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Abstract

The internal stresses in BaTiO3; based multilayer ceramic capacitors (MLCCs), showing Y5V characteristics, were estimated with
a sharp indentation method using a micro-indenter. The influence of the direction to electrode on the internal stresses, especially
residual stresses, was investigated at the three planes (x, y, and z planes), including the effect of the distance from the electrode on
hardness. Hardness is constant to a special distance from the electrode, depending on the plane, and modestly decreases above that
distance. The internal stresses at the planes parallel to the electrode, x and y planes, indicate the compressive and tensile stresses in
the directions parallel (x and y directions at x and y planes, respectively) and perpendicular (z direction) to the electrode, respec-
tively. The internal stresses at the plane perpendicular to the electrode, z plane, are compressive in both directions. The extrinsic
stress induced by the fabrication process is tensile, which is much severer than the intrinsic stress by the material constants. The
internal stresses created on MLCCs are dependent on the plane with the lamination and the direction to the electrode, parallel and

perpendicular directions. Crack formation and damage mode related to the internal stresses are also discussed.

© 2002 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Multilayer ceramic capacitors (MLCCs) continue to
be one of the most widely used and most important
passive components in the circuitry of electronic pro-
ducts.!> MLCCs are subjected to manufacturing or
service thermomechanical and residual stresses which, if
severe enough, will cause mechanical failure and per-
haps subsequent loss of electrical function. Increasing
the number and reducing the thickness of the active
layer for high capacitance in MLCCs, can cause pro-
blems due to the difference of density and thermal
expansion coefficient between the inner regions with
electrode and the outside regions (margins) without
electrode, resulting in structural defects and crooked
shapes. The delamination and cracks, becoming multi-
lamination in MLCCs, can also be due to internal
stresses and created during the firing process.

* Corresponding author. Tel.: +82-2-2290-0502; fax: + 82-2-2281-
0502.
E-mail address: upaik@hanyang.ac.kr (U. Paik).

Therefore, the reliability and the lifetime of MLCCs
are dependent on removing and/or controlling internal
stresses and structural defects as the number and the
thickness of the active layer increase and decrease,
respectively. Furthermore, these internal stresses can
cause failure of capacitors because a tensile stress of 30—
50 MPa is generated during end-termination and sol-
dering.? Franken and Maier reported that a compressive
residual stress between approximately —40 and —90
MPa has been found near the termination in MLCCs of
different sizes.* Wereszczak et al. reported that the resi-
dual stresses, as calculated by finite element analysis
(FEA), in the margins of multilayer capacitors (MLCs)
are dependent on the direction, with a compressive
stress of 240-277 MPa in the direction parallel to the
electrode and a tensile stress of 230 MPa in the direction
perpendicular to the electrode.’

The estimation and the understanding of the internal
stresses induced on MLCCs are essential for improving
the reliability and the lifetime of MLCCs. For the
measurement of the internal stresses (residual stresses),
the X-ray diffraction sin’y» method,®’ the conventional
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beam-bending technique,*®° and the sharp indentation

method including nano-indentation,'%~!'# are available.
Among the various techniques available, the sharp
indentation method using a micro-indenter was used in
this study.

In this paper, the influences of the direction with
respect to lamination and the distance from electrode on
hardness, crack formation, and internal stresses have
been investigated with BaTiO; based Ni-MLCCs,
showing Y5V characteristics. In addition, the relation-
ship between damage modes and internal stresses has
been discussed.

2. Experimental procedure
2.1. Materials and preparation

The MLCCs samples used in this experiment were
commercial products showing Y5V characteristics. The
dimensions of MLCCs specimens were 3x2x1.6 mm
with 150 active layers including the housing regions
(margins) of ~250 pm. The thickness of dielectric and
electrode layers was ~8 and =2 pm, respectively. For
measuring fracture toughness of the dielectric layer only,
the standard specimen—that is, bulk specimen without
electrode—was prepared by the same conditions with the
MLCC s after laminating the green sheets only.

