage of the sintering process. As a result the
Si,N, was completely transformed from the «-phase to the f-
phase. This will result in a lower allowable stress or a
shorter lifetime at a certain stress.

The effect of the phase transformation on the composition of
RBSN was measured by means of the X-ray diffraction method
[(ref. 4.8]. From one bolt the composition of the cold end and
of the hot end (bolt head) was determined by this method. The
results are given in figures 4.31 and 4.32. The inner two
peaks of the quadruple peak around 35 deqgrees in fig. 4.31,
indicate the appearance of a-Si;N,. The two outer peaks corres-
pond with B-Si,N,. In figure 4.32 (hot bolt head) the two inner

NI

5.0 20.08  25.08  58.88  S5.A8 MA@ 45.A@  SG.P0  S5.4M 6008 65.00

A

Figure 4.31 X-ray diffraction results from the cold part of the bolt. Horizontal axis is
detection angle. The four peaks around 35° indicate both a- and B- phase.
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Figure 4.32 X-ray diffraction results from tho hot bolt head. Horizontal axis is
detection angle. The two peaks around 35° indicate only B-Si;N,

15.80 20.99 25.88 38.68 35.08 42,98 45.99 50.00 S5.08 68.09 65.90

peaks are not clearly visible. This indicates that the sili
con nitride of the bolt head is transformed from &-Si,N, to B-
SisN,. The strength of the RBSN is decreased [ref. 4.7].

To prevent this transformation and to prevent corrosion, crack
and sintering problems, the next series of experiments were
performed at a lower temperature. The transformation process
starts at a temperature above 1623 K {ref. 4.7]. To make sure
that the RBSN will not transform, the temperature of the
experiments was reduced to 1573 K.

4.9 Forces on the bolt

It is our intention to load the bolt with a known axial force.
This will result in a certain stress distribution. The stress
together with the saw slit will result in a stress intensity
factor. Due to the crack growth the stress intensity factor
will increase untill it reaches the critical value. At that
moment the bolt will break. In order to obtain only one cen-
tric tensile force a soft washer was placed beneath the bolt
head to distribute the force over the circumference of the
bolt head. The resulting force should then be in line with the
centreline of the bolt. At the cold side a universal joint was
placed between the bolt end and the steel back plate of the
coupling beam. By means of the washer and the universal joint,
only forces that coincide with the centreline of the bolt
should be transmitted. Despite these systems also transverse
forces could be transmitted by the bolt. They are introduced
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by the following phenomena:
a - contact between bolt and back plate at other
places besides the bolt head and the universal joint
b - non-equally distributed contact stress under the
bolt head.

he ex si

Before the heating up cycle of the experiment, the inner
alumina plate and the outer steel back plate are in a aligned
position (fig. 4.33 a). The bolts are loaded with only a small
force (x100 N). During the heating up cycle, the distance
between the holes in the alumina tile will increase. The dis-
tance between the holes in the cold steel back plate does not
increase (fig. 4.33 b). The bolt is still directed from the
hole in the tile to the hole in the back plate. This direction
is no longer perpendicular to the back plate. In the tile the
bolt should rotate over the platinum washer. At the back plate
the universal joint gives way to every wanted direction of the
bolt. So during the heating up cycle no transverse force is
introduced at the cold end of the bolt. A normal experiment

alumina
tile

O

steel
back
plate

—L

a

Figure 4.33 Position of bolt, alumina tile and steel back plate in the cold situation
(a), during heat-up (b) and during cool down (c).

stops with the failure of the notched bolt, before the start
of the cooling down cycle. Due to some failures in the power
grid and in the control system of the oven, the oven cooled
down twice before failure of the bolt. At that time the expe-

103



riments lasted over 50 hours. During cooling the distance
between the holes in the tile decreased. A solidifying reac-
tion layer between bolt head, platinum washer and alumina tile
prevents the bolts from rotating there. To follow the still
shrinking tile, the bolts have to move in y-direction (fig.
4.33 c¢) until they touch the hole edges. From that moment on
an increasing transverse force acts on the cold end of the
bolt. This results in a bending moment in the bolt which has a
maximum at the bolt head. The bending stress can be signifi-
cantly larger than the tensile stress. Since it is not trans-
mitted by it, the transverse force can not be measured by
strain measuring cylinder.

4.9.2 Bending moment tests

A small set-up (fig. 4.34) was built to verify the theory of
the bending moment. In this set-up the bolt can be loaded with
a certain force. This force is measured by the standard measu-
ring cylinder. The excentricity of force, at the bolt head,
can be adjusted. Just below the bolt head two strain gauges
are cemented to the bolt. They measure the bending stress in
the bolt. A mirror is cemented on top of the bolt head. This
mirror follows the rotation of the bolt head due to the excen-
tricity of the force. This rotation can be calculated from the
measured displacement of the reflected laser beam on the
mirror.

eccentricity

laser (adjustable}

mirrors

strain gauges

bolt

fixed holder
universal joint
measuring cylinder
nut

Figure 4.34 Experimental set-up to measure the bending moment and the fransverse
force without ball-and-cup and leaf spring systems.
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A transverse force at the bolt end, due to an excentricity at
the bolt head, will introduce a bending moment. Both the axial
and transverse force are measured by the measuring cylinder.
The bending moment results in a bending stress in the bolt
shaft which is also measured. By means of the F¥.E.M. programm
this stress is calculated. Also the rotation of the bolt head
(c.qg. mirror) is calculated.

Figure 4.35 gives the results of the first measurements with
this set-up. On the vertical axis is the axial stress o, in

the bolt shaft. The measured bending stress o, is on the
horizontal axis. For a number of excentricities the measured
relations between ¢, and o, are given by the continuous lines.
The calculated relations are given by the dashed lines.

The measured values lay on a straight line. This line does not
intersect the origin. So there still is a small bending

moment acting on the bolt at excentricity zero. This bending
moment can be due to the fact that we load our bolt by means
of a nut. This will be discussed in section 4.9.

From the above measurements we can derive the conclusion:

- If the axial force does not coincidence with the centre-
line of the bolt than there is an excentricity in the
loading. This excentricity will lead to a bending stress
in the bolt shaft which is proportional to the axial
force and to the excentricity.

20 -
Utensiie
. e = 0.5mm e=1.0mm e=1.5mm
in 15

MPa

10

0 T H L k] 1 3
0 10 20 30 40 50 60

Cbending in MPa

Figure 4.35 Relations between axial stress and bending stress for certain excentricities
without ball-and-cup and leaf spring systems. Measured = continuous lines, calculated
= dashed lines.
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4.9.3 Screw-thread

The axial load on the bolt is applied by rotation of the nut
over the screw thread of the bolt. Let us have a look in
detail to the bolt-nut combination. Both parts are provided
with screw thread. The thread of the bolt has a smaller diame-
ter than the thread of the nut (fig. 4.36). In this way it is
possible to move the nut over the bolt.

If the force is transmitted axially from the nut to the bolt
(fig. 4.36 a) it is assumed that the load is transmitted by
only one thread. Two equal forces act on the bolt at the same
excentricity but at some axial difference. This results in a
bending moment on the bolt.

If the effective force is transmitted off center, which can be
the result of some particle below the nut or axial stroke of
the nut, the nut will tilt over the bolt (fig. 4.36 b). It is
assumed that the load is now transmitted by the two outer
threads of the nut. The forces in this case are of different
magnitude although they act at the same radial distance. Due
to the larger axial distance between the two forces, the
resulting bending moment on the bolt, is larger than in the
former case. ,

If the component beneath the nut can move radially and if it

bolt
—+nut

- particle
measuring
cylinder
universal
joint
eccentricity

AAAAAAAARAYYARARYAARN

B A
A%

A B

Figure 4.36 Nut over the screw-thread of a bolt. a: load centric transmitted. b: load
transmitted off centre.

can rotate, it will do so in the latter case. This will result
in an off axis transmission of the force from this component
to the next component.

