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A b s t r a c t  

An ocert, iew is given o/" the .[i'acture o[ and stress 
situation in ceramic eapaeitor materials and ceramic 
muhilaver eapacitors. A brief introduction to the 
relevant cone~Tts is given first. Next  the data Jor 
capacitor materials and the data.[or eapaeitors are 
discussed. It is shown that the materials ~htta are not 
direeth' tran,~/'erahle to the components. A wide 
cariabilitt' o /  component properties exist, dependent 
on all microstruetural ./?atures. Details on the 
mierostrueture i/serf are general O' lacking. It is 
concluded that the eft'eel and amount oJ subcritical 
crack growth and residual stress in the ceramic and o[ 
relaxation o[ the metal parts on the mechanical 
behaciour o /  eapaeitors is hzsu[~eient].l' known ./or 
reliable longevity predictions. 

Ks' wird eine (~?bersieht iiber das Bruehverhalten yon 
mid den Spannungszustand in Keramik- und 
Mehrschichtkeramikkondensatoren gegeben, Zu- 
niichst .[olgt eine kurze Erlgiuterung einiger wichtiger 
I/orstellungen. Ansehli~/3end werden die Daten der 
Kondensatornzateria/ien und der Kondensatoren 
~#skutiert. Es wird gezeigt, da[3 sieh die Daten der 
Materialien nicht direkt au/' die Komponenten 
zihertragen [assen. Abhdngig vom Mikrogefiige besit- 
-en die Komponenten sehr unterschiedliche Eigen- 
scha[ten, wobei in den meisten Fiillen keine detaillier- 
ten h?[ormationen fiber das Mikrog~[iige vorliegen. Es 
l~!/,]t sieh schli~/3en, dqB der Effekt und das A usma/3 des 
unterkritisehen Ri/3wachstums und der Restspannung 
in der Keramik, sowie die Relaxation der Metallkom- 
ponenten at{[das mechanisehe Verhalten yon Konden- 
satoren nieht in ausreiehendem Mql~e bekannt ist, um 
die Lebensdauer zuverldssig vorherzubestimmen. 

Cet article prOsente une t;ue d'ensemble des phbno- 
mOnes de Ji'aeture et des ktats de contrainte dans les 
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Eindhoven University of Technology, PO Box 513, 5600 MD, 
Eindhoven. The Netherlands. 

eondensateurs en e&'amique, oil eomposOs de multi- 
couches e&amiques. En premier lieu, on introduit les 
cone~Tts appropriOs h e e  probl&ne. Puis les donnOes 
existantes sur les matOriaux pour eondensateurs, et 
sur [es eondensateurs eux-m~mes, son /d i scu tbes .  On 
mort/re que les donnOes sur h,s composants ne se 
d~'~duisent pas directement des donnOes sur les 
mat&'iaux qui les composent. Les propriktOs des 
eonzposants sont trOs variables: elles dkpendent de 
routes leurs caraetOristiques mierostrueturales. En 
g{nOral, des d~;tails sur cette microstrueture man- 
quent. On eonelut que h's (:ffets mOcaniques et 
l'importance de la croLssanee sous critique de fissures 
et des c~,ntraintes rOsiduelles dans la c6ramique, d'une 
part, d'autre part ~ht rel[tehenwnt des contraintes dans 
le mOtal sont  trop real eonnus pour permettre des 
/,'{dictions fiahles sur la tenue de ees eondensateurs. 
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1 Introduction 

In spite of  the fact that ceramic multilayer capacitors 
(CMCs) form worldwide a substantial business, the 
available information on the mechanical properties 
of  the materials involved and components  them- 
selves is limited. Also the data on stresses in the 
mounted CMCs available in the literature are 
limited. For the assessment of  the structural 
integrity of  CMCs, information on the mechanical 
properties of  the materials involved and the stress 
distribution is a prerequisite. 

Most of  the present ceramics used for CMCs are 
titanate based. A brief introduction to titanate 
materials is given in Section 3.1, while the same is 
done for CMCs in Section 4.1. For a general outline 
of  the manufacturing process of  CMCs reference is 
made to the literature: the detailed overview by 
Kahn et  al. 1 or the much shorter paper by 
Hennings. 2 A schematic view of  a CMC is given in 
Fig. 1. For proper understanding of  this paper, it 
should be noted that the Electric Industries Associ- 

Journal o[the European Ceramic Society 0955-2219/93/$6.00 ,~.'~ 1993 Elsevier Science Publishers L/d, England. Printed in 
Great Britain 



324 G. de With 

solder lands 

electrodes 

end terminal 
ceramic material 

Fig. 1. A cutaway view of a CMC showing the internal 
electrodes and end terminations. 

ation (EIA) has standard indications for size (width 
and length in units of  0"01 inch) and types 
(abbreviations like X7R, Z5U, etc.). The field of 
structural integrity of CMCs can be divided into 
three parts: related to materials processing, related 
to components testing and related to board process- 
ing. In this paper primarily the information avail- 
able in the literature on the mechanical aspects 
related to materials processing of CMC materials 
and CMCs is reviewed. However, in this introduc- 
tion, a few words will be said about components 
testing and board processing. 

Components  testing can be done in many ways. A 
few are mentioned below, not all yet commonly 
implemented: 

--Visual testing. 
Insulation resistance testing. 3 

--Highly accelerated life testing. 4 
--Electromechanical testing. 5 
--Acoustic emission testing. 6"7 

Scanning laser acoustic microscopy, s 
--Acoustic attenuation testing. 9 
- -Thermal  shock testing. 10 - 16 

Many of these techniques do discriminate reason- 
ably well between 'bad' and 'good' capacitors. The 
problem usually is the definition of 'good' and 'bad'. 

Components  processing is capable of introducing 
severe damage into the CMCs. Here only three 
aspects are referred to. Firstly, there is the pick-and- 
place procedure, necessary for positioning the 
components on the circuit board. This procedure 
may be accompanied by highly localized I-Iertzian 
stresses and therefore introduces (micro)cracks 
resulting in a low(er) strength. Secondly, there is the 
soldering procedure, necessary for mounting the 
components on the circuit board. This procedure 
may be the origin of thermal shock failure. Thirdly, 
there is the bending of boards which often occurs 
during further processing. Bending occurs during 
'unwarping', opposite site mounting, board de- 
panelization, testing, connector and component  
assembling. The accompanying stress may result in 
fracture of a component. A good overview of the 
possible problems in this area is given by Maxwell. ~ 7 

As mentioned, this paper focuses on the materials 

aspects of the structural integrity. In Section 2 a brief 
discussion on the fracture behaviour of brittle 
materials is given. The materials properties are 
discussed in Section 3, while Section 4 deals with the 
CMC behaviour. In Section 5 the effect of residual 
stress is discussed. Finally, in Section 6 some general 
conclusions are presented. 

