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Abstract

Low temperature co-fired ceramics (LTCCs) are multilayered ceramic based components, which can be used as high precision electronic devices
in highly loaded environments. In many applications, LTCC end components are exposed to mechanical stresses, which may yield different types
of failure coming from different locations, thus decreasing the mechanical reliability of the device. The aim of this work is to assess the mechanical
strength of LTCC parts and investigate the influence of the metal internal structure (supporting the maximum load) on the local fracture response.
Strength of different positions (e.g. near vias, metal-pads, ceramic layers) has been measured under biaxial loading and compared with a reference
bulk LTCC. The strength results were interpreted in the framework of Weibull theory. Fractographic analyses revealed a significant effect of the
first metallisation layer below the tensile surface on the strength reliability of the structure, which should be considered to optimise LTCC designs.

© 2010 Elsevier Ltd. All rights reserved.
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1. Introduction

Low temperature co-fired ceramics (LTCCs) are layered
ceramic based components, which can be used as electronic
devices (e.g. for mobile and automotive technologies) in highly
loaded (temperatures, inertia forces, etc.) environments. They
consist of a complex three-dimensional micro-network of metal
structures embedded within a glass-containing ceramic sub-
strate. LTCC technology was established in the 1970s as an
alternative to overcome conductivity problems with tungsten
metallisation in alumina substrates employed in high temper-
ature co-fired ceramics.! Co-firing is an attractive approach for
producing these structural laminates. The low sintering temper-
ature in LTCCs (i.e. below 950 °C) can be achieved by using
a glass matrix with a low softening point, allowing a liquid
phase sintering of the ceramic composite material.” This makes
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feasible the use of excellent conductors such as silver, gold or
mixtures of silver—palladium, arranged within and/or on the sur-
faces of the ceramic substrate, forming complex multi-layered
structures. Today, they can be found in devices which have to
operate under harsh conditions such as high temperatures and
mechanical shock. These applications include engine control
units, automatic gear box control units, ABS, etc. For instance,
the electronics for engine and gear management are installed
close to the engine and gears, where temperatures up to 150 °C
and vibration loads of high accelerations (e.g. up to 100 g) can be
encountered in extreme cases. As the usage of electronic systems
increases over time by the x-by-wire technology (e.g. brake-by-
wire, steer-by-wire), and because such applications have strong
safety implications, it is mandatory to assess the reliability of
the ceramic substrates.

The brittle nature of ceramic based materials such as LTCC
creates challenges for selecting both a material and a design to
meet the performance of a particular system. The outcome of
competition between various classes of materials is given not
only by the combination of their intrinsic properties but also
by the processing capability that they may offer for being tai-
lored for specific tasks. In addition, the flaw distribution (size,
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Fig. 1. Scheme of a panel where the samples are cut out in such a way that the position to be tested lies in the centre of the specimen: a) with the upper side and b)

with the lower side under tension.

location, etc.) and size effect in ceramic containing materials
yield a statistical strength distribution (described by the Weibull
theory®) which conditions the mechanical reliability of ceramic
components.*® The development and implementation of mul-
tilayered structures (e.g. metal—ceramic, ceramic—ceramic) for
structural and/or functional applications in the recent past is
an excellent example of the design and material selection
approaches mentioned above.

As a matter of fact, the brittle fracture of monolithic ceramic
materials has been overcome by introducing layered architec-
tures of different kinds, i.e. geometry, composition of layers,
residual stresses, interface toughness, etc. The main goal of such
layered designs has been to enhance the fracture energy of the
system on one hand and to increase the strength reliability of the
end component on the other hand (see for instance Refs. 713y,
Although LTCC-based components are more complex material
systems than laminates with continuous layers, many features
involved in the co-firing process are similar. For instance, in the
co-firing of layered structures, residual stresses may arise as a
result of differences in the shrinkage behaviour between adja-
cent layers, which can also be the case between LTCC layers and
metal structures.'* Also the disposition of the metal electrodes
within the LTCC part may have an effect on the mechanical
behaviour of the component. In this regard, the effect of met-
allisation on the strength distribution has been assessed in the
literature using simple architectures yielding a difference not
only on the strength values but also on the critical flaw size dis-
tribution (Weibull modulus) associated with the presence of vias
in the design.!?