The specimens to be used for indentation were pre-
pared by grinding to a 10 um finish and subsequently
polished to 1 um. To remove the residual stresses due to
grinding and polishing, the specimens were also
polished with SiO, colloid sol of 10 nm. Selected
polished surfaces were gold-coated to reveal surface
condition and examined by optical microscopy (Epi-
phon, Nickon, Japan) and scanning electron micro-
scopy (SEM, S2700, Hitachi, Japan).

2.2. Hardness and residual stress measurement

In this present study, the hardness and the residual
stress of “‘margins” in the MLCCs were measured by
considering the effects of the direction with respect to
the lamination and the distance from the electrode. To
eliminate the effect of end-termination, the measure-
ment was carried out with only chips after post-anneal-
ing at the temperature of 950 °C—that is, MLCCs
without end-termination. All indentations were made
with a micro-hardness tester (Mitutoyo, AVK-C2,
Japan) using a diamond Vickers shaped indentor.
Hardness in the different planes, the x—y plane (here-
after x plane, as shown in Fig. 1) and the y-z planes
(hereafter y and z planes parallel and perpendicular to
the electrode, respectively, as shown in Fig. 1), was
measured after indentation with a load of 0.25 N for 15s,
as a function of the direction (parallel and perpendicular),

and the distance from the electrode, shifting the measur-
ing position from the electrode to the surface in each
plane. The internal stresses were determined by measur-
ing the crack length after indentation with the load range
from 0.25 to 1 N, in the same manner as for hardness.
The cone diameter and crack length were measured using
optical microscopy and SEM. The residual stresses were
determined by the following expression:

Kic = K} + 20r(C/7)'/?,

where Kjc and Kjc are the fracture toughness values
with and without residual stresses, C is the crack length,
and oy is the residual stresses induced on the MLCCs.
KSc is determined as 0.85 MPa m!/? because K{c in the
bulk specimen shows the range of 0.74~0.95 MPa m!/?,
depending on the direction with respect to the lamina-
tion, and literature indicates 0.85 MPa m'/? as the value

of K?(}B

3. Results and discussion

The hardness, H, obtained from indentation versus
the distance from the electrode is plotted in Fig. 2. The
hardness in the x plane is essentially constant in a range
of 104+1.6 GPa to a distance of ~70 um, after which it
slightly decreases to about 8.241.6 GPa. In the y plane,
the hardness displays a similar trend as for the x plane,
showing a range of 9.7+1.2 GPa to a distance of ~45
pm and decreasing to about 6.8+1.0 GPa at the far
away regions from the electrode. The hardness in the z
plane is a little higher than those of the other two
planes, showing a range of 11+1.2 GPa to ~90 um and
8.3+ 1.5 GPa at the far position. However, the tenden-
cies are similar to each other. The decrease of hardness
at the far position from the electrode, near the surface,
will be related to the residual stresses induced on the
interface between dielectric material (BaTiO3) and Ni
electrode layers. The residual compressive stress formed
during cooling from the post-annealing temperature of
950 °C due to thermal expansion mismatch affects
hardness as well as Young’s modulus.'>-1¢

Fig. 3 shows the difference in crack length between
the parallel (hereafter x direction at the x plane and y
direction at the y and z planes) and perpendicular
(hereafter z direction at all plane) directions to the elec-
trode. The crack length was measured by optical
microscopy and/or SEM after Vickers indentation on
each plane. The difference and scatter between the crack
lengths increases with increasing indentation load and
the distance from the electrode. For the x and y planes,
the crack length in the x and y directions is larger than
that in the z direction, indicating that relative compres-
sive and tensile stresses are created in the x and y direc-
tions, and in the z direction, respectively. However, for
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Fig. 1. Schematic diagram of indentation site for measurement of hardness and internal stresses and optical micrographs of each surface in the

MLCCs.

the z plane, the crack length is not much different from
each other—y and z directions, which means that inter-
nal stresses are not dependent on the direction in the z
plane, compared to the other planes.