Rotating of the nut over the bolt can be diminished in two
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ways. First we can reduce the tolerance between the screw-
thread of the nut and screw-thread of the bolt. A second way
is to increase the height of the nut. We used selected bolts
and nuts with a very close tolerance on the threads.

4.9.4 Constructio d ase t t verse )

Not only during premature cooling, but also during normal
experiments the bolts broke just below the head. We suppose
that this is also the result of a bending moment acting on the
bolt shaft. If the platinum washer does not deform enough,
then the force will not be equally distributed over the cir-
cumference of the bolt head. This results in a force at the
bolt head at some distance (eccentricity) of the centreline
{(fig. 4.37).

At the cold side, the force will go through the centre of the
universal joint. This centre coincides with the centreline of
the bolt. The universal joint can transmit both axial and
transverse forces. If in addition to the axial force there is
also a transverse force transmitted by the joint then the
signals of two opposite strain gauges will differ. The measu-
red signals were always different. They sometimes differ more
than 100 %. From this difference in strain gauge signals we
deduced that the force at the bolt head had an excentricity up
to 7.35 mm.

universal

Force joint
T s

(eccen—rl__.!i—T_“—‘ H
tricity) Force

Figure 4.37 Excentricity of the force at the bolt head.

To reduce the transverse force, and with that the bending
stress below the bolt head, there are some alternatives:

a - use one bolt per tile

b - use a kinematic suspension in the oven

¢ - use a system with low transverse stiffness.
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a - To prevent rotation of the tile two bolts are used in the
test-rig.

b - If it is possible to make sure that the force, at the hot
side, is acting through the centre line of the bolt, then
there will be no transverse force in the bolt. In a beam-
quadruple (fig. 4.38 a) the force from body 1 to body 3
will be transmitted through the momentary pole P,; of body
1 and body 3. This pole lies on the intersection point of
the lines through body 2 and body 4. If this pole P,; lies
on the centreline of the bolt then the resulting force
will coincide with this centreline. :

For one position of the bolt and tile this can be reali-
sed by a beam-quadruple. If the bolt translates or rota-
tes with respect to the tile then the pole P,; will no
longer coincide with the centreline of the bolt. If in
one plane the beam-quadruple is replaced by two balls
rolling over curves in the bolt head and the tile (fig.
4.38 b), a degree of freedom is introduced, which can be
used to make sure that pole P,; will coincide with the
centre line of the bolt.

In a starting position the 1lines through the contact
points of the balls intersects in pole P,; on the centre

1 {tile)

L B By

Figure 4.38 Basic principle of beam-quadruple (a) and possible realisation by
means of balls (b). \

line of the bolt. The bolt is rotated over a small angle.
This results in rolling of the balls over a small distan-
ce. Given the condition of the pole to ly on the centre
line of the bolt, will result in trajectories on both the
bolt and the tile. For both movements (translation and
rotation) of the bolt, with respect to the tile, the
trajectories have been calculated to fulfil the condition
of pole P,; to coincide with the centreline of the bolt.
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For both movements it is not possible, in this way, to
fulfil the condition of coincidence of pole and centreli-
ne. This possible solution was not used.
(In many tensile testing machines a ball bearing is used
to decrease the bending moment in the testpiece. This
bearing can give way to a rotation but not to a transla-
tion. If the clamps are not aligned, which normally is
80, then a bending moment will still be introduced.)

¢ - By means of low friction layers the friction coefficient
can be reduced from 0.3 to 0.05, which, at a given axial
force of 1000 N will result in a reduction of the trans-
verse force from 300 to 50 N. By means of some ball- .
bearing gliding system, the transverse force can be redu-
ced even further. Another way of reducing the transverse
force is by means of a leaf spring system (fig. 4.39 b).
In axial direction these systems have a high stiffness.
In transverse direction the stiffness is significantly
lower. To compensate for both horizontal and vertical
movements, leaf springs in both directions are needed.
The leaf springs can be replaced by wire springs. In that
case only three wires are needed, which results in a more
simple system (fig. 4.39 a).
Both systems still have a transverse stiffness. If the
springs are replaced by threads this stiffness would

E%

joint

bolt
boit

- - measuring . measuring
A i % cylinder cylinder
[l I N z
A f §\ wire spring ‘?; L leaf
4/4 i i \§l 2 springs (4x)
e D universal Z .
7 N z ____ universal

Figure 4.39 Two spring suspension systems with low transverse stiffness. System A by
means of three wire springs. System B by means of four leaf springs.

become zero. For the designed system with the leaf-
springs the transverse stiffness is equal to 2.5 N/mm.
For the system with the wire springs the stiffnes is e-
gqual to 13.8 N/mm due to the larger outer fibre distance.
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The expected movement of the bolts is 0.5 mm. This would
result in a transverse force of 1.25 N respective 6.9 N.
From F.E.M. calculations it was deduced that the maximum
tensile stress in the bolt would increase from 65 MPa (at
zero transverse force) to 68 MPa or 88 MPa at transverse
forces of 1.25 N respective 6.9 N. The tensile force is
supposed to be equal to 1000 N. The increase in stress
should be lower than 5 % so it was decided to build the
more complicated system with the leaf springs.

The platinum washer reacts with the alumina tile. To prevent
this reaction the washer was replaced with a ball-and-cup
system. This system can follow the desired rotation of the
bolt during heating up at low axial load. Once in position the
load is always distributed equally over the circumference of
the bolt. The load does not have to be equally distributed in
respect of the tile. In a cold sgituation the friction coeffi-
cient between ball and cup was measured to be equal to 0.22.

The effect of the leaf spring system and the ball-and-cup
system can be expressed in a decrease in bending stress at the
saw slit in the bolt compared with this stress without any of
these systems. This comparison is given in table 4.11. A
transverse movement of the bolt end, due to thermal expansion,
of 0.5 mm is assumed. In the case of the ball-and-cup system a
tensile force of 1000 N is assumed. As the result of the
comparison we can state that introducing some additional
construction elements will significantly reduce the bending
stresses.

Table 4.11 Comparison of the influence of several systems on the bending stress in the
bolt.

system tensile stress| bending stress| total stress
no system 65 MPa 309 MPa 374 MPa
ball-and-cup | 65 MPa 38 MPa 103 MPa
leaf spring 65 MPa 3 MPa 68 MPa
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S5 _CONCILUSIONS

From the present study the following conclusions concerning
the design of a MHD generator wall segment, the diagnostics to
measure the load on this segment, the models describing the
dynamical and thermal behaviour of the wall segment, the
models decribing the slow crack growth in ceramics, the model
to calculate the lifetime of the generator and the test-rig
can be drawn,

Degign of wall segment

For a closed cycle MHD generator a wall segment has been
designed. A number of these segments have to be used to build
a MHD generator wall. Because of the maximum size of the
available ceramics, the wall of a large generator has to be
segmented. Considering the electrical processes in the genera-
tor, ceramics should be used as inner materials. Considering
the heat flux through the wall a thermal insulating material
should be applied. In the design all these considerations are
combined. During the present study it turned out that the bolt
in the designed wall segment was loaded with both bending and
tensile stresses (section 4.9). The designed wall segment
(fig. 1.11), is a representation of our development. The sys-
tems (section 4.9), to exert a kinematical correct tensile
stress without bending stress, were initially not incorporated
in the design, but just added to it. The ball-and-cup system
(section 4.9) can be incorporated in the design of the bolt
and the tile. Because of the large number of bolts, attention
has to be paid to the simplification and/or combination of the
leaf spring system and the universal joint (section 4.9).