In general, the biaxial strength of ceramics can be determined
by several methods, as found in Ref. 6. In particular, strength of
planar LTCC components has been determined using the ball-
on-ring (BOR) test!” or the ring-on-ring (ROR) test'8 on bulk
specimens. These methods induce a maximal biaxial stress dis-
tribution in the centre of the specimen and avoid the influence
of edge effects. However, it has been shown that, during these
tests, small geometric inaccuracies (e.g. for the case of “as-

sintered” specimens) could lead to an undefined load transfer
from the rings to the specimen and thus cause large uncertain-
ties in the determined strength.'® This is specially enhanced
when testing small specimens. In this regard, such uncertainties
can be minimised when a different loading configuration, the
ball-on-three-balls (B3B) test, is used.20-23 Despite the small
effective volume tested with this method, localised strength mea-
surements (i.e. near metal contacts, vias, etc.) can be performed
even in miniaturised (e.g. less than 0.5 mm?>) components. Thus,
the influence of micro-sized surface features on strength can be
assessed to determine the reliability of the embedded compo-
nent.

In this work, the effect of metallisation on the strength of
LTCCs as function of the location within the part has been inves-
tigated using the B3B test. The mechanical behaviour of LTCC
components during biaxial bending has been analysed in spe-
cial positions of the part. The strength has been evaluated using
Weibull statistics and a fractographic analysis of broken spec-
imens has been performed to determine the mode of fracture
of the components and the influence of the internal architec-
ture (i.e. metal-electrodes, pads, ceramic layers) on the LTCC
strength reliability.

2. Experimental procedure
2.1. Material of study

The specimens used for the biaxial strength tests were
cut from commercial MKE100 LTCC-Tapes (panels of
ca. 100mm x 100 mm x 0.43 mm), provided by the com-
pany EPCOS OHG, Deutschlandsberg, Austria. The substrate
(glass—ceramic) is made of approx. 50% of Al,O3 as filler and
50% of several glasses containing Ca, Na, Si, K, B and Al,
where the crystallisation degree after sintering exceeds 90%.
For the inner metallisation only Ag is used, whereas for the
outer metallisation the silver pads are covered with a nano-
metric Ni/Au layer, which is employed to about corrosion and
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further guarantees good adhesion of possible soldered compo-
nents. The thickness of the metal pads is approx. 7 um. The
processing route employed was tape casting and the co-sintering
was performed in a furnace at 850 °C. After sintering, rectan-
gular testing plates of ca. 11.0mm x 9.7 mm x 0.43 mm were
cut from each panel (see detail in Fig. 1). The dicing of the
LTCC specimens was performed with a diamond saw. The
parts were cut in such a way that different locations of the
LTCC could be placed in the potential region of maximal ten-
sile stress during testing, thus well defined strengths within the
part could be evaluated. Four series of at least 30 LTCC spec-
imens were selected for the strength measurements of both the
upper (Fig. 1a) and lower (Fig. 1b) side of the components (i.e.
series 1-4). Each series has the same internal ceramic—metal
layered architecture. The difference between them lies on the
particular feature to be tested located at the region of max-
imal stress (e.g. metal pad, glass—ceramic, metal via) during
biaxial loading and the internal architecture underneath. An
additional series of 30 bulk specimens (without metallisation)
produced with the same processing route was also tested for
comparison. A total of ca. 300 specimens were tested for this
study.

2.2. Mechanical testing: B3B method

The mechanical strength of commercial LTCC plate-like
components during biaxial bending was investigated using the
B3B test, analysing four special positions (series) both at the
upper and lower side of the component. In the B3B method, a
rectangular plate (or a disc) is symmetrically supported by three
balls at one plane and loaded by a fourth ball in the centre of
the opposite plane (Fig. 2a). Details about the test can be found
elsewhere.>* In our case all four balls had a diameter of 8 mm.
A pre-load of 7N was applied to hold the specimen between the
four balls. Then, the tests were conducted under displacement
control at a rate of 0.5 mm/min and a relative humidity (RH)
of 23+2% at21£1°C (i.e. Hyps 4.3+ 0.4 gHzO/m3), using
a universal testing machine (Zwick Z010, Zwick/Roell, Ulm,
Germany) with a load cell of 200 N. The load was increased
until fracture occurred and the fracture load was used to calcu-
late the maximum tensile biaxial stress in the specimen at the
moment of fracture.

