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Abstract

Effects of post-process parameters, such as temperature, holding time, and pressure direction, on crack evolution are investigated in
BaTiOj3-based multilayer ceramic capacitors (MLCCs), showing X7R characteristic. Vickers indentation is conducted at each plane of the
MLCCs before and after the post-process. Crack evolution in the MLCCs is definitely suppressed through the post-process. Difference of
crack length between directions at same plane is also reduced through the post-process. The minimum crack length after the post-process is
19 £4 pm and 12 £ 5 pm at the x plane, 23 £ 7 wm and 13 £+ 3 wm at the y plane, and 14 + 2 pm and 19 £ 8 wm at the z plane in the
parallel and perpendicular directions to the electrode, respectively. Holding time in the post-process with width direction affects the crack
formation within an error range, showing shorter crack length in perpendicular direction rather than in parallel direction to the electrode.
Higher temperature, 900 °C, is relatively more effective in reducing crack length than lower temperature, 600 °C, especially at the x plane. The
post-process with width direction for the x and z planes and length direction for the y plane is more useful for reducing crack length or
suppressing crack propagation.
© 2004 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Progress in multilayer ceramic capacitors (MLCCs)
fabricating technology has been driven by the need to
increase capacitance while at the time maintaining product
reliability and lowering production costs. For high
capacitance in MLCCs, reducing of the active thickness is
a much more effective strategy for increasing volume
efficiency than increasing of the dielectric constant alone.
For this purpose, the key approach is reducing the thickness
of the dielectric layer using fine-grained BaTiO; [1].
However, increasing the number of the active layer gives
other problems due to the difference of density and thermal
expansion coefficient between inner and outside regions
(margins) with and without the electrode, respectively,
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resulting in structural defects and crooked shape of MLCCs.
Usually these disadvantages with multi-lamination in
MLCCs can create residual stresses during the firing
process, causing delamination and cracks during manufac-
turing and/or thermomechanical service. Therefore, the
release of the residual stresses and the control of the
structural defects, including the estimation and under-
standing of the residual stresses induced on MLCCs, are one
of the key technologies in increasing the reliability and
lifetime of MLCCs [2-6].

The residual stresses created at the margins of MLCCs
due to the difference in shrinkage of each direction and in
the thermal expansion coefficient between dielectric and
electrode layers have been evaluated using a sharp
indentation method in our previous study [7]. In which
the residual stresses are dependent on the direction to
lamination and electrode. A method to control and/or
release the residual stresses in BaTiOs-based Ni-MLCCs
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of X7R characteristic has been proposed in the other
previous study, using pressure and heat treatment [8]. In
the post-process using pressure and heat treatment, even
though the residual tensile stresses, dangerous component
for crack formation and reliability, are changed to the
residual compressive stress and the residual compressive
stresses are enhanced, the role of parameters in the post-
process is not discussed. Therefore, it will be useful to
have a precise control of parameters in the post-process for
improving reliability of MLCCs.

In the present work, the effects of holding time, heat
treatment temperature, and pressure direction on crack
formation and/or suppression behavior in MLCCs are
investigated in order to optimize the post-process. The
influences of direction to the electrode and distance from the
electrode on the crack evolution are extensively observed as
well.

2. Experimental procedure

MLCCs samples used in this study are commercial
products showing X7R characteristic. The dimensions of
MLCCs specimens are 3 mm X 2 mm X 1.6 mm with 330
active layers including the cover layer (margins) of
~250 wm, and the thickness of the dielectric and electrode
layers are ~3 pm and ~2 pm, respectively.

The MLCCs were packed with ZrO, powder and put into
a graphite die, and then were heat-treated at 600 °C and
900 °C, 30 MPa in each direction [with width (y direction) or
length (x direction) direction, as shown in Fig. 1] with
different holding times of 1 min, 2 min, and 4 min under
vacuum (0.1 Torr). The schematic diagram representing the
pressure direction and experimental concept for the post-
process is shown in Fig. 1.

The polished specimens for indentation were prepared by
grinding to 10 pm finish and subsequently polished to 1 pm.
To remove residual stresses during grinding and polishing,
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the MLCCs were re-polished with SiO, colloid sol of 10 nm.
Selected polished surfaces were gold-coated and examined
by optical microscopy (EPIPHON, Nikon, Japan) and
scanning electron microscopy (SEM, S2700, Hitachi,
Japan).

In this present study, all indentations were made on the
margins of MLCCs with a microhardness tester (Mitutoyo,
AVK-C2, Japan) using a diamond Vickers shaped indentor,
considering only effects of the direction to the lamination or
the electrode, and the distance from the electrode. The
schematic diagram of Fig. 1 shows the indentation site for
measurement of the crack length after indentation with the
load of 0.5 N. The indenter dimension and crack length were
measured using optical microscopy and SEM.