From a mechanical and electrical point of view the designed
wall segment (section 1.8) is a good construction for a modu-
lar MHD generator channel. Ceramics do not show subcritical
crack growth under pressure stresses. So it is better to avoid
as much as possible tensile stresses in ceramic construction
parts. If the cross section of the generator does not have to
be rectangular then a. shape closed construction with vaulted
walls, where the tiles are loaded with a pressure stress, is a
good construction. Further research should be performed to
this topic.

For all the ceramic parts of a construction, especially those
under tensile stress (bolts), stress concentrations should be
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avoided.

For tensile testing systems the leaf spring system in combina-
tion with universal joints can be used to minimize the bending
moment in the part subjected to the tensile stress.

Diagnostics

Two kinds of diagnostics, to measure the load on the bolt,
were presented in chapter 2. These diagnostice are a laser-
interferometer in combination with a dynamical model of the
construction and a strain gauge measuring system.

At room temperature and with a constant load on the wall
segment the laser-interferometer met its purpose. The accele-
rations measured, by the laser-interferometer and the forces
in the bolts calculated with the model of these accelerations,
are in good agreement with the values measured by other sys-
tems. At high temperature the duration of the laser-inter-
ferometer measurements was limited due to the oxidation and
evaporation of the platinum laser mirror. At high temperature
and with a thick platinum mirror, the duration of the laser-
interferometer measurements was limited due to the shifting of
the moving mirror while increasing the load.

The strain gauge system on the measuring cylinder performed
well during all runs. In combination with the amplifier chosen
even the strain signals with a frequency of 1000 Hz could be
measured.

Models

In chapter 3 several models were presented which described
certain aspects of the wall segment. These models have been
concerned with the following items:

-~ dynamical modelling of the wall segment

-~ thermal modelling of the wall segment

- modelling of the crack growth

-~ probablistic lifetime-calculation.

For a wall segment without leaf spring system and without air
cylinder for load adjustment the presented dynamic model could
well describe its dynamical behaviour. However the stiffness
of some components had to be determined emperically.

The thermal model can be used to get a good idea (error <5%)
of the temperature distribution in the wall segment. By an
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empirical method the material data supplied by the manufactu-
rer should be verified and adjusted before it can be used in
the model. -

The width of the saw slit has a strong influence on the fail-
ure stress of the bolts. All bolts with a radius of 0.03 mm
broke at & lower stress than the bolts with a radius of 0.14
mm. The fatal crack was located at the saw slit.
The crack growth model presented can be applied to describe
the crack growth in Reaction Bonded Silicon Nitride at 1573 K
in air under slowly increasing stress. The constants in the
relation for the crack growth velocity versus the stress
intensity factor v = AK," using the data from the measurements
under slowly increasing stress are for the material studied:
n= 18 ¢ 6 -1
A= 1%10°%% [si units])
These are some of the few data on the subcritical crack growth
~ in RBSN. The number of measurements, used to verify the model
of subcritical crack growth under slowly increasing stress, is
small. From these measurements we can only get an indication
of the correctness of the crack growth model. Further investi-
‘gations should be performed to decrease the spread.
The number of dynamic measurements, to verify the application
of the subcritical crack growth model under dynamical loading,
is too small to proof the correctness of this model. Because
of the fact that the dynamical load was only 10% of the static
load, the excistence of an effective stress, to represent the
dynamical load, could not be proved.

No experiments have been performed to prove the correctness of
the probabilistic lifetime calculation (section 3.6) of MHD
generators. :

Test-rig

The experimental test-rig built to perform the lifetime tests
was, in the end, a reliable device to load the wall segment
with both a thermal and a mechanical load. After some modi-
fications the slowly increasing stress system was a reprodu-
cible, transverse force free, system. Due to coupling of some
weak devices in the load string of the bolt, the excitator was
no longer strong enough to exert a dynamical load on the bolt
that was 50% of the static load. Only & 10% share of the
static load could be achieved. So there is no significant
difference between the static and the dynamic loading.
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Appendix A

Relevant properties of the used ceramics.

Reaction Aluminum ZAL 45
‘| Bonded Sili~ | Oxide

con

Nitride

A.M.E. E.S.K. I.C.I.
density g/cc 2.5 3.8 0.72
porosity % 20 0 70
composition 50% «-Si,N, 99.7% Al,0,4 96% Al 04

50% B-SisN, 0.2% Mg 3% Sibd,

(bending) 300 K | 150 340 -
strength 1000 K 150
MPa 1600 K 150
compressive 300 K 800 2500 4.5
strength MPa
Weibull modulus m 10 25 -
Youngs 300 K 170 310 10.5
modulus 1000 K 163 300 8.0
GPa 1600 K 156 270 7.0
Poissons ratio - 0.23 0.27 -
hardness MPa 3000 2100 -
{(Vickers)
thermal 300 K 3.0 5.4 6.4
expansion 1000 K 3.0 9.0 7.8
<10 /K 1600 K | 3.0 10.2 9.0
thermal 300 K 12 28 0.12
conductivi- 1000 K 7 9 0.24
ty W/mK 1600 K 6 6 0.35
specific heat 680 1025 1047
J/kgK
maximum tempe- K 1670 2120 1920
rature
{(melting, sublima- 2170 2140 2140
te, decompose)
electrical 300 K 10" 10"
resistance 1000 K 108 10°
Qcm 1600 K | 10° 10°
magnetic 0.05 0.11
permeability
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Appendix B.

In this appendix a description is given of mathematical back-
ground of a Michelson-interferometer and of the expected
signals on the detector of that meter. Also some information
is given on the coherence of a laser beam.

The electric field E of a light beam at place z along its axis
and at time t, can be described by formula b.1l

E(z,t) = Eeitksrocre (b.1)
B, = electrical field at location z = 0 [(V/m]
k = 2m/A wave number [1/m]
A = wavelength [m]
@ = circular velocity : [1/s]
t = time {s]
z = location along beam - [m]
¢ - phase angle [rad.]

For monochromatic and coherent light the fase angle ¢ is
constant over the lightbeam. The detector measures the inten-
sity of the light of the two reflected beams 1 and 2 according
to formula b.2.

Lo - [pettHen | ggitmmtnl] (b.2)

With the detector at a fixed place the real part of the inten-
sity at a certain moment will be given by formula b.3.

Iy = Ef + EZ v 2E,E,cos(¢,~¢,) (b.3)

The phase difference 8 = ¢, - ¢, between the two lightbeams de-
pends only on the difference in beam length 2s. Where s is the
displacement of the moving mirror. With good mirrors the
energy of the two light beams will be almost equal ( E, ~ E; )+
The C is the background light intensity whereas the Bscos(3§)
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Figure b.1 Detector signals as function of amplitude of the displacements.
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T, = 2E(1+ cosd) = C+ B*cés(%fi ) (b.4)
is the, time or place dependent, fluctuating term often refer-
red to as fringe. The detector will measure the fringes, with
an intensity above a certain thresshold value.

To see what we can expect to measure [ref b.1] let us loock at
figure b.1. In this figure we see at A the phase of the inci-
dent lightbeam on the moving mirror. At B we see the displace-
ment of the moving mirror. Notice that at B a displacement of
A results in a displacement in A of 21, due to the double
optical path. The signal on the detector, for the three diffe-
rent amplitudes of the movement, is given by €, D, and E
respectivily.