2.3. Assessment of biaxial strength

For a bulk plate of an elastically isotropic material the max-
imum stress o,k corresponding to the fracture load, P, can be
calculated as follows:

P
Omax = [ - 72 ey

where ¢ is the plate thickness and f is a dimensionless factor,
which depends on the geometry of the specimen and the balls,
Poisson’s ratio of the tested material and details of the load
transfer from the jig into the specimen,?* i.e. positioning of the
loading ball (symmetric or asymmetric), etc. In order to deter-
mine such factor f, a FEM linear elastic analysis was performed
using the software ANSYS 11.0 for the testing geometry.? Elas-
tic properties were determined by means of the Resonant Beam
Method?® in a bulk LTCC sample, resulting in a Young’s mod-
ulus of E=113 £ 1 GPa and a Poisson’s ratio of v=0.2 £ 0.01.
Thus, the factor f was calculated for the given geometry and
Poisson’s ratio as function of the thickness of the specimens,
and linearly fitted giving as a result?’:

F=258—067- (t - 1)

1o
(valid for0.40 < t < 0.46 mm andn = 0.2) 2)

The parameter #p =0.43 mm is defined as the mean thickness
of the plates. The corresponding stress distribution in the plate
during biaxial loading is shown in Fig. 2b. The maximal stress
is located in the centre of the three balls. It can be inferred from
the referred figure that the central region, i.e. approx. 1/20 of
the specimen dimension, is stressed with more than 90% of the
maximal stress. Therefore, localised strength measurements can
be performed. For instance, a detail of the stress distribution in a
specimen from series 2 with the upper side under tension can be
seen in Fig. 3. A crack running through the region of maximal
stress can be also appreciated.

The accuracy of this method in determining the maximal
stress has been compared with other methods such as the ball-
on-ring-test. The accuracy of the analytical solution for the latter
depends on the selection of the equivalent radius of contact
associated with the contact load.'® If we compared the stresses

0

. ,—-9’/

=
0.5Cmax Omax

Fig. 2. a) Scheme of the ball-on-three-balls test for biaxial testing and b) FE simulation of the stress distribution in the plate during loading. The central region in

contains stresses greater than 90% of the maximum stress in the plate.
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Fig. 3. Tensile stress distribution superimposed on the tensile surface of a tested
LTCC specimen (corresponding to series 2 with the upper part under tension);
a crack running through the location of maximal stress can be appreciated (see
arrow).

resulting with the analytical formulation for the same geome-
try with (i) the B3B on a disc>* and (ii) the B3B on the plate
of study (with equal section as the disc), the analytical method
underestimates the stresses in ~5% compared to (i) and ~10%
compared to (ii). Nevertheless, the analytical solution can be
used for ranking materials. But if an accurate solution is pursued
the B3B approach is recommended.

We caution the reader that Eq. (1) estimates the failure stress
in the B3B test for isotropic (bulk) materials, with respect to
thickness in a given range. Since the thickness is claimed to
be the most crucial parameter in the evaluation of the failure
stress,?! it has been measured in the centre of all samples before
testing. Furthermore, the influence of the metallic structures
on the stress distribution has been neglected due to the small
contribution of the elastic modulus of the metals to the whole
compliance of the part (i.e. approx. E =85 GPa). This assump-
tion has been checked by comparing the compliance of bulk
specimens under bending and specimens containing metallisa-
tion. In addition, the effect of the surface metal features on the
thickness of the specimens for the stress calculation with Eq.
(1) has been also neglected. As a result, the total thickness mea-
sured in the centre of the specimens has been considered as

~—de— Bulk

—@— Series_1
== Series 2
== Series_3
== Scries 4

Load [N]

upper side under tension

001 002 003 004 005
Cross-head displacement [mm]

0.06
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the effective thickness (¢) for the calculation of an “equivalent”
maximum stresses with Eq. (1) for a homogeneous plate-like
specimen.

The strength results were analysed in the framework of the
Weibull theory. A fractographic investigation was performed
using an optical stereo microscope (Olympus SZH10, Austria)
for every series to identify the mode of failure and the influence
of the internal layered architecture on the crack propagation
through the LTCC part.”8?° The load—displacement curves of
the B3B tests were also examined for a better understanding of
the fracture process.