2 Aspects of Brittle Failure 

In this section some aspects of brittle failure are 
briefly described. This is mainly done to set the 
notation. For a more complete discussion reference 
is made to the literature. 1 s. 19 

In a ceramic material flaws are generally present. 
These flaws are usually microcracks, pores, etc. 
When a (uniaxial) tensile stress is applied, a stress 
concentration occurs at these flaws. This stress 
concentration is quantified by the stress intensity 
factor, K~, given by 

where Y is a geometrical factor dependent on 
loading conditions, Z is a geometrical factor 
dependent on the shape of the flaw, a is the applied 
stress and a denotes the size of the flaw. Catastrophic 
failure occurs, roughly speaking, when the stress at 
the flaw tip exceeds the theoretical strength. The 
corresponding critical stress intensity factor, K~c, is 
usually called fracture toughness. The strength, af, is 
related to K~c and the size of the critical flaw, a c, by 

Klc= ( Y/Z){TfN~cc 

Typical values for the fracture toughness of ceramics 
are between 0"5 and 4 ' 0 M P a m  1/z. The fracture 
toughness is directly related to the fracture energy, 
Jr, the amount  of energy necessary for creating a unit 
area of fracture surface. For linear elastic materials 
loaded in plane strain this relation reads 

Jr = (1 - vZ)K2¢/2E 

where v is Poisson's ratio and E is Young's modulus. 
Typical values are a few to a few tens J i m  z. 
Combining these equations yields 

(7f = (Z /Y)[ZJ fE/ (1  - v2)a¢] 1/2 

Strength is thus a hybrid quantity, on the one hand 
dependent on the intrinsic (material) properties Jr, E 
and v, and on the other hand on the extrinsic 
(processing-dependent) defect size a~. The distri- 
bution of strength, that is in essence the flaw size 
distribution, is often described by so-called weakest- 
link statistics. The failure probability, Pf, is the 
essential quantity and is given by 

Pf = 1 - -  exp [ --(af/ao) m] 
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The parameter m is called the Weibull modulus and 
describes the width of the distribution. Typical 
values are between 5 and 25. The parameter ~o 
describes the location of the strength distribution 
and is dependent on the size of the specimen and the 
stress distribution. When ~r=ao, Pr=0'63. The 
characteristic strength ao is related to the mean 
strength, #, as measured in a set of strength 
measurements, by # = ( I/m)!cr o. 

Three more complications arise. Firstly, there is 
the case of biaxial or other stress situations. The 
translation of uniaxial strength data into biaxial 
data is not unequivocally clear. The biaxial strength 
may be lower or higher than the uniaxial strength. 
Apart from the Weibull modulus m, the exact factor 
depends on the choice of equivalent stress. An 
experimentally validated, generally applicable 
equivalent stress, like von Mises stress for metals, 
does not exist for ceramics. Secondly, highly relevant 
t\~r CMC materials and CMCs is residual stress, here 
denoted by ~r r. These stresses should be taken into 
account in the fracture equation. That means that 
the applied stress, ~r, should be replaced by an 
effective stress, %, given by 

3 Capacitor Materials 

3.1 Brief introduction to titanate materials 
Frequently CMC materials are based upon BaTiO 3. 
Many titanates have the perovskite structure. 
Titanates show a phase transformation at the Curie 
temperature, T c, for pure BaTiO 3 at about 125 C. 
Above this temperature the material is cubic and 
paraelectric {PEI. Below this temperature the 
material is tetragonal and ferroelectric (FE). In 
ahnost all cases substitutions are made (e.g. Ba 
partially replaced by Ca, etc.) to control the Curie 
temperature. Also additives are used which modify 
the dielectric and electric behaviour. The dielectric 
permittivity versus temperature is highly dependent 
on the microstructure, that is, main composition, 
second phases and grain size (distribution) of the 
material. It is probably superfluous to state that 
these materials have been largely optimized with 
respect to their functional behaviour without 
considering their structural behaviour. Finally, it is 
important to note that the tetragonal and cubic 
phases have different thermo-physical properties, 
e.g. thermal expansion coefficient, specific volume 
and elastic constants. 

where ( ) denotes a proper average over the 
residual stress. Compressive residual stress increases 
the observed strength, while tensile stress decreases 
the observed strength. Thirdly, at K l values less than 
K~c also subcritical crack growth (SCG) occurs. The 
rate of crack propagation is often described 
phenomenologically by 

c'l = (l oi K l i  K i J '  

where d o and n are the SCG parameters. The higher 
the value of 11, the less susceptible the material is to 
slow crack growth. Typical values range from n = 15 
to 40. An initially subcritical flaw of size a~ thus 
increases with time until failure occurs at a = a ~ .  
Failure time, If, is an important quantity given by 

t r = i"<(1/d) da 
U a  i 

and thus depends on a~, Kit, or, d o and n. It should be 
clear by now that fracture of materials is a complex 
phenomenon. 

Finally it should be noted that the description of 
fracture behaviour along the lines indicated above, 
neglects coupling between mechanical and piezo- 
electrical phenomena. This coupling is obviously 
present and has recently been addressed by Suo el 
al. 2° from a theoretical point of view. The limited 
experimental data present 2 t.22 indicate, however, a 
limited effect so far. 

3.2 Material mechanical properties 
In this section the mechanical properties of the 
ceramics as such are discussed. Toughness, strength 
and sub-critical crack growth will be dealt with in 
turn. 

3.2.1 Toughness  
The fracture toughness is in principle a material 
property. To put this statement into perspective, two 
important remarks should first be made. 

The first remark deals with the experimental 
technique used. The values of the fracture toughness 
reported in the literature are measured in various 
ways. One can distinguish between methods using 
microcracks (using primarily indentation methods) 
and macrocracks (using specimens like three-point 
bend and double cantilever beam). While the former 
have the advantage that they deal with a crack of 
similar size as occurs in practice, they have also the 
disadvantage that the influence of residual stress due 
to crystal anisotropy, surface effects and or the 
indentation itself is quite pronounced. Often there- 
lore there are large discrepancies between data from 
microcrack and macrocrack methods. 