A maximum acceleration of 700 m/s? at a frequency of 1000 Hz
results in a maximum amplitude of the displacement of 20-10°¢
m. For a HeNe- laser with a wavelength of 0.6328-10%° m this
displacement equals an optical displacement of 32 wavelengths,
which results in 64 signals from the detector. Each periocd,
the mirror moves over four times the amplitude of the sine.
The 256 signals from the detector are not equally spaced in
time. To measure this signal the sampling frequency of the
counter should be at least 768 kHz.

The minimum detectable amplitude of the movement is 1/2 A =
0.3164-10° m. The minimum detectable acceleration at 1 kHz
equals 12.% m/s?.

Formula b.2 is based on the fact that the light is monochroma-
tic and coherent. With a HeNe-laser the light is monochroma-
tic. The 1light in the laser beam is only coherent over a
certain length AL. Each laser has its own gain profile (Dopp-
ler profile) as is indicated in figure b.2. Due to some losses
only freguencies within a short interval are amplified. This
short interval is called the fluorescent linewidth Af,. For the
HeNe-laser with a wavelength of 0.6328-10% m (f, = 4.74-10%
Hz) the fluorescent linewidth is typical 1700-10° Hz. Within
this linewidth one or more wavelengths can be amplified. Each
wave with a length of A = 2-1/n will be amplified in a laser
tube with cavity length 1. We call this a mode of a laser. In
a laser, with a cavity length of 0.25 m, the mode spacing Af_
between two adjacent modes is given by formula b.5.

- 8
Af. - S . 3200 108 (b.5)
ms Z1 20.25 ~ ©0010Hz
¢ = speed of light in vacuum [m]
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Figure b.2 Doppler profile and modes of a laser.

In a small laser the mode spacing is large. So there are only
two modes in the fluorescent linewidth. These two modes are
peolarised perpendicular. Normally the linewidth of a laser
beam equals the fluorescent linewidth of this laser. If there
are only two modes beneath the fluorescent linewidth then the
linewidth equals the mode spacing plus two times the mode
width, If we filter one of the two modes then the linewidth
equals the mode width. With the aim of a temperature and
cavity length regulation you can achieve a linewidth Av of
less than 10-10° Hz [b.1]. The coherence length of a laserbeam
is given by formula b.6.

AL = cAt ‘ (b-G)’

coherence time At = —‘% (b-?)'

b.7, b.8 = AL = -2 (b.8)
Av

For the laser used the coherence length will become 30 m.If we
did not filter one of the two modes the coherence length would
be 0.17 m. In the experiment the optical path is approximately
1.5 n.
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Appendix C.

For the strain gauge system, as described in paragraph 2.5,
the force - voltage relation will be deduced in this appendix.
We relate to the measuring shell of figure 2.6. Each shell has
a cross-section of 26.5 mm?. If we load the shell with 1000 N
then the stress o = 37.7 N/mm?. With this stress and a Youngs
modulus E of 200-10° N/mm? the strain e in the shell will be
188.5 pstrain. The change in resistance of the strain gauge
will be given by formula c.1.

i‘-}?’i - K—Aié Ke = K—% (c.1)
R = resistance . (2]
K = gauge factor {-1
L = length | {m]

With a strain gauge of 350 0 and a gauge factor of 2 this will
give a change of 0.132 0. We use the strain gauges in a half
bridge figure c.1.

& €
\‘3“& ) %a
& %,
& U
¢ %
Ri RN
r——- R - A
: Ar\ ycn 4B ;
i | R3 R-& {
f % o
i - =}
| n o 1
) : 8g
1 i
} |
; e !

Figure c.1. Strain gauge circuit according to
Wheatstone.

With the bridge in balance R, ;4 = R, Ry Only the measuring
strain gauge R, will change during loading.
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AR,

U, » U2 c.2
w = VR 2AR, (¢-2)
For a small change AR, this can be approximated by
AR,
- . {(c.3)
Ug = U 0.25Ke

At an excitation voltage of 5 V and a gain of 1500 this should
result in a measured bridge voltage of 0.707 V. The measured
bridge voltage at a load of 1000 N was 0.710 V. This is good
~ enough.
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Appendix D.

In this appendix a general analytical solution will be given
for the differential equations in paragraph 3.5 and 3.6. These
equations describe the behaviour of the stress intensity
factor, as function of the crack growth, under slowly increa-
sing stress and under cyclic load. The stress intensity factor
at the tip of a crack with length 2a is given by formula d.1.
The general expression for the crack growth velocity is given
by formula d.2. ‘

K, = Yo(t)Ja(ty ' (d.1)
_g_ag - v - aK? (d.2)
K; stress intensity factor mode 1 [ N/m2 ]
Y  shapefactor I -1
o(t) stress without crack at time t [ Pa ]
a(t) crack length at time t [m]
v crack growth velocity [ m/s ]
A crack growth constant [ -1
n crack growth exponent { -1

Differentiating d.1 with respect to t gives formula 4.3.

dK; / 1 da(t) 4.3
at {O(t)Jaiﬂ + a(t)2 — - ( )

Substituting a from formula d.2 in d.3 will lead to formula
d.4. ‘

dK; - / Ky 1 Yo(t) n d.4
Tt X(o(t) Yo l0 +0(C}E—TI——AKI { )
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o/ (LYK, Y ,1)
(Sava + Loroaes

Ko (t) , AY?

2 -1
) z° (t) k7
dk;  d/(£) . AYZ , -1 (d.5)
gt " eln K T T otk

The general differential equation of Bernoulli is given by
formula d.6.

y' + Px)y = Q2(x)y? (d.6)

We state that K is a function of z and ¢ according to formula
d.7.

K - z¢ (d.7)
dKI o-1 dz (d°8)
a -~ *F g

K_?_l _) (za)n-2 - pon-® . (d'g)

Formula d.5 combined with d.7 - d.9 gives formula d.10.

«-1dZ _ o' (t) e - AY? £) oo (d.10)
“2TGE T o ? z- o (8
dz o' (t) =z¢ AYZ Zea-e :
e - t (d.11)
dt o(t) gz z (e ez*?
g _ 0'({:) 3 Ayzoz(t) Zen-2e+1 (d.lz)
dt o(t) « 2
This eguation is linear if:
pan-2e+l .‘ z9 - 1 (d.13)
an - 20 +1 = 0
@ ~ —L . 1 (d.14)
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Equation d.12 combined with d.14 leads to equation d.15.

dz _ d(t)
dt o(t)

(2-n)z = -’%’ioem (2 -n (d.15)

Let us assume 2 to be a function of u and v; 2z = uv.

dz . du,, dv d.16
dt ac’ t Yae ( )

Using these relations equation d.15 can be rewritten as equa-
tion d.17.

udv . vdu _ d'(t) _ . AY2 , - (d.17)
dt * dt O(t)(z n)uv 2 o?(t) (2 - n)

dv _ o/(t) B du _ Ay? , _ (d.18)
(755 ) (2 n)v}u * VI —° (&) (2 - n)

Suppose the first coefficient of u in d.18 equals zero.

dav _ oty ., _ (d.18)
de " o(p ZTmV

ii_z - Ol(t) (2'ﬂ)dt - (2—1’1) 0}(t) - (Z—H) dSig!!a(t) (d.20)

v o(t) o(t) o(t)

tdv | (o gy f dsigma(t) (d.21)

te0 V £ o(t)

Inlv(&)] - 1nlv(o)l = (2 - n)(inke (&)l - nle(0)) (d.22)
vit)| . _ a(t) d.23

1“1 V(O}l (2 “”“la(o) (d-23)

vit) _ (o(t)yZ-nk (d.24)

v{0) o (0}

(v>0, > 0)

We assume no crack closure during the lifetime of the compo-~
nent. We are only considering tensile stresses. So the condi-
tions of equations d.24 are fullfilled.