3. Results and discussion
3.1. Load-displacement curves

Some characteristic load—displacement curves of all series
(1-4) for specimens with the upper side as well as with the lower
side under tension are presented in Fig. 4a and b, respectively.
A bulk specimen is also shown for comparison.

The brittle behaviour of the bulk specimens is associated with
the linear behaviour to fracture seen in the load—displacement
curves. On the other hand, some of the series with metal
structures present step-like fracture behaviour, i.e. the initial
propagation of the critical defect during loading does not yield
catastrophic failure. Instead, the material can withstand further
displacement before complete fracture. The effect of metallisa-
tion may affect the strength distribution of the material and shall
be discussed below.

3.2. Weibull analysis of strength results

Figs. 5 and 6 show a Weibull diagram of the four LTCC series,
tested either with the upper side or with the lower side under ten-
sion, respectively. Each distribution was collected on a sample
of 30 specimens, which ensures statistical significance for the
Weibull analysis. The nominal failure load, Py, is represented vs.
the probability of failure (Figs. Sa and 6a). Pf has been defined as
the load corresponding to the first kink in the load—displacement
curves (see Fig. 4), based on the consideration that after the first
rupture of the glass—ceramic layer the functionality of the LTCC
component may be damaged. The corresponding equivalent fail-

b 30

== Bulk
254 —9— Series_1
—A—Series 2 Q &
~f—=Series_3
201 —=F—Series 4
£ 5
154
3
Q
— 104
5
0 lower side under tension
0.00 0.01 0.02 0.03 0.04 0.05 0.06

Cross-head displacement [mm]

Fig. 4. Load vs. displacement curves and fracture features of characteristic specimens of the tested series with (a) upper and (b) lower side under tension.
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Fig. 5. a) Weibull diagram of four LTCC series (upper side under tension) and bulk material; b) the characteristic strength, o, is also plotted vs. the Weibull modulus,

m.

ure stress, oy, calculated with Eq. (1) for every tested specimen
is also presented in the plot. The strength results from the bulk
specimens are also represented for comparison.

The characteristic failure load Pg (i.e. the load with a prob-
ability of failure of F=63.21%) for all four locations is also
plotted vs. the Weibull modulus, m (biased), in Fig. 5a and b.
The strength results of the bulk specimens are also represented
for comparison. The characteristic equivalent strength values
and Weibull moduli of all series as well as the corresponding
90% confidence intervals can be found in Table 1.

The effective volume for all series has been evaluated from
the FE analysis following the principle of independent actions
(PIA)*® and taking into account the corresponding m, resulting

in Vegr 22 X 1073 mm?3.

It can be inferred from Figs. 5a and 6a that all series
follow a Weibull distribution. Nevertheless, the strength dis-
tribution between some of the series with metallisation and
the bulk series is different, both for the upper side (Fig. 5a)
and the lower side (Fig. 3b) under tension. Some of the
diagrams seem to follow a typical two-parameter Weibull dis-
tribution (e.g. series 1 in Fig. 6a), whereas others show a
so-called “concave banana-shape” (i.e. the strength distribution
in the Weibull diagram deviates from a lineal trend, point-
ing downwards for lower failure stress values). In such cases
(see for instance series 2 and 4 in Fig. 5a) a unique mini-
mum failure stress level (“threshold stress”) can be defined
under which the material would not fail. This would enhance
the mechanical reliability of LTCC components, similar to the

a Failure load, P [N]
1}0 16 2J3 29
99.94 e v 2
2 Series-| av il b
— Series-2 XD 2 L
c\o 93.40+ [0 Series-3 _‘, 1
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& . 6 E lower side
[0
3 = 400-
3 e ) Iy
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Fig. 6. a) Weibull diagram of four LTCC series (lower side under tension) and bulk; b) the characteristic strength, o, is also plotted vs. the Weibull modulus, m.
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Table 1
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Characteristic strength values, o, and Weibull moduli, m, for all series with the corresponding 90% confidence intervals.