The second remark deals with the materials. Only 
in rare circumstances is sufficient information 
presented on the microstructure of the materials 
involved. That means that details on composition, 
grain size (distribution), second phases, porosity, etc., 
are not provided, which makes a proper comparison 
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Table 1. Fracture energy data at room temperature (ferroelectric state) 

Material .o r d Jf Kic Method Rt~[~s" 
(ltm) (J/rll 2) (MPa m t/z) 

BT pure, HP, A, S ~0.99 1.5 2.9 (0"84) DCB 27 
BT pure, HP, A, S ~0.99 150 7'5 (1.37) DCB 27 
BT L i F +  MgO, HP, A 0.99 Bimodal 6'2 (1.25) DCB 27 
BT C, A, S 0.96 20 3'8 (0.97) DCB 27 
BT C, S 0.95 5 4.5 (l'06) DCB 27 
RE, NPO 1-3 (7.8) 1"4 ~ a  25 
BT, X7R - -  < 1 (2"0) 0"7 l - a  25 
BT, Bi, X7R <1 (4"8) 1"1 ~¢y 25 
BT, Z5U (low aging) 3 7 (3"2) 0"9 l-or 25 
BT, Z5U (high aging) 3-7 (4"8) 1.1 l - a  25 
BT Z5U 3-7 (2"0) 0'7 l-or 25 
BT, X7R - -  < 1 (2.0) 0'7 ~o- 25 
BT - -  7 (3'2) 0"86 l-c~ 30 
BT 0.97 (3"7) 0"96 ~ 30 
BT, X7R, Bi - -  - -  (9"0) 1"5 ~ a  30 
A N P O  Nd doped, 3_ - -  - -  (6"8) 1"30 A M - D C B  38 
ABX Ta doped, 2- - -  (2'1) 0'72 A M - D C B  38 
K2300 - -  - -  (2"6) 0"80 DCB 37 
K2300 - -  - -  (3"7) 0-96 DCB-TC 37 
K2300, 2_ - -  (3'3) 0"91 DT 37 
K2300, / /  - -  - -  (2"5) 0'79 DT 37 
K2300 - -  - -  (2"9) 0'85 l - a  37 
Various - -  (10"l) 1"64 l-a 37 
COG (4"6) 1"07 ~ 39 
X7R - -  (2"6) 0-81 I-o- 39 
Z5U - -  (2"6) 0'81 ~ 39 

d: Grain size; Pr: relative density; Jr: fracture energy; K~c: fracture toughness; BT: BaTiO3; RE: rare earth; HP: hot-pressed; 
A: annealed; S: semi-polished; C: commercial; DCB: double cantilever beam; AM: applied moment;  TC: thermally cracked: 
DT: double torsion; ~ a :  indentation and strength; I-a: indentation and crack length; / :  fracture plane perpendicular to 
(imaginary) electrode plane; / / :  fracture plane parallel to (imaginary) electrode plane. All data as given in the reference (no 
parentheses) and as calculated from the fracture toughness or energy (in parentheses) assuming E = 125 GPa and neglecting v. 
NPO, X7R, etc., denote various material specifications according to the EIA specification. K2300 represents a material with 
permittivity 2300. 

of the various data difficult. A similar situation exists 
for high T c superconductors. 

In Table 1 fracture energy data below Tc as 
collected from the literature are presented. In this 
table for each set of materials Jf and K~ data are 
given together with an average value for the 
microstructural data (density, grain size), as far as 
can be distilled from the original data. Many 
publications on the fracture behaviour of titanates 
are due to Pohanka, Freiman and coworkers. 2x-3° 
However, the overlap between the various public- 
ations is considerable. The information from other 
sources is generally not of a systematic nature. The 
value of Jf for small grain size below T c is 

approximately 2-5 J/m 2, corresponding to a fracture 
toughness of about 0-7 1.0 MPa m 1/2, assuming a 
Young's modulus of 125 GPa. For larger grain size, 
larger values of fracture energy are observed, up to 
l 0  J / m  2. 

In Table 2 fracture energy data above Tc are 
given. Above T c values ranging from 3 4  J/m 2 are 
generally observed, but independent of the grain 
size. The value of the fracture toughness below the 
Curie temperature, is thus somewhat higher than 
above Tc. The increase is attributed to the presence 
of ferroelectric 90 ° domains which increase the 
roughness of the fracture surface. A similar increase 
has also been observed for thermistor ceramics. 31 

Table 2. Fracture energy data at elevated temperature (paraelectric state) 

Material p~ d Jr KI c Method Ref~ 
(Ftm) (Jim 2) (MPam 1/2) 

BT pure, HP, A, S ~0-99 1.5 2.5 (0.78) DCB 27 
BT pure, HP, A, S ~0-99 150 3'0 (0.87) DCB 27 
BT LiF + MgO, HP, A 0"99 Bimodal 3.2 (0"89) DCB 27 
BT C, A, S 0"96 20 2.5 (0.78) DCB 27 
BT C, S 0.95 5 4.3 (1.04) DCB 27 
BT - -  7 (9.0) 1.5 I-o- 29 

For  an explanation of  abbreviations and symbols, see Table 1. 
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Fig. 2. The |¥acture energy of nominally pure BaTiOa at room 
temperature and 150 C as a function of  grain size. While the 
room temperature data show a peak at about 401ml, the 150C 
data are independent of  grain size. Data according to Pohanka 
et a/. :-~ The dashed line is the prediction according to the model 

as discussed by the same authors. 

From the data in Tables 1 and 2 it also becomes 
evident that there is no clear relation between 
composition and toughness. 

The behaviour of the fracture energy of nominally 
pure BaTiO~ as a function of grain size is given in 
Fig. 2. A maximum of about 10 J/m-" is observed for 
a grain size of about 40 l~m. This maximum is due to 
a trade-off between enhanced energy dissipation by 
microcracking/twinning and microcrack linking. 
Pohanka e l  a l .  22 also propose a semi-quantitative 
model for this behaviour. Taking reasonable values 
for the parameters involved results in an acceptable 
correspondence with the experimental data. For 
application in X7R capacitors, one is interested in 
the small grain size region with the value of around 
3 J / m  e. 