We stated that the first coefficient of u in equation d.18
equals zero. We will rewrite this equations using equation
d.24.
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du - AY? 2 _
VaE T ¢ (tY(2 - n)

v<o>("‘t’)”“”£‘l - A2y (2 - n)

a(0) dt 2
du _ 1 AYR ., . . . (g(0)|2-®
JE Vo (2 ~-no (t)(o(t))
du _ 1 AYZ ., z-m
qt (o) 2 (2 -nmoZ-2(g)a2(E)

t - 1 AY? (2 - a) £
L.od” Gy (2 - mo “(O}L_Do"(t)dt

- - 1 AY? 5 he? d
ult) - u(o) ST S5 (2 n}o(O)ft_oa"(t}dt:

‘ - 1 ay? ., 2 -m t
u(t) Stor 2 (2 - mo ”(O)L_oo“(t}dt+u(0)

1 Ay?

z'“"'[mT

(2-nyot®" (O)Ltaa”{t) dt + u{O))'

(vzm{ o(t) ]fz-n’)

z~ AY (5 n)c“?‘“’(t)f on(t)dt + uce)v(m( o

2 t
K, = z® = K(t) - Q%Y—(zwn)q(z'“’(t)j;_aa”(t)dt+

]‘n

K () - [}‘«‘(Z""(C)[éz—z(z—n)ﬁ:o“(t) de+- B3l vio) V(O)]

+ u(0)v(0)[§§§”‘2 -

glen (0)
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Kz(o) - [Iotz-n)(g)[0+ u(O)v(;‘O)}

)zfn (d.36)
ol2 - (o)

1
k(0 = uov(opZ-= (d.37)

u(o)v(o) = k27 (o) (d.38)

- {(z-n)
u(oyv(o) _ KT (Kf(o)] - (w/ETOP)@ - (d.39)
olz-m olZ2-1 (g) o{0) (wato

The general expression of the stress intensity factor as
function of time will be given by equation d.40.

TN oL
K (t) - Ga‘“’ {t)[é—g—z (2-n) fc :o‘*(t) dt+ (WaTor) “”“"’ﬂ] 2 (d.40)

From this equation a general expression of the crack length as
function of time can be deduced.

K (8 = Yo(t)/alE) = al{t) = _If_fiif)_ (d.41)
! Y202 (t)

-
ﬂc (z-n) (c)[ﬁé‘f (2-n) [ “oon( £) dt+ (WaTD) )“"'"’“] T (a.42)
t) = -
a(t) Yio2(t)

2

ﬂo""" (t)[-éziz(z-n;f:aon(t) dt+ (vwa(o (2-mh)?—3 (d.43)

2
(Y(Q-n)o{znn) (t))z-n

a(t) =

This general expression of the crack length as function of
time is given by equation d.44.

2-n

- [|[RY2[E4n (—)
alt) ﬂ—-}—j;oo (t)de + a* 2 /(0)

-

2
)z—n (d.44)

For the two special cases of a slowly increasing stress and of
a cyclic stress, the expressions of the stress intensity
factor and of the crack length, as function of time, will be
given.
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Slowly increasing stress.

o(t) = at (& is constant) (d.45)

ol2-D () - (s£)2-7 o glz-Dplz-n (d.46)

t
Eon - tenen - nffen - t(n+1)] (d.47)
L_gc (£)dt fmb trdt - 6 ch dt é"[n+ 7.,

- gla+ 1) - ol - g7 glasn (d.48)
n+1 n+ 1

gt (ét)"t _ o™(E)t {(d.49)
n+ 1 n+1 n+ 1

The stress intensity factor as function of time will be.

Tl
K (t) = (}d‘*‘”’t‘z‘“’[—‘qw (2-m) SLELE | (y/aTOT) ™ ]2"’ (d.50)
B 2 n+ 1 J

+ 1

Tl
K (£) = ﬂc‘z'n’(t)[‘a;z (2-n) ";(t}t + (waETo)* )‘"““ (d.51)

And a(t) will be equal to;

- 2
a(e) - []fr_"(z-,,)m_tw(o)—%“]z-a (d.52)
2 n+1
Cyclic stress with prestress.
o(t) = o0, + 0o, sin(wt) , (d.53)
2 I
Kk (t) = [IQ[-‘%—(Z—n)R + 5’] )2'" (d.54)

with

0 = (0,+ o sin(we)) -2

n
R = 00 k=0

k
("]["ﬂe) [ fsin*(wt) dt}
k a, t-0
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8 = (Yfa_(—';"g )(2«11)

mya ((B)f Camp) e s -t i nde (d.55)
G”Exuo[[k]( o, ) ];-osni {wt) dt] j;_o(60+cws1n(@t))
and a(t) will be equal to;

k
(n][h’?] tosin"(w t) dt} +

- Ay? - nghn
a(t) ﬂ—z (2-m05Y, )| o2 | ..

(2 -.n

T% (d.56)
+a(o) “¢

128



Appendix E.

The lifetime of a M.H.D. generator is calculated in paragraph
3.6.4. The influence of the variation of some initial conditi-
ons on the lifetime of the generator is presented in figures
3.21 - 3.25. The variation of the initial conditions are:

- the initial load on the bolts.

- the Weibull modulus of the RBSN.

-~ the proofload.

- the load on the outer bolts.

~ the number of bolts on one wall.

The results of these calculations are presented in this appen-~
dix in tabular form. The first two numbers in the next tables
are the characteristic failure time of the first bolt and the
Weibull modulus of that distribution. The next two numbers are
the characteristic lifetime of the whole wall and the Weibull
modulus of that distribution.

Table E.1 Variation of the initial load on the bolts.

50 MPa 55 MPa 60 MPa 65 MPa 70MPa
no bond 16.8e6 5.8%9e6 2.25e6 0.93e6 0.41le6
m= 1.5 m= 1.5 m= 1.5 m= 1.5 m= 1.5
27.7e6 9.68e6 3.71leé6 1.53e6 0.66e6
m= 2.7 m= 2.7 m= 2.7 m= 2.7 m= 2.6
stret- 25.6e6 8.96e6 3.43e6 1.42e6 0.62€6
ching m= 1.6 m= 1.6 m= 1.6 m= 1.6 m= 1.5
bond 37.5e6 13.1e6 5.02eb6 2.06eb6 0.91e6
m= 2.5 m= 2.5 m= 2.5 m= 2.5 m= 2.4
hexago- 16.0e6 5.60e6 2.14e6 0.88e6 0.39%e6
nal m= 1.5 m= 1.5 n= 1.5 m= 1.5 m=1.5
bond 33.0e6 11.5e6 4.39e6 1.82e6 0.80e6
= 3.2 m= 3.1 "m= 3.1 n=3.1 m= 3.1
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" Table E.2 Variation of the Weibull modulus.

m=25 m = 10 m= 15 m= 20 m= 25
no 0.0leé6 0.45e6 2.26e6 4.96e6 7.85e6
bond m= 0.7 m= 1.0 m= 1.5 m= 2.1 m= 2.6

0.07e6 1.35e6 3.71e6 6.60e6 9.54e6

m= 0.9 m= 2.0 m= 2.7 m= 3.4 m= 3.9
stret- 0.00e6 0.90e6 3.44e6 6.71eb 10.0e6
ching m= 0.5 m= 1.0 m= 1.6 m= 2.14 m= 2.7
bond 0.15e6 1.94e6 5.02e6 8.53e6 11.8e6

m= 0.8 m= 1.8 m= 2.5 m= 3.1 ‘m= 3.7
hexago- 0.00e6 0.44e6 2.14e6 4.73e6 7.53e6
nal m= 0.7 m= 1.0 m= 1.5 m= 2.1 m= 2.6
bond 0.08e6 1.63e6 4.39%e6 7.50e6 10.5e6

m= 0,9 m= 2.2 m= 3.1 m= 3.9 m= 4.5

Table E.3 Variation of the proofload.