Series Characteristic strength, o9 [MPa] (90% confidence interval) ‘Weibull modulus, m (90% confidence interval)
Upper side under tension Lower side under tension Upper side under tension Lower side under tension
Series 1 316 (304-329) 281 (272-291) 8.9 (6.6-10.9) 10.0 (7.5-12.0)
Series 2 383 (373-394) 284 (277-290) 11.6 (8.8-14.1) 15.3 (11.3-18.7)
Series 3 327 (319-336) 291 (280-302) 12.4 (9.4-15.1) 9.3 (6.9-11.3)
Series 4 283 (275-291) 286 (277-295) 11.3 (8.5-13.7) 10.9 (8.1-13.3)
Bulk 370 (358-383) 9.7 (1.3-11.8)

case reported on other layered ceramic architectures (see for
instance3!733),

In addition a statistically significant difference in the equiva-
lent characteristic strength of the components is found between
the upper side and the lower side loaded under tension,
i.e. 09=283-383MPa and op=281-294MPa, respectively
(Figs. 5b and 6b). A rather constant strength value, o, for the
latter, regardless of the location tested should be highlighted,
which is significantly smaller than o of the bulk series, i.e.
00 =370 MPa.

Regarding the Weibull moduli, no statistically difference
could be found between both orientations (upper side or lower
side under tension), being m =8.9-12.4 and m =9.3—15.3 respec-

tively, being similar to the Weibull modulus obtained for the bulk
specimens (m =9.7). This suggests similar flaw populations for
LTCCs with metallisation and for bulk LTCCs.

Based on a linear elastic fracture mechanics (LEFM)
approach, the critical defect size (a.) causing the failure of the
biaxial loaded specimens can be estimated based on the failure
stress (defined as equivalent stress as in Figs. Sa and 6a), oy, and
on the fracture toughness, Kjc, of the material as given by the
following equation3*3:

1 (K>
== () 3
ac . (YGf) (3

Series-4

Fig. 7. SEM micrographs of the fracture surface of four specimens corresponding to series 1 (a)—4 (d) with the upper side tested under tension. The tensile surface

is placed downwards.
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Table 2

Estimated critical flaw size, a., corresponding to the maximum and minimum
failure stress value respectively, for all series under both configurations as well
as for the bulk specimens.

Series Estimated critical flaw size range, a. [jum]
Upper side under tension Lower side under tension
Series 1 (20.4-5.7) (16.8-7.5)
Series 2 (7.8-4.0) (15.5-8.1)
Series 3 (12.2-5.7) (12.8-5.9)
Series 4 (14.4-7.8) (15.3-7.2)
Bulk (4.3-9.4)

where Y is a dimensionless geometric factor depending on the
shape of the defect and loading configuration. Considering fail-
ure origins at the surface, it can be assumed Y = 1.12. The fracture
toughness has been determined by means of the Single Edge
V-Notch Beam (SEVNB) method>¢ on standard flexural speci-
mens (45 mm x 4 mm x 3 mm) tested under four-point bend,?’
resulting in Kic = 1.8 £0.1 MPam!2. According to Eq. (3) the
estimated critical flaw sizes (corresponding to the maximum
and minimum failure stress value of each sample), for all series
under both configurations as well as for the bulk specimens, are
given in Table 2. It can be inferred that the estimated critical
defects range between 4 and 21 pwm. We caution the reader that
large flaws (i.e. 20 wm) could only be predicted (according to

Eq. (3)) for series 1, which correspond to locations near vias.
This opens the possibility that low strength values be associated
with stress concentrations at such location and not with larger
material flaws.

In order to explain the differences between series for the case
of upper side under tension (Fig. 5) and the very similar strength
distributions for the other case, i.e. lower side under tension
(Fig. 6), a fractographic analysis was performed.

3.3. Fractographic analysis of broken specimens

The different load—displacement curves (see Fig. 4) recorded
between bulk specimens and certain series (with metallisation)
suggested the effect of the metal layers on the crack propagation
through the LTCC. The examination of the fracture surfaces
showed in fact a different crack path depending on the inner
architecture under the tested region. An example correspond-
ing to this fractographic analysis is shown in Fig. 7 (specimens
with upper side under tension), where the influence of the inter-
nal metal layered structure in the crack path at fracture can be
appreciated. While a straight crack pattern was found for bulk
LTCCs as well as for LTCCs with mainly glass—ceramic content
under the tested surface (such as in Fig. 7a and b), a step-wise
fracture (load-steps events in the load—displacement curves from
Fig. 4a) could be observed for LTCCs with metallic layers under-