Pohanka et al. emphasized the importance of 
internal stress. Due to the anisotropy of the 
tetragonal material, internal stresses arise at mech- 
anical defects. If the flaw size is large as compared 
with the grain size, the effect of these stresses 

A B 

<ff=>A > <(~=>B 
Fig. 3. Schematic of  the averaging of  the internal stress. The 
flaw is schematically indicated with the dashed line. The T and C 
denote grains with tensile and compressive stress respectively. 
For A the flaw size is comparable to the grain size, resulting in a 
non-zero effective internal stress over the flaw. For  B the flaw 
size is much larger than the grain size, resulting in a zero effective 
internal stress over the flaw. This results in lower strength for 
sitvation A in case of  a tensile effective internal stress. According 

to Pohanka e t  al. 2~ 

v 
A 

40 
v 

"~ 20 
E 

- o  

o 

0 

I i I I I I I I ~ I  

100 200 300 400 

Flaw size (l~m) 

Fig. 4. Internal stress as a function of  flaw size for BaTiO 3 
ceramics as determined flom fracture cnergy considerations. 

According to Pohanka et  al. 2~ 

averages to zero (Fig. 3). If the flaw size is 
comparable to the grain size, a non-zero effective 
internal stress ( a ~  over the flaw results. Solving the 
fracture equation for the paraelectric and ferro- 
electric state for (al) ,  assuming equivalent values 
for Young's modulus E and flaw size a, results in 

(o~)  = af(PE)[JdFE)/J,.(PE)] 1 2 _ _  ar(FE) 

The amount of internal stress as determined by these 
authors 21 in this way is given in Fig. 4. The order of 
magnitude of the internal stress is comparable as can 
be calculated from dielectric (domain) models, a2"33 
Clearly the effect of internal stress is considerable. 

In some papers high values of fracture toughness 
(2-2 3-4MPam 1'2) have been reported, e.g. Ref. 34 
These data result invariably from estimates based 
on crack length as a result of indentation tests. The 
effect of compressive residual stress is usually 
neglected. 

The materials investigated can be divided roughly 
into relatively pure barium titanate and modified 
titanates. All data observed for pure BaTiO 3 are 
reasonably consistent. For the modified materials 
the value of the toughness is largely dependent on 
the exact composition, grain size, etc. Here the 
influence of the microstructure is thus evident 
though a clear trend is not present. 

One could expect that anisotropy would play an 
important role. No significant amount  of inform- 
ation has been found with regard to this aspect for 
titanates. However, some information is available 
for lead zirconate titanate type materials. 3s'a6 For 
these materials a ratio up to about 3 is obtained for 
fracture energies for fracture planes perpendicular 
and parallel to the preferred axis. For BaTiO3 only a 
slight effect (0"92 versus 0"79MPam 12) has been 
observed);  Finally one could expect that, since 
barium titanate is also piezoelectric, poling the 
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material influences the value of the fracture tough- 
ness. From experiments done so far 2~'22 the 
influence of poling has been assessed as negligible. 
The effect of an applied electric field is assessed 
differently by different authors. According to one 
author 3° the field retards crack growth slightly for a 
crack plane orientation perpendicular to the field 
and has no effect for a parallel orientation. Accord- 
ing to another, 37 no effect can be detected up to at 
least 10 kV/cm. 

3.2.2 Strength 
Ceramic capacitors are mounted by soldering and 
tested by bending the circuit board in various 
fashions. For the latter data on strength at room 
temperature are important. Since the soldering 
procedure uses temperatures generally far above the 
Curie temperature, the strength at these tempera- 
tures is also important. In Table 3 the strength data 
from the literature are collected. Strength values 
between 100 and 150MPa are generally observed, 
though some considerably higher values are re- 
ported as well. It is reported by Freiman, Pohanka 
and coworkers that the strength above the Curie 
temperature is higher than below T c. This is due to 
the absence of the internal stress above T c. The 
decrease in K~c is clearly more than compensated. 

However, Cook et al. 29 reported a decrease in 
strength for indented specimens as a function of 
temperature (25~C to 170°C). The reason for the 
discrepancy between these observations is unknown. 

Although not always clearly stated, the materials 
as discussed by Freiman, Pohanka and coworkers 
are used in an annealed state, typically 10-30 h at 
900-1300~C, to obtain various grainsizes. It is 
assumed that no surface residual stress is present. 
For machined, modified titanate ceramics, however, 
it has been shown that a substantial amount of 
residual stress due to the machining operation is 
present. 31 This stress is due to the fact that the 

surface remains to a large extent cubic below T c, 
while the tetragonal state at the surface is only 
reached after considerable temperature rise above 
T c. For these materials an anomalous behaviour of 
strength with respect to fracture toughness was 
observed. The behaviour was explained by the 
difference in thermal expansion coefficient and 
specific volume of the cubic and tetragonal phase. 
This results in a tensile surface stress above T c and a 
compressive surface stress below T c. Together with 
the compressive stress due to the machining 
operation itself, the total surface residual stress is 
compressive below the Curie temperature and 
tensile above the Curie temperature. A lower 
strength thus results above the Curie temperature. 

As for the K~c, there are just a few anisotropy 
effects on the strength reported 38 in the literature. It 
is to be expected that if the monolithic material is 
fabricated in the same way as the CMC (Doctor 
Blade sheet pressed together with considerable 
pressure at slightly elevated temperature), the 
material will be anisotropic. Indeed a slight aniso- 
tropy of about 5-10MPa on the overall strength 
of 100-250 MPa has been reported. 

The variation in strength as indicated by the 
Weibull modulus is described only a few times 39 
Typically Weibull moduli in the range of 3 to 6 are 
reported for the as-fired materials. A treatment in a 
'corner rounding' apparatus increased the m value 
initially to about 10-13, but a decrease to about 7 
follows at longer treatment times. Koripella 39 also 
reports that the theoretical critical temperature 
difference for thermal shock corresponds well with 
the experimental value. For X7R materials an 
allowed temperature difference of about 125°C was 
estimated. 