70 MPa 90 MPa 110 MPa 120 MPa 140 MPa
 no 2.25e6 2.45e6 4.14e6 7.23e6 26.7eb
bond m= 1.5 m= 1.8 m= 3.5 m= 5.7 m= 40.2

3.71e6 3.86e6 5.41e6 8.35eb 27.2¢e6

m= 2.7 m= 3.1 m= 6.2 m= 8.6 m= 51.9
stret- 3.43e6 3.49e6 4.97e6 7.84e6 26.9e6
ching m= 1.6 m= 1.8 m= 2.9 m= 4.4 m= 19.7
bond 5.02e6 5.15e6 5.97eb 8.84eb 27 .4eb

m= 2.5 m= 2.7 m= 5,7 m= 10.2 m= 48
hexago- 2.14e6 2.31le6 3.47e6 7.18eb6 26.7e6
nal m= 1.5 m= 1.8 m= 3.8 m= 7.3 = 39,0
bond 4.39%e6 4.57e6 5.13e6 7.95e6 26.5e6

m= 3.1 m= 3.6 m= 6.0 m= 8.3 m= 48
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Table E.4 Variation of the load on the outer bolts.

0,6 0,7 0,8 0,9 1,0
no 3.36e6 3.36e6 3.36e6 3,.36e6 3.36e6
bond m= 1.5 m= 1.5 nm= 1.5 m= 1,5 m= 1.5
5.29e6 5.2%e6 5.29e6 5.29e6 5,296
m= 2.8 m= 2.8 m= 2.8 m= 2.8 m= 2.8
stret- 4.83e6 4.83e6 4.83e6 4,83e6 4.83e6
ching m= 1.5 m= 1.5 m= 1.5 m= 1.5 m= 1.5
bond 7.27e6 7.27e6 7.27e6 7.27e6 7.27e6
m= 2.5 m= 2.5 m= 2.5 m= 2.5 m= 2.5
hexago- 2.57e6 2.57e6 2.57e6 2.57e6 2.57e6
nal m= 1.5 m= 1.5 m= 1.5 m= 1.5 m= 1.5
bond 5.04e6 5.04e6 5.04e6 5.04e6 5.04e6
m= 3.0 m= 3.0 m= 3.0 n= 3.0 m= 3.0
Table E.5 Variation of the number of bolts (tiles).
20 x 3 25 x 4 30x 5 35 x 6 40 x 7
27 x 3 31 x 5 35 x 7 39 x 11 43 x 13
19 x 7 25 x 9 31 x 11 37 x 13 43 x 15
no 3.99e6 2.96eb 3.99e6 1.8%e6 1.57e6
bond m= 1.5 m= 1.5 m= 1,5 m= 1.5 m= 1.5
5.24e6 4.34e6 5.24e6 3.31eb 2.97e6
m= 2,4 m= 2,6 m= 2.4 m= 2.9 m= 2.9
stret- 5.23e6 3.44eb6 2.65e6 1.92e6 1.59%e6
ching m= 1.6 m= 1.6 m= 1.5 m= 1.5 m= 1.5
bond 6.56e6 5.02e6 4.31leb 3.44e6 3.22e6
m= 2.2 m= 2.5 m= 2.4 m= 2.8 m= 2.9
hexago- 3.78e6 2.74eb < 2.14e6 1.76e6 1.45e6
nal m= 1.5 m= 1.5 m= 1,5 m= 1.5 m= 1.5
bond 6.27e6 5.09e6 4.39%eb 3.96e6 3.53e6
m= 2.7 m= 3.1 m= 3.1 m= 3.2 m= 3.4
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Appendix F

In this appendix a comprehensive description of the several
lifetime measurements (runs) and covering experiments will be
given.

The first run was scheduled to get familiar with the set-up.
The oven should be brought to 1773 K and the excitator should
be tested together with a real testpiece. During heating up
one bolt broke at a temperature of 673 K and at a stress of
9.7 MPa. The fatal crack originated from the saw cut. The oven
was cooled down and the bolts were replaced.

The second run had the same aim as the first run. The preload
was 9.7 MPa. During the heating a smell of burned epoxy was
noticed and the experiment was stopped. The temperature inside
the oven reached 1679 K. According to the schedule the oven
was cooled down.

The third run had still the same aim as the first run. The
set-up was improved with an air cooling system for the circum-
ference of the glassfibre reinforced epoxy cooling plate.
During heating of the oven it was noticed that most of the
introduced cooling air passed along the testpiece to the inner
chamber of the oven. It left the oven at high temperature by
the diagnostic holes. This air heated the optical part the
set-up. Again the experiment was stopped, at a temperature of
1208 K.

‘The fourth run had the same aim as the first run. The tempera-
ture of 1773 K was reached without any problem. The system was
held at this temperature for one hour. Without having used the
excitator the run was stopped by cooling down the system at
the end of the week.

In the fifth run the aim of the first run was reached. The
oven was heated till 1773 K. This temperature was held con-
stant for one hour. After that time the excitator was switched
on. At a frequency of 1000 Hz the amplitude of the excitator
was set in such a way. that the dynamic force on the bolt was
half the static force. The dynamic stress was set to 5 MPa.
This testpiece was loaded in this way during half an hour.
Since all parts of the set-up worked well at this time the
oven was cooled down. During cooling of the oven both bolts
broke. One bolt broke at a temperature of 743 K at a stress of
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4 MPa after 60,000 s. The fatal crack in this bolt was located
near the bolt head. The second bolt broke at room temperatur
at a stress of 4 MPa after 75,000 s. This bolt broke also near
the bolt head.

After dismounting of the bolts it turned out that the bolt
heads were covered with a brown layer. This layer showed some
remarkable pits. The bolt shaft was covered with a white layer
containing a large number of bubbles.

To investigate the brown and white layer some experiments were
performed. During the first of these experiments a small RBSN
bar was placed in the oven in contact with three alumina bars.
After 4 hours at 1673 K the RBSN bar was also covered with a
brown layer. Near the alumina bare the layer was white and
contained bubbles. Although no load was exercised on the RBSN
bar a small crack could be seen in the bar. This crack was
located in the part of the bar which was covered with the
white layer. More cracke were visible in this white layer. But
no more cracks penetrated into the RBSN bar.

From this test it was concluded that the white layer on the
RBSN was formed by a reaction with the alumina. The thermal
expansion of this surface layer is smaller than that of the
RBSN. Due to this fact the surface layer cracked during cool-
ing. At a certain point the thickness of the layer was large
enough to let the crack penetrate into the body material.