It is evident from Fig. 4 that the relative tensile and
compressive stresses induced in the x and y directions at
the x and y planes, respectively, result in a crack length
that is modestly increased as the distance from the elec-
trode is increased, indicating that the residual stress due
to thermal expansion mismatch between the dielectric
and electrode layers affects the crack length. However,
the z plane does not show the dependence of the direc-
tion and distance. Usually, the shrinkage ratio in
MLCCs depends on the direction and the number of the
active layer, showing smaller shrinkage in the thickness
direction (z direction) rather than the length and width
directions (x and y directions) with an increase of the
active layer. Therefore, the crack length at the z plane
can be balanced with the direction and distance.

The residual stresses, ogr, induced in each direction of
planes are shown in Fig. 5. A compressive stress of
—53+10 and —78+8 MPa is generated in the x and y
directions at the x and y planes, and a tensile stress of
36443 and 3+43 MPa in the z direction at the x and y
planes, respectively. The tensile stress created in the z

direction at the x and y plane is relatively small, con-
sidering the scatter. At the z plane, a compressive stress
of —76+£30 and —100£19 MPa is induced in the y and
z direction, independent of the direction. As a result, it
is found that the internal stresses at the x and y planes
of MLCCs are compressive and tensile in the directions
parallel and perpendicular to the electrode, respectively,
and are also dependent on the laminated direction.
However, the internal stress at the z plane is compres-
sive stress only, even the absolute value is dependent on
the direction.

For the formation of internal stresses on the margins
of MLCCs, two possible reasons are under considera-
tion. The internal stresses in MLCCs may be induced
from the contributions of the thermal/intrinsic stress
and extrinsic (due to the fabrication process) stress
components: (1) mismatch of material constants such as
thermal expansion coefficient, elastic modulus, Pois-
son’s ratio, between diclectric and electrode layers; (2)
microstructural defects introduced by the laminating,
burnout and sintering processes. In order to separate
these contributions in the internal stresses, the thermal
stress is calculated using the following expression:

Othermal = A AT-((Eq- Ee)/(Eq-(1-ve) + Ee-(1-v4)),
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Fig. 2. Hardness versus distance from electrode with indentation load P=0.25 N: (A) x plane, (B) y plane, and (C) z plane.

where Eq. and vg are the elastic modulus and Poisson
ratio of the dielectric and electrode layers, respectively.
A« is the difference in thermal expansion coefficient
between the dielectric and electrode layers, and AT is
the difference in temperature between the post-anneal-
ing and room temperatures. The dielectric formulation
ShOWing Y5V characteristics is Ba0'95Ca0'05Ti0'8252r0']75
(Kyorix Co., Japan)+ various metal oxide additives
(such as Y,03;, MnO,, SiO,; High Purity Chem. Ltd.,
Japan). For this work, materials have been taken as
BaTiO; and Ni because the total amounts of additives
are less than 1 wt.% of the formulation. The thermal
stresses are calculated using the following values; !7~1°
apr=9.5~11.5x107¢ °C~!, ap;=13.3x107¢ °C~!, and
Egr=125 GPa, En;=200 GPa, and vgyr=0.25,
vni=0.31, and AT=925 °C.

Fig. 6 shows the relative residual stresses calculated
from the crack length after indentation with a load of

0.5 N, including the thermal stress. The thermal stress
calculated above the equation is a compressive stress of
—274+97 MPa. However, the residual stress measured
in the x direction at the x plane and the y direction at
the y plane is compressive, showing —3+65 and
—214+18 MPa, respectively. The compressive stress
modestly increases with an increase of the distance from
the electrode. The residual stress in the z direction is
tensile, 160136 MPa at the x plane and 165+124
MPa at the y plane, with a large scattering in the values.
The residual stress at the z plane is a tensile stress of
11£41 MPa in the y direction and 214127 MPa in the
z direction. Fig. 7 shows the damage mode after inden-
tation with a load of 2 N at the x plane. The damaged
area of the regions near to the electrode is smaller than
that of the far regions, showing the asymmetric damage
mode in the near regions to the electrode. Fig. 7 shows
that the thermal stress can affect the internal stresses
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Fig. 3. Difference between crack lengths created with indentation load P=0.25, 0.5, and 1 N: (A) x plane, (B) y plane, and (C) z plane.