Fig. 8. SEM micrographs of the fracture surface of four specimens corresponding to series 1 (a)—4 (d) with the lower side tested under tension. The tensile surface

is placed downwards.
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Fig. 9. a) SEM micrograph of the fracture surface of a specimen tested with the upper side under tension. b) Detail of a crack initiated at the centre of the origin and

running normal to the main crack causing the failure during biaxial bending.

neath the surface (as shown in Fig. 7c and d). This might favour
crack deflection mechanisms and thus avoid the catastrophic
failure of the part. However, the rather far distance from the
first metal layer (between 50 and 100 wm) to the surface of the
specimen seems not to be very effective for crack arrest. Layer
structures with near metal layers should be positioned at dis-
tances no farther than the size of critical defects found in the
bulk material (i.e. around 20 pm). This will be further investi-
gated by the authors and simple architectures with metal layers
near the surface will be fabricated to search for an effective
barrier to crack propagation.

Analogous to the previous case, for the specimens tested
with the lower side under tension, most of the broken speci-
mens showed step-wise fracture during the mechanical tests (as
inferred from Fig. 4b). This can be associated with the fact that
a metal layer is located (from design) underneath the lower side
of the LTCC, covering almost the entire part. Hence, indepen-
dent of the location tested with the B3Bs, the metal layer may
act as a barrier to the initial crack propagation during fracture.
This would explain the similar characteristic strength distribu-
tion of the four locations (see Fig. 6). Some SEM micrographs
corresponding to fracture surfaces of specimens tested under this
configuration are shown in Fig. 8. It can be appreciated that in all
series a metal layer is located below the surface under tension.
In this regard, particular attention should be paid to the shape of
the Weibull plots in Fig. 5, for series 3 and 4. In such locations
metal layers at a distance of approx. 50 wm from the surface
are placed beneath the area of maximum stress during biaxial
loading. This may explain the “concave banana-shape” in the
Weibull diagram, which would be related to the fact that large
cracks (initially propagating from the tensile surface) could be
“arrested” (or deviated from straight path) by the first metal layer,
thus yielding a minimum strength level for these components.

In an attempt to identify critical flaws initiating the fracture,
a detailed analysis of broken specimens (both with the upper
and lower side under tension) was performed. In all cases the
source of failure could be found located at or near the surface
of the LTCC (see for instance Fig. 9). In the cases where it was
possible to discern the failure origin, the size of the flaws causing
failure (as in Fig. 9) was in good agreement with the critical flaw

size, ac, predicted with Eq. (3). Natural flaws such as pores or
agglomerates could however not be identified as fracture origins.
Only in some cases could the fracture origin be found at the
interface ceramic-vias (see Fig. 7a), most likely associated with
stress concentrations, as also reported in literature for this type
of architecture.'> This could explain the relative large flaw sizes
estimated with Eq. (3) for series 1 (i.e. 20 pm).

To sum up, the role of the metal layers on the strength and
crack propagation in these materials should be further inves-
tigated, in order to design more reliable LTCC components,
where metal layer structures may be tailored in the design to
act as reinforcement mechanisms against brittle fracture. In this
regard, simple structures are planned to assess the effect of the
metal layer on the crack propagation. In addition, the effect of
environmental conditions (temperature and humidity) as well
as loading rate during testing should be taken into account to
assess the mechanical reliability and life time of these complex
structures.

4. Conclusions

The effect of metallisation on the mechanical response of
commercial low temperature co-fired ceramics (LTCCs) was
assessed using the ball-on-three-balls test, which allowed the
evaluation of biaxial strength at specific locations in the compo-
nent.

While the specimens tested with the lower side under ten-
sion resulted in a similar characteristic strength independent
of the testing location, i.e. 09 =281-294 MPa, the specimens
tested with the upper side under tension at different posi-
tions showed a statistically significant difference in strength
(09 =283-383 MPa). For locations of high ceramic content the
strength of LTCCs with metal structures was similar to that of
bulk material (i.e. o9 =370 MPa).

Regarding the Weibull moduli, no statistical difference could
be found between both orientations, resulting in m=8.9-12.4
and m=9.3-15.3 respectively, being also similar for bulk spec-
imens (m=9.7).

The examination of the fracture surfaces showed a different
crack path depending on the inner architecture of the region of
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maximum stress. It was found that when the LTCC is designed
with a metal layer located underneath the tensile surface, initial
cracks may be “deviated” from straight path, thus yielding a
higher fracture resistance to the LTCC.
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