A second experiment was performed for further investigation,
In this experiment two RBSN bars were placed inside the oven.
One bar was encapsulated in an alumina fibre blanket. The
other one was placed on an other RBSN bar. This second one was
not in contact with any alumina. These bars were heated at
1673 K during 4 hours. After this time the encapsulated bar
was covered with small white dropplets. These were molten
alumina fibres. The second bar was covered with a brown layer.
This layer contained two large pits, which intruded into the
base material. A further discusion of these experiments is
given in section 4.8,

After these experiments the lifetime measurements were conti-
nued. As a result of the experiments it was decided to mini-
mize the contact area between RBSN bolt and alumina tile or
board. The bolts were no longer encapsulated in alumina fi-
bres. In the sixth run it was planned to reach a long lifeti-
me. In this test the tensile stress was kept at a level of
approximately 9.7 MPa. At this stress and at a temperature of
1773 K in air one of the bolts failed after 644.000 s at a
stress of 14.2 MPa. The other bolt broke during cooling. Both
bolts fractured near the bolt head.
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In the seventh run the result of the sixth run had to be
‘repeated. The stress was held constant at 9.7 MPa at a tempe~
rature of 1773 K. Due to a power failure in the mains of the
university the oven cooled down after 4 days. Before cooling
down the stress in the bolts was still 9.7 MPa. After detecti-
on of the power failure it turned out that both bolts were
broken. Again the bolts broke near the bolt head. As had been
seen before the bolts breask during cooling, perhaps due to
cracks formed in the solidifying surface layer.

After runs six and seven another series of long time (100
hours) experiments were carried out to determine, at 1773 K,
the reactivity between RBSN of AME versus, Boron Nitride,
alumina and RBSN of Elektro Schmelzwerke Kempten. Some of the
RBSN test bars were flushed with argon. Details of these
experiments are described in section 4.8. The bars that were
flushed with argon showed less oxidation than the bars that
" were tested in air. From this result it was decided to flush
the bolts with argon during the following runs.

In the eigth run the load on the bolts was increased. The load
was increased stepwise twice a day. This results in an ap-
proximation of a quasy static load on the bolts. Run 7 was
started with a preload of 9.7 MPa and a temperature of 1773 K.
The average load increase velocity was 58 Pa/s. After twelve
days the first bolt broke at a stress of 69.7 MPa.

In run nine the stress increase velocity was increased from 58
Pa/s to 116 Pa/s. This run was started at a preload of 9.7 MPa
and at a temperature of 1773 K. According to the theory this
experiments should last shorter and the failure stress should
be higher than in run 7. After eight days the first bolt
failed at a stress of 89.7 MPa. The bolt broke again near the
bolt head. '

Run ten was started with a preload of 9.7 MPa at a temperature
of 1573 K. The stress increase velocity was 174 Pa/s. After
one day the metal screw-thread teared loose from the RBSN
bolt. The experiment was stopped. During cooling the bolt
broke near the bolt head.

Run eleven will be the same as run ten. It was started with a
preload of 9.7 MPa at a temperature of 1573 K. The stress
increase velocity was 174 Pa/s. After 8 days the screw-thread
teared loose again. The experiment was stopped. At room tempe-
rature the thread was reattached and the experiment was res-
tarted. Because of a hardware failure in the data acquisition
computer the experiment stopped after two days. At that time
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the stress in the bolt was 35 MPa. The maximum stress in the
bolt, during the first part of the run, has been 88 MPa. The
bolt broke during the cool down period. This fracture was
located near the bolt head.

Run twelve was started at a temperature of 1573 K and with a
preload of 6.3 MPa. The stress increase velocity was 95
Pa/s. After 1.106*10% the first bolt failed during adjusting
of the load. The fracture was again located near the bolt
head, despite of the spring leave system and the ball-and-cup
system. The failure stress was 111.0 MPa.

Run thirteen was started at a temperature of 1573 K and with a
preload of 6.3 MPa. The stress increase velocity was 164 Pa/s.
After 1.175*10° s the bolt failed at a stress of 202.0 MPa.
Again the fracture was originated near the bolt head.

Run fourteen was started at a temperature of 1573 K and with a
preload of 8.8 MPa. The stress increase velocity was 487 Pa/s.
After 433%10% s the bolt failed at a stress of 211.3 MPa. This
time the fracture originated from the saw slit. '

Run fifteen was started at a temperature of 1573 K and with a
preload of 8.8 MPa. The stress increase velocity was 343 Pa/s.
After 660*10° s the bolt broke at a stress of 227.0 MPa. The
fatal crack originated from the saw slit.

In run sixteen, at a temperature of 1573 K, was started with a
preload of 8.8 MPa. The stress increase velocity for this run
was 62.3 kPa/s. After 3360 seconds the bolt failed at a stress
of 224.0 MPa. The fatal crack was located in the cold part of
the bolt, near the metal thread shell. Due to a failure of the
spring leaf system a transverse force acted on the bolt at
that location.

With an improved spring leaf system run sixteen was repeated
in run seventeen. This run started with a preload of 8.8 MPa
and a temperature of 1573 K. The stress increase velocity was
59.8 kPa/s. After 4560 s the bolt failed at a stress of 272.8
MPa. The fatal crack was located near the saw slit. On the
fracture surface a large (400 pm) natural pore was visible.
Clearly visible on the fracture surface was a flat elliptic
region around the included pore. The radius of the pore was
measured to be equal to 30 um.

Run eigthteen is a verification of run seventeen. It started
with a preload of 8.8 MPa at a temperature of 1573 K. With a
stress increase velocity of 43.6 kPa/s the bolt failed after
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5040 s at a stress of 228.8 Mpa. The fatal crack was located
at 15 mm away (to the cold side) from the saw slit. Also on
this fracture surface a large inclusion (800 pm) was visible.

The bolts from run 19 on had a saw slit radius of 0.03 mm. The
starting stress was 8.8 MPa. The oven temperature was 1573 K.
With a stress increase velocity of 45.6 kPa/s the bolt failed
after 2400 s at a stress of 118 MPa. The crack was located at
the saw slit. The bolt failed during reloading of the air
cylinder. Before the failure of the bolt it was noted that the
ball-and-cup system in the inner tile did not function. After
the test it turned out that the ball-and-cup system was
completely broken. ’

Run 20 was started with a prelcad of 9.8 MPa and an oven
temperature of 1573 K. With a stress increase velocity of 49.1
kPa/s the bolt failed after 2820 s at a stress of 138.6 MPa.
The bolt broke at the saw slit.

Run 21 was started with a preload of 9.7 MPa and an oven
temperature of 1573 K. With a stress increase velocity of 385
Pa/s the bolt failed after 242*10° s at a stress of 93.3 MPa.
The bolt broke at the saw slit.

Run 22 was started with a preload of 9.7 MPa and an oven
temperature of 1573 K. During this run the dynamic load was
superposed on the slowly increasing preload. The stress incre-
ase velocity of this preload was 48.2 kPa/s. The dynamic load
was kept at 10 % of the preload. After 2280 s the bolt failed
at a stress of 110 MPa. The crack was located at the saw slit.

Run 23 was started with a prelcad of 9.7 MPa and an oven
‘temperature of 1573 K. During this run the dynamic load was
also applied. The dynamic load was kept at a value of 10 % of
the preload. With a stress increase velocity of the preload of
approximately 662 Pa/s the bolts failed. Due to a failure of
the data acquisition system the failure stress nor the failure
time are known precisely. The bolts failed after 101*10° s and
before 158*10° s. The failure stress at these moments was 68.6
MPa respectively 102.9 MPa. The bolts broke at the saw slits.