Fig. 4. Micrographs of crack propagation with distance from electrode: A, B, and C series are shown micrographs at x, y, and z planes, respectively.

and mechanical properties within a definite distance
from the electrode.

The internal stresses in MLCCs can be originated
from the mismatch of material constants between the
dielectric and electrode layers, and the fabrication pro-
cess. The MLCCs have to indicate the residual com-
pressive stress in the margins, based on the theoretical

equation, because the thermal expansion coefficient of
the dielectric material (BaTiO3) is smaller than that of
the electrode (Ni) in BaTiO3; based Ni-MLCCs. The
internal stress calculated with the equation is a com-
pressive stress of —274+97 MPa. However, the internal
stresses measured in this study—the stresses in the y
direction of x plane and in the x direction at y and z
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Fig. 5. Residual stresses induced on MLCCs as a function of direction to electrode: (A) x plane, (B) y plane, and (C) z plane.

planes are not measured in this study—are tensile and
compressive, depending on the direction with respect to
the lamination. The measured compressive stress is
smaller than the calculated one. This means that the
internal stress derived from the extrinsic stress compo-
nent (due to the microstructural defects introduced by
laminating, burnout and sintering processes) is tensile.
Therefore, the extrinsic stress component is much
severer than the intrinsic stress component, if the addi-
tional stresses generated in MLCCs during the end-ter-
mination and soldering processes have to be considered.
From this study, it can be postulated that if MLCCs is
allowed for the end-termination and soldering pro-
cesses, a cracking in the margins—especially edge-cor-
ner regions—will be created first.

The internal stresses in MLCCs are dependent on the
plane and direction, even though the z plane does not
show the dependence of the direction. The stress unba-
lance with the direction at the x and y planes will lead to
the different Weibull parameters as reported by Franken
and Maier.* As yet, it is not clear how the amount of the
residual stresses behaves between the dielectric and
electrode layers, and/or between the surface of MLCCs
and the external electrode of terminating and soldering
during the poster processes.

4. Conclusions

The internal stresses in MLCCs have been investi-
gated as functions of the distance from and the direction
with respect to the electrode. The hardness in the mar-
gins is constant to a distance of ~70 pum at the x plane,
~45 pm at the y plane, and ~90 pum at the z plane,
showing the range of 10+1.6, 9.74+1.2, 114+1.2 GPa,
respectively, and modestly decreases above that dis-
tance. The internal stresses in three planes are compres-
sive and tensile, depending on the plane and the
direction to the electrode: a compressive stress of
—534+10 MPa in the x direction at the x plane, of
—78+8 MPa in the y direction at the y plane, and of
—76+30 and —100+19 MPa in the y and z directions at
the z plane, respectively; a tensile stress of 3643 and
3443 MPa in the z direction at the x and y planes,
respectively. The internal stress at the z plane is not
affected by the direction. The extrinsic stress induced by
the laminating, burnout, sintering processes is tensile,
which is much severer than the intrinsic stress by the
material constants, because the internal stresses can be
enhanced by processes such as the end-termination and
soldering processes. The internal stresses of MLCCs are
dependent on the plane with the lamination and the
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Fig. 6. Relative residual stresses versus distance from electrode as a function of direction to electrode with indentation load P=0.5 N, including
thermal stress contribution: (A) x plane, (B) y plane, and (C) z plane.

Fig. 7. Micrographs of damage mode after indentation with load P=2 N: (A) 23 um and (B) 78 um from electrode.

direction to the electrode, especially in the x and y

planes parallel

to the electrode.
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