A correlation between dielectric breakdown and 
mechanical breakdown has been observed by 
Yanagida and coworkers. 4°-42,An example of this 
correlation is shown in Fig. 5. Although the 

Table 3. S t rength  da ta  

Material Pr d ~Tf ( FE) af ( P E) Method Re[g" 
(pm) ( M Pa) ( M Pa) 

BT pure,  HP,  A, S ~0 .99  1.5 115 190 3-pb 23 
BT pure, HP, A, S ~0 .99  150 90 155 3-pb 23 
BT LiF + MgO,  HP, A 0'99 Bimodal  160 170 3-pb 23 
BT C, A, S 0'96 20 90 155 3-pb 23 
BT C, S 0"95 5 130 135 3-pb 23 
A N P O  Nd,  k - -  - -  252 - -  3-pb 38 
A N P O  N d , / /  - -  - -  241 - -  3-pb 38 
ABX Ta, _1_ - -  - -  110 - -  3-pb 38 
A B X  T a , / /  - -  - -  105 - -  3-pb 38 
K2300 - -  - -  76-106 a - -  4 -pb  37 
C O G  - -  - -  198 - -  3-pb 39 
X7R - -  - -  168 - -  3-pb 39 
Z5U - -  - -  114 - -  3-pb 39 

3(4)-pb: Three  ( four) -point  bend; for  an  exp lana t ion  o f  the o the r  abbrev ia t ions  and  symbols ,  see Table  1. 
" D e p e n d e n t  on  stress rate. 
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Fig. 5. Correspondence between dielectric and mechanical 
breakdown. Weibull plot of the mechanical and dielectric 
strength for a BaTiO3 + 0.4 wt% MnO ceramic. According to 

Yalnashi ta  e l  a]. 4°  

in te rpre ta t ion  o f  this cor re la t ion  is not  clear, the 
similari ty o f  the Weibull  curves  suggests that  bo th  
types o f  failure occur  as a result o f  the same flaws. 

3.2.3 Suhcri t ical  crack growth 

In Table  4 da ta  on the SCG exponen t  n have been 
collected. A wide range o f  values is observed.  The  
exper iment  with the largest stress rate range is 
clearly the one  by Fre iman,  P o h a n k a  and coworkers .  
This result for  pure  BaTiO3 has been ment ioned  
several times, z 1.25.26,3o The  value quoted ,  n = 67, is 

quite  high. It should be recognized that  these da ta  
were ob ta ined  with ( indented) biaxial (bal l -on-three 

ball) tests using not  ent irely flat specimens. System- 
atic errors  in strength can arise with this test, while the 
slow crack growth  behaviour  under  biaxial stress is 

also unclear. A fatigue limit was suggested for X7R 
('pure') BaTiO 3 material .  25 However ,  the existence 

o f  a fatigue limit seems to be doub t fu l  because the 
suggestion was based on the neglect o f  one data  
point.  In this case s t rength was independen t  o f  the 
stress rate. Othe r  researchers  never observed this. 
However ,  o ther  researchers,  admi t ted ly  using a 
smaller stress rate range, quote  much  lower n values, 
typically a ro u n d  30. With such a value in long- term 
appl icat ions  o f  C M C s  the effect o f  S C G  should 
clearly be taken into considera t ion.  The  origin o f  
these discrepancies can p robab ly  be found  in the 
different micros t ruc tures  and measur ing  procedures .  
While most  o f  the da ta  o f  Pohanka ,  F re iman  and 
coworkers  were ob ta ined  with indented specimens, 
o ther  researchers  often use machined  specimens. 
The  influence o f  the residual stress on the machined  
specimens is not  known.  F o r  indented specimens in 
the I 6 exper iments  (see Table  41, the relat ion 
between the n value as measured,  d ,  and the real n 
value, n, is given by n = (4~ f -2 ) /3 .  45 In the case 

where machined  specimens are used, the relat ion is 
unknown.  Apar t  f rom a lack o f  micros t ruc tura l  
data,  this is a reason why, unlk-~rt unately,  the relat ion 
o f  slow critical crack g rowth  to the mic ros t ruc tu re  o f  
the var ious  mater ia ls  is not  clear. Perhaps  it can be 
conc luded  that a higher  value results for  purer  
mater ials  and for smaller  grain size. 

4 Capacitors 

4.1 Brief introduction to capacitors 
A schematic  view of  a C M C  is given in Fig. 1. This  
c o m p o n e n t  is cons t ruc ted  f rom al ternat ing  layers o f  

dielectric ceramic  and metal  electrodes.  As men- 
t ioned already,  the dielectric ceramic is usually 

Table 4. SCG parameters 

Materia/ n d (/too Pr Method RCI.~ 

X7R 158 < 1 1 6- 25 
X7R Bi 85 <1 1 # 25 
Pure BT 67 7 >0'99 I 6., 6 D, water 21, 25, 26, 30 
Industrial grade 33 5 0-94 22 
Z5U 58 3 7 1 6., 6 D, water 25 
RE NPO 99 1 3 1 6.,? 25 
ZSU BT 58 3 7 1 6, ? 25 
K2300 22 1 6, 3 D, 30% RH 37 
Pure BT 33 1 6-, ? 37 
Z5U - 17 DT, water 43 
Z5U - 27 DT, air 43 
Z5U > 100 DT, toluene 43 
Z5U 35 a 6-. 1 D 43 
Modified 23 4 0"915 a & 2 D 44 

28 6 0"929 a 6. 44 
37 5 0-938 r~ 6 44 
38 11 0"949 a 6 44 

D: Decades in stress rate: a 5: strength stress rate; 1 6.: indentation stress rate: for an explanation o[" 
abbreviations and symbols, see Table 1. 

the other 
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Table 5. C M C  toughness data 

Method .If Ktc Method Re/~9 
(Jim z) (MPa m 1/2) 

K1500, / /  (3-2) 0-89 A M - D C B  38 
KI500, 3_ (5-7) 1.19 A M - D C B  38 
K2300, / /  (5-0) 1.12 A M - D C B  38 
K2300, 3_ (8"5) 1'46 A M - D C B  38 
BX K2000 - -  0.9 1.7 I 37 
COG (9'0) 1.5 l-or 39 
X7R (4'2) 1'03 l -a  39 
Z5U (4' 1) 1'01 l-or 39 
BX - -  1"1-1'3 l -a  46 
K2300 - -  0'85-1 "7 l-or 46 
K60 - -  1"5 2'2 ~ a  46 

Unidentified samples 
Unidentified samples 
Unidentified samples 

For an explanation of  abbreviations and symbols, 

perovskite based. An important trend for increasing 
the capacitance per unit volume is to decrease the 
dielectric thickness. For high-quality CMC the 
electrodes are frequently based on noble metal 
alloys, notably Pd and Ag. The end terminations are 
required for both the connection of the various 
electrodes and the soldering later on. They are 
usually made from a glass-metal composite paste 
and sometimes provided with a Ni coating. 