To acquire more precise information on the failure stress and
failure time of the dynamic loaded bolts run 23 was repeated
with some bolts that have been used before. In run 24 the
preload stress was again 9.7 MPa and the oven temperature was
1573 K. The preload stress increase velocity was 723 Pa/s. The
dynamic load was 10 % of the preload. After 159*10® s the bolts
failed at a stress of 125 MPa. The bolts broke at the saw
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slits. The failure stress was higher than expected according
to the theory.

Run 24 was repeated in run 25. This run started with a preload
of 10 MPa at a temperature of 1573 K. The preload stress
increase velocity was 620 Pa/s. The dynamic load was 10 % of
the preload. After 151*10% the bolts broke at a stress of 93.7
MPa. The bolts broke at the saw slit. The failure stress is in
agreement with the theory.
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Samenvatting

Er is een beknopte analyse gemaakt van de eisen aan welke de
generatorwanden van een gesloten cyclus MHD generator moeten
voldoen. Een van de eisen is dat, om de warmteflux door de
wand laag te houden, de binnenwand een hoge temperatuur moet
kunnen verdragen. Keramiek kan gebruikt  worden als
binnenwandmateriaal. Een aantal mogelijk toe te passen
keramieken is gepresenteerd. Combinatie van de mogelijkheden
van het keramiek en van de eisen voor de wand heeft geleid tot
een voorontwerp van een module voor een modulair opgebouwde
MHD generatorwand. Een voorontwerp van de module bestaat uit
een binnenwandtegel, een isolatielaag, een koellaag en een
ondersteuning. De binnenste drie lagen worden door middel van
een keramische bout met elkaar verbonden. Van zo'n module is
een model gemaakt waarmee de bout als kritiek onderdeel van de
constructie op levensduur is getest.

Er is een opstelling gebouwd waarmee de levensduurproeven
uitgevoerd kunnen worden. De opstelling bestaat uit een aantal
onderdelen met ieder hun eigen specifiek doel. Een oven is
gebouwd om het wandelement op "MHD temperatuur” te brengen.
Met behulp van een excitator wordt de mechanische belasting op
het wandelement nagebootst. Door middel van een rekstrookmeet-
huls en een laser-interferometer wordt deze mechanische belas-
ting gemeten. Voor het innemen en het verwerken van de meet-
gegevens zijn twee computersystemen met elkaar verbonden.

Er is een model opgesteld waarmee de levensduur van de kerami-
sche bout berekend kan worden. Alvorens deze levensduur bere-
kend kan worden, moet eerst de spanningsverdeling in de bout
bekend zijn. Om deze spanningsverdeling te kunnen berekenen is
het nodig om de temperatuurverdeling in de bout te kennen.
Voor het berekenen van deze temperatuurverdeling is een ther-
misch model opgesteld. De mechanische belasting op de bout
bestaat uit een wisselspanning gesuperponeerd op een voorspan-
ning. Voor het berekenen van de wisselspanning is een dyna-
misch model opgesteld. Met behulp van een eindige elementen
methode is het nu mogelijk om de spanningsverdeling in de bout
te berekenen. Het model waarmee de levensduur van de bout
berekend kan worden gaat uit van een bekende relatie ter
beschrijving wvan de langzame scheurgroei in keramiek. Dit
model is via een quasi-statisch model uitgebreid tot een
dynamisch model. Met dit dynamisch model is het mogelijk om de
levensduur van constructie-elementen, die dynamisch belast
worden, te berekenen. Ter vereenvoudiging van de dynamische
levensduurberekening is een effectieve spanning geintrodu-
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ceerd. De parameters, die de langzame scheurgroei beschrijven,
kunnen, volgens het quasi-statisch model, bepaald worden uit
de resultaten van proeven waarbij de spanning, op de bouten,
langzaam opgevoerd wordt. Er is een spannings-volume-integraal
en een spannings-oppervlakte-integraal gepresenteerd, waarmee
de toelaatbare spanning in een keramisch onderdeel bepaald kan
worden, uitgaande van materiaaleigenschappen en van de kans op
falen van dat onderdeel. Voor een generatorwand is de levens-
duur berekend. Hierbij =zijn verschillende constructies met
elkaar vergeleken. Tevens is de invlioed van materiaaleigen-
schappen en van een beproevingsmethode op deze levensduur
bepaald.
Van een aantal bouten is bij 1773 K de levensduur bepaald
onder een mechanische belasting. Aanvankelijk braken vele
bouten bij een geringe belasting en op plaatsen waar dat niet
verwacht werd. Om de lage sterkte te verklaren werd het kera-
misch materiaal nader onderzocht op de samenstelling. Twee
verschillende oplossingen werden toegepast om de bout op de
verwachtte plaats te laten breken. Ten eerste werd de zaagsne-
de (kerf), waarbij de bout moet breken, verdiept en aange-
" scherpt. Ten tweede werden een aantal constructies aan het
wand-element toegevoegd, waarmee dwarskrachten op de bout
verkleind werden. Uit een analyse bleek dat de buigspanning,
in de bout, ten gevolge van deze dwarskrachten, soms groter
was dan de aangebrachte trekspanning. Een bladveermechaniek,
een kogeloplegging en een kardanische oplegging werden toege-
voegd om de dwarskracht te verkleinen. Bij 1573 K en voorzien
van deze extra mechanieken braken de bouten bij een hoge
spanning en op de juiste plaats. Uit de meetgegevens, van de
quasi-statische metingen, werden de scheurgroeiparameters
berekend. De levensduur van dynamische metingen vertoonden een
grote spreiding rondom de verwachtte levensduur.
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Gezien het verschijnsel van langzame scheurgroei moeten
relatief hoge trekspanningen in langdurig belaste kerami-
sche constructies worden vermeden.

(Dit proefschrift, hoofdstuk 5)

De breedte van een zeer smalle zaagsnede heeft een grote
invlced op de gemeten kritische spannings intensiteits
factor.
(Pabst, R.F.,"Determination of K, - factors with
diamond-saw-cuts in ceramic materials®, Fracture
mechanics of ceramics, vol. 2, p. 555-565, Plenum
Press, London, 1974.)

De ontwerper en de gebruiker van een op trek belast
keramisch onderdeel zullen moeten wennen aan het feit dat
het onderdeel een zekere kans op falen heeft.

(Dit proefschrift, hoofdstuk 3)

Het verzamelen van materiaalgegevens en het ontwerpen van
een constructie kunnen beter in twee verschillende stap-
pen uitgevoerd worden.

{Dit proefschrift, hoofdstuk 1)

Het feit dat mensen hun voordracht, tijdens een symposium
over technische keramiek, omschrijven als ‘een verzame-
ling blunders’, geeft een indruk over de stand van zaken
op keramisch gebied. '

Het wetenschappelijk onderzoek aan universiteiten is vaak
een afspiegeling van hedendaagse politieke ideeé&n. Gezien
de korte cyclustijd van deze idee&n is het moeilijk een
stadium van gedegen onderzoek te bereiken.



10

11

Br wordt teveel aandacht besteed aan de relatief kleine
groep drugsverslaafden in vergelijking met de aandacht
die besteed wordt aan de relatief grote groep alcoholver-
slaafden.

Het nauweliiks toenemen van de verkeersdrukte, in deze
regio, tijdens een treinstaking, geeft aan dat optimali-
satie van woon-werkverkeer automatisch verloopt.

Het begrip spanning wordt door een elektrotechnicus
anders ervaren dan door een werktuigbouwkundige.

De beperkte mogelijkheden tot kinderopvang resulteren in
een vergrijzing van de bevolking en in een verspilling
van in opleiding geinvesteerd kapitaal.

De voortgang van het wetenschappeliijk onderzoek kan
bevorderd worden door de discriminatie naar geslacht uit
te schakelen.