The production process of a CMC is roughly as 
follows. A foil is cast using the Doctor Blade 
technique and after drying the electrode paste is 
sieve printed on the foil. Next the separate foils are 
stacked together properly and laminated, e.g. 
pressed at slightly elevated temperature. After 
separating the individual CMCs from these plates, 
the binder is burned out and sintering takes place. 
After corner rounding the end terminations are 
provided. 

4.2 Component mechanical properties 
In this section the fracture toughness, strength, sub- 
critical crack growth and defects in CMCs will be 
discussed. 

4.2.1 Toughness 
Data as gathered for CMCs are given in Table 5. 
From these data two things become clear. The value 
of K~c is generally slightly larger than for monolithic 
materials and the value for Kit is anisotropic. 

Firstly, consider the overall value of K~c. One 
would expect a higher value of CMCs than for the 
materials because of the ductility of the metal 
electrodes. Indeed most papers report an in- 
crease. 3v-39 The increase is, however, limited to a 
few tens of a percent. 

Secondly, consider the anisotropy. The fracture 
resistance for a fracture plane perpendicular to the 
electrodes is typically 30% higher than for a plane 
parallel to the electrodes. The crack has to extend 
through the metal electrode, thereby dissipating 
energy during the plastic deformation. For the 

see Table 1. 

experiments discussed a macroscopic toughness test 
was used. It should be kept in mind, however, that 
many data have been collected by indentation 
technique which is even more influenced by the 
residual stresses in the CMC. 

In some papers, e.g. Refs 37 and 46, fracture 
toughness data are presented for commercially 
available CMCs with no further information on 
microstructure. Only the order of magnitude has 
been included in Table 5. 

Investigations by Vickers indentation on various 
places on the CMCs have been carried o u t .  47 '4s  

From these investigations it appears that a higher 
toughness is present between or at the electrodes. 
While the latter can easily be rationalized by 
ductility arguments, the former is related to the 
residual stress. A compressive stress, due to the 
difference in thermal expansion coefficient between 
the metal electrode and ceramic dielectric, is present 
between the electrodes. This compressive stress 
retards the crack propagation. These types of 
measurements in fact do not represent the material's 
properties per se, but the material's properties 
combined with (macroscopic and microscopic) 
residual stress. It has been suggested that indent- 
ation can be used as a quality assessment method. .8 
Indeed, differences between two batches were 
detected, although it is not made clear at all whether 
this represents typical or extreme differences. 

4.2.2 Strength 
The availability of strength data in the open 
literature is again limited. Data have been collected 
in Table 6. The overall value of the strength ranges 
from 90 to 280 MPa. Smaller size results in a higher 
strength. The strength is generally measured by a 
three-point test. Not too much value should be given 
to the exact numerical values, in view of the 
experimental difficulties with the small specimen 
size. Like the fracture toughness, the strength is 
anisotropic. A higher strength is sometimes observed 
for a fracture plane perpendicular to the electrodes. 
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Table 6. CMC strength data 

Material ~. (FE) ,Vlethod R~f[~ 
(MPa) 

K 1500,/" 150 3-pb 38 
K 1500. 2 150 3-pb 38 
K2300, 208 3-pb 38 
K2300, ± 168 3-pb 38 
COG 5819 size 175 3-pb 39 
COG 1206, 0"76 mm 285 3-pb 39 
COG 1206, 127 mm 218 3-pb 39 
X7R 5819 size 166 3-pb 39 
X7R 1206, 0'76ram 254 3-pb 39 
X7R 1206, 1.27ram 215 3-pb 39 
Z5U 5819 size 116 3-pb 39 
Z5U 1206, 0.76 ran1 181 3-pb 39 
Z5U 1206, l27mm 143 3-pb 39 
BT (electr. diff.) 120 150 3-pb 50 
Y5U 90 130 3-pb 50 
X7R 125 3-pb 50 

For an explanation of abbreviations and symbols, see Table 1. 

This is partly due to the anisotropy of Kic. Also it 
seems obvious that defects can develop more easily 
parallel to the electrodes than perpendicular to the 
electrodes. The limited data on Kl~ and a r do not 
substantiate this idea, however. The ratio of parallel 
and perpendicular strength is similar to the tough- 
ness ratio. However, overall correlation between 
strength and toughness is poor, as could be expected 
in the presence of varying residual stress. One would 
expect to see the increased toughness reflected in an 
increased strength. For small sizes (1206) this is 
indeed sometimes observed, 39 but others also find 
the reverse. 38 For larger size (5919) the strength of 
electroded specimens is less than for non-electroded 
specimens. This is probably related to increased 
defects due to a more difficult binder removal 
procedure. 

Some biaxial tests (ball-on-three ball) have been 
carried out. 38 From these data, which show a wide 
scatter, the conclusion is drawn that the (biaxial) 
strength decreases with increasing thickness of the 
CMCs. The amount  of  shear stress is, however, also 
increased with increasing thickness and therefore 
this conclusion is, to say the least, doubtful.  
Moreover, the biaxial (ball-on-three ball) test as such 
is of  doubtful accuracy. 

Researchers from TAM Ceramics 49 showed that 
for their X7P products increasing the number of  
electrodes within the same part decreases the (three- 
point bend) strength. Possible explanations for this 
counter-intuitive result were not discussed. The 
overall conclusion from their work was that no 
correlation exists between composition, high firing, 
low firing, etc., with strength, but also that there is 
little difference in strength, with the exception of  
high-density fired dielectrics. They concluded that it 
is necessary to test each dielectric material individu- 

ally. Typical strength level for X7R CMCs is 
120 M Pa. 

As far as variation in strength is concerned, only a 
few data have been reported? 9"s° A value range for 
the Weibull modulus of about 3-11 has been 
reported for as-fired CMCs. A typical value is m = 5. 

As for the dielectric materials as such, a correla- 
tion between dielectric breakdown and mechanical 
breakdown is also observed for CMCs. sl Rather 
remarkably these authors also observe an increase in 
strength when a test voltage is applied. Up to 400 V 
the strength increases, while at higher voltages a 
decrease is observed. For this type of test, failure at 
the end termination was much more frequently 
observed than for the 0 V strength test. An explan- 
ation for these effects was not given. 

4.2.3 Suhcritical crack growth 
The presence of sub-critical crack growth has been 
mentioned a number of times. Generally this is 
restricted to qualitative remarks. 46'`~s Only limited 
quantitative data on slow crack growth measured 
on actual CMCs have been found. 47 In view of the 
experimental difficulties involved, this is no surprise. 
For an 'A-type' capacitor sintered with bismuth 
oxide, under ambient conditions a crack growth 
exponent n = 55 was obtained, while in water the 
value reduced to n = 22. The susceptibility to SCG 
was attributed to the presence of a Bi-rich phase at 
the grain boundaries. From these results it seems 
that the SCG behaviour of the ceramic part of  
CMCs is similar to that of  the monolithic material. 
Since the fracture path is mainly through the 
ceramic, this is no surprise. For actual lifetime 
calculations the effect of  residual stress should be 
considered. The effect on lifetime may be con- 
siderable. 

4.2.4 Dqli'cts 
As discussed in Section 2, failure is, apart from the 
material properties K~c, etc., also influenced by the 
presence of defects. Therefore it is useful to know the 
nature of the defects in CMCs. The following list of  
defects or defect-generating processes, due to the 
processing of the CMC itself, can be made: 

Defects due to the separation of  the individual 
CMCs from the laminated plates. 

- - B u r n - o u t  of  binder in the dielectric and 
electrode, s° 

- -Green  state delaminations, occurring only in dry 
lamination processes and dependent on the 
type of binder used. s° 

- -Meta l -organic  catalysis dependent on the metal 
powder surface area and the presence of  
coatings, s° 

- -Sinter ing mismatch dependent  on Pd content, s° 
--Voids due to air bubbles or binder agglomerates. 
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The effect of the pick-and-place procedure and 
further board operations yields defects not directly 
related to processing of the CMC itself. They 
include: 

--Surface damage due to tumbling. 
--Surface damage due to the pick-and-place 

machines. 
- -Thermal  shock damage due to soldering. 

5 Residual stresses 

Two types of residual stress can be distinguished. 
They are related to materials and machining on the 
one hand and electrodes and terminations on the 
other hand. 

5.1 Residual stresses due to materials and 
machining 
The effect of internal residual stress and surface 
residual stress on materials has been discussed 
already in Section 3. Internal residual stress is 
evidently also of importance for CMCs. 

The effect of internal residual stress depends 
largely upon the grain size of the ceramic used. For 
materials with a rather small grain size with respect 
to flaw size, the internal stress averages to zero over 
the size of the flaw. 

Although not reported for CMC materials, it is 
highly likely that the surface residual stress effect is 
operating in this case also. Tumbling the fired 
CMCs, a usual finishing operation, probably 
introduces similar stresses as during grinding, 
though possibly of a lower magnitude. The effect of 
tensile residual stresses above T c is thus possibly of 
importance for the soldering procedure. Another 
aspect of tumbling is the introduction of defects 
which lower the strength of the material. Some data 
have been given by Koripella? 9 He describes the 
change in strength after several cycles in a 'corner 
rounding apparatus'. A slight increase followed by a 
small decrease is reported. The Weibull modulus 
increases by a factor of two initially, but levels out 
down to about the original value at the end of the 
process. The strength as a function of tumbling time 
has been studied in some detail. 53 The strength first 
decreases due to the introduction of single, larger 
defects and then increases due to the build-up of 
residual stress. The final level may be lower or higher 
than the starting strength level, depending on the 
precise tumbling conditions. 

The only other remarks on surface finish are given 
by Gee & Stewart. 51 Upon grinding the CMCs with 
4000 grit SiC paper, a slight increase in average 
strength was observed, but the distribution also 
became much wider. This was explained by the 

introduction of a few larger flaws lowering the 
strength values at the low strength side and 
the introduction of many small flaws increasing the 
strength at the high strength side of the distribution. 
The corner rounding procedure and effects involved 
have been described in some detail. 54 No details on 
strength have been given, however. 

5.2 Residual stresses due to electrodes and 
terminations 
Only a few papers have been published on the 
internal stress d i s t r i bu t ions  '48 For the case consid- 
ered (Fig. 6) it has been shown that significant 
amounts of residual stress can be present. This stress 
has been determined by indentation techniques. On 
the free edge, compressive stress with maximum 
value of 425 MPa is present perpendicular to the free 
periphery, while tensile stress of magnitude 65 MPa 
is present parallel to the free periphery. On the end 
termination edge the behaviour is somewhat com- 
plex, but a maximum tensile stress of magnitude 
80 MPa is present parallel to the termination, while 
for the perpendicular direction the tensile stress 
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Fig. 6. Residual stress (a) along the free periphery and (b) along 
the termination side of  a CMC. The free periphery is the edge 
that connects the end terminations, while the termination 
periphery is the edge covered by the end termination. According 

to Wong et al. 4v 
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amounts to 40 MPa. The results of Haynes 4s are in 
agreement with those of Wong et al., 47 although the 
latter are of a highly qualitative nature. 

It has been suggested that the amount of residual 
stress due to electrodes and terminations can be 
diminished by undercooling. During undercooling 
the metal yields further, while upon heating to room 
temperature some elastic residual stress is left 
over. ss For copper it has been estimated that an 
undercooling of about 5OC is sufficient. While this 
procedure can be applied to mounted CMCs, it 
seems likely that the stress situation as generated by 
undercooling will be destroyed by soldering. An- 
other drawback may be that if extreme care is not 
taken to avoid capillary condensation, the (anom- 
alousl expansion coefficient of ice may cause 
significant microcracking, thereby deteriorating the 
component electrically as well as mechanically. 

5.3 Thermal and tesling stress 
A number of references deal with stress distribution 
over and in the CMCs during soldering and after 
mounting. These two aspects will be discussed in the 
following. 

Firstly, let us consider the soldering. It is generally 
acknowledged 17 that wave soldering yields the 
severest thermal shock for the CMC followed by 
vapour phase soldering. Infrared reflow soldering 
hardly ever shows thermal shock failure. The 
advantage of decreasing thermal shock susceptibil- 
ity is compensated by the disadvantage of a 
decreasing soldering rate. Consequently wave sol- 
dering is the technique most often used. 

From thermal shock testing the importance of 
edge effects was stressed. ~° They are said to be the 
primary source of failure during typical in-service 
thermal cycling. Consequently it is recommended 
that the severity of the edge defects could be 
reduced, but no indication is given on how to reach 
this goal. Similar general advice has been given by 
others '1 where the approach of thermal shock 
testing, fractography and improved processing 
guided by the fractography was advocated. The 
severity of edge defects as compared with surface 
defects was recently discussed in some detail by 
McCormick. s6 

The stresses during the soldering have been 
estimated by numerical techniques, notably finite 
element methods. From these calculations the effect 
of electrodes has become more clear. While for a 
monolithic material of 0504 size under certain 
thermal conditions a transient tensile stress of 
24MPa has been calculated, s7 this reduces to 
14 MPa for a CMC with 20llm dielectric thickness 
and 1 ILm thick Pd electrodes. A further reduction to 
10 MPa is present using 2/xm thick electrodes. Other 
calculations sS's9 show values of tensile stress in the 

ceramic up to 38 MPa and shear stress in the Sn-Pb 
layer up to 13 MPa. The latter calculations also 
indicate that thicker Ni layers in the terminations 
should yield significantly lower tensile and shear 
stress, contrary to experimental findings. 

A somewhat more detailed discussion was given 
by Cozzolino. 46 Using a modified plane strain 
description, the largest stress was found in the 
ceramic focused under the termination adjacent to 
the solder pad. A thicker solder pad and a larger fillet 
height reduced the stress in the ceramic. The largest 
stresses were found during the soldering and thermal 
cycling. 

These calculations were all of a two-dimensional 
and elastic nature, but included the temperature 
time dependence during soldering. 

Contrary to these calculations, Fujikawa et al, 6° 

made (two-dimensional) static elasto-plastic calcu- 
lations, neglecting the internal electrode structure. 
These authors indicated a large influence of the 
introduction of plasticity in the calculations. A 
difference was made between a small and large 
amount of solder. A maximum tensile stress of about 
20MPa was observed to be in the transition area 
between termination and electrode (Fig. 7), in 
agreement with other results. With the introduction 
of the soldering, for the top side the tensile stress 
increased as compared to end termination alone, 
while in the lower side the orientation was also 
changed. The maximum stress in the capacitor 
generated was 30-50MPa upon applying end 
termination and soldering. A similar calculation lbr 
the stresses in a CMC soldered on a printed circuit, 
as generated by the bend test (EIA standard RC- 
3402, glass-epoxy board) with 1, 2 and 3ram 
deflection, resulted, however, in much larger stresses. 
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Fig. 7. Stresses in ta) terminated and (b) terminated and 
soldered CMCs. According to Fujikawa e t  al .  6°  
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For a 3 mm deflection the stress level ranged from 
150 to 200 MPa. Generally for a small amount  of 
solder a somewhat higher stress was calculated, 
while for a large amount  of solder a somewhat lower 
value was obtained. These values are close to or in 
excess of the mean failure stress so that most CMCs 
fail during this test. 

Apart from (time-independent) plasticity, time- 
dependent effects like creep of the metal electrode 
and end terminations may play a role. This 
relaxation may lower the compressive residual stress 
in the ceramic, thereby decreasing the strength. The 
only reference found is by Freiman. In two of his 
papers he refers to 'indentation experiments showing 
no significant change in strength over three orders of 
magnitude in aging time'. The references (Ref. 23 in 
Ref. 26 and Ref. 17 in Ref. 30) are actually to a 'to be 
published paper' which has never appeared as far as 
could be detected. Provisory long-term indentation 
experiments in the present author's laboratory 
showed, however, a steady decrease in hardness with 
loading time of the indenter. 

In summary, one might say that insight is based 
only on general knowledge of thermal expansion 
mismatch, elasticity, etc. Optimization and preven- 
tion of fracture is sometimes still done using general 
ideas without detailed modelling. 61 Detailed models 
of stress distributions are lacking. Calculations 
made so far are generally of a two-dimensional 
character. Most workers neglect plasticity effects, 
while creep and/or relaxation effects have not been 
addressed at all. In view of the stress level generally 
reported, a significant relaxation can be expected. 
Experimental attempts to determine stresses locally 
are limited and do not yield sufficiently clear 
answers. 

6 Conclusions 

The structural integrity of CMCs is a complex field 
with at least three different subdisciplines related to 
materials processing, component  processing and 
board processing. Here the author focused on the 
materials processing. 

The most important  mechanical parameters of 
CMC materials and CMCs are the fracture tough- 
ness and strength. The toughness of the ceramic in 
the ferroelectric state (at room temperature) is 
greater than for the paraelectric state (above the 
Curie temperature). The strength, however, shows 
the opposite trend for annealed or as-fired surfaces 
of fine-grained material. The strength is higher for 
the paraelectric state. This is attributed to the relief 
of internal residual stress. For machined surfaces a 
decrease in strength above the Curie temperature is 
observed, which is interpreted as originating from a 

tensile surface residual stress. This stress is due to a 
different behaviour of machined surfaces as com- 
pared with the volume of the material. 

As expected, the introduction of electrodes in the 
material, as in the case of CMCs, increases the 
fracture toughness and this is thought to be due to 
the ductility of the metal electrodes. Contrary to the 
expectation, however, this increase in toughness is 
not always reflected in a higher strength. The 
introduction of larger defects in the CMC as 
compared to the CMC material is probably re- 
sponsible for this effect. 

The variability in strength is large for both the 
CMC material and the CMCs themselves as 
reflected by the low Weibull moduli, typically about 
5, in various strength measurements. In particular 
edge defects seem to be particularly detrimental, an 
effect which has been rationalized recently. 

The data on subcritical crack growth show a wide 
scatter. It is nearly impossible to correlate these data 
with microstructural information in the absence of 
the latter. The scarce data suggests that the 
subcritical crack growth parameters in CMCs are 
similar to those of the CMC materials. The amount  
of subcritical crack growth for a specific dielectric 
ceramic is, however, largely unknown. 

It should be stated that only in rare cases sufficient 
information on the microstructure of the materials 
involved, necessary for a proper evaluation of the 
material properties in relation to the microstructure, 
is provided. 

Residual stress due to machining, electrodes and 
end terminations plays an important role in the 
mechanical behaviour. The influence of residual 
stress in the ceramic on the mechanical behaviour of 
the CMC is, however, inadequately known. Suffi- 
ciently realistic theoretical models as well as 
experimental verifications are lacking. Residual 
stress may relax by creep and/or relaxation of the 
yielding parts of the CMC. The effect of relaxation is 
not known. 

All these effects together mean that the material's 
mechanical behaviour is not directly transferrable 
to the components. Hence, it must be concluded 
that there is no overall mechanical model of CMCs 
which includes plasticity and relaxation of the metal 
electrodes and end terminations and subcritical 
crack growth of the ceramic part, while such a 
model is crucial for the reliable assessment of 
allowed mechanical loading and longevity. 
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