3. Results and discussion

The effect of holding time at 900 °C in the post-process
through the width direction on crack length is shown in
Fig. 2, as a function of the distance from the electrode. The
heat treatment temperature of 900 °C was selected by
considering the post-annealing temperature of MLCCs
(950 °C). When the post-process is performed with the
holding time of 1 min, the crack length at the x—z plane
(hereinafter x plane as shown in Fig. 1) is reduced to
19 £4 um in the parallel direction to the electrode
(hereinafter x direction as shown in Fig. 1) and to
14 £4 pm in the perpendicular direction (hereinafter z
direction as shown in Fig. 1), showing the effect of the
holding time in the x direction. The crack length before the
post-process is 35 = 6 wm and 18 £ 3 wm in the x and z
directions at the x plane, respectively. However, the holding
time does not affect the crack length at the y—z planes
parallel and perpendicular to the electrode (hereinafter y and
z planes as shown in Fig. 1, respectively), showing a little
scattering in the crack length. The crack length is not
dependent on the distance from the electrode. The crack
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Fig. 1. Schematic diagram of pressure direction in post-process and indentation site for measurement of crack length in MLCCs.



D.-H. Park et al./Ceramics International 31 (2005) 655-661 657

A % . - -+ directi
WO 900°C - 1min - W direction close : x direction
©0900°C - 2min - W direction open : z direction
60 AA900°C - 4min - W direction
E ]
=
= L -
5 40 L
E ‘ Af [ ] : .A
[ J
< ATA [ [ J
- o e, b AAA‘ adt g
O 20F  On ) - i
ol B mA Q AACS wA
o AxnOddo a2 ™3 I\
o 8 o a & o 080 ®o0DO
0 n 1 1 n 1 n 1 n 1 " 1
0 20 40 60 80 100 120
Distance from Ni electrode (um)
(B) 80 -
WO 900°C - Imin - W direction close : y direction
©0900°C - 2min - W direction open : z direction
60 AA900°C - 4min - W direction
g
= )
k=)
on
g 40 .
Az A om =m L)
g L o [ BN | R ]
O [ N J
o @& L2 2o, ]
AQ A °
Qond Q ° o’
B ARgoono 8 1
0 " 1 n 1 n 1 " 1 " 1 " 1
0 20 40 60 80 100 120
Distance from Ni electrode (um)
(C) 80 —
WO 900°C - Imin - W direction close : y direction
©0900°C - 2min - W direction open : z direction
AA900°C - 4min - W direction
60 - A
g
7
=
T 40F 4
=
2
> H A u]
Q [m) d:!
I A m} O
5 N %A- 20 a0 o
20+ o I .
Oom % o | - [ E [ ]
"4 e "OO P
[ ] [ ] [ [ »
0 n 1 " 1 n 1 " 1 n 1 n 1
0 20 40 60 80 100 120

Distance from Ni electrode (um)

Fig. 2. Crack length at each plane dependent on holding time in post-
process through width direction at 900 °C, as a function of distance from
electrode: (A) x plane, (B) y plane, and (C) z plane.

length in each direction at each plane after the post-process
is summarized in Table 1 with the holding time, including
the crack length before the post-process. The crack length is
not affected by the holding time except for the x direction at
the x plane.

The effect of heat treatment temperature in the post-
process through the width and length directions on crack
length is shown in Figs. 3 and 4, respectively, in the case of
the holding time of 1 min. Also, the crack length at 600 °C is

Table 1
Crack length in each direction and plane with different holding time after
post-process at 900 °C through width direction and before post-process

Plane and direction Holding time

1 min 2 min 3 min

x plane, after

x direction (pm) 19+4 27 +4 24+ 6

z direction (pm) 14+4 13+7 16+6
Before

x direction (pm) 35+6

z direction (m) 18+ 3
y plane, after

y direction (pm) 27+ 6 24+3 23+7

z direction (m) 13+£7 13+£3 14+4
Before

y direction (m) 40 +£7

z direction (pm) 19+3
z plane, after

y direction (pm) 16+4 14+3 21+8

z direction (pm) 23+ 4 20+ 5 23+ 4
Before

y direction (m) 18 +3

z direction (pm) 33+£10

compared with that at 900 °C in Table 2. Temperature does
not affect crack length except for the x direction at the x
plane, showing the unbalance of the crack length depending
on the direction to the electrode. The effect of pressure
direction and temperature in the post-process on the crack
evolution can be more clearly observed by comparing the
difference between crack lengths created in each direction
parallel (hereinafter x direction at the x plane and y direction
at the y and z planes) and perpendicular (hereinafter z
direction at all planes) to the electrode, as shown in Figs. 5
and 6. The difference in crack length in each direction
parallel and perpendicular to the electrode means that there
is the stress unbalance with the direction. The stress

Table 2
Crack length in each direction and plane with pressure direction after post-
process at 900 °C and 600 °C for holding time of 1 min

Plane and direction Conditions
900 °C 600 °C
Width Length Width Length
(pm) (nm) (pm) (nm)
x plane
x direction 19+4 27+4 28 +7 23+4
z direction 14+4 14+3 14+4 12+5
y plane
y direction 27+6 26+3 27+5 25+3
z direction 13£7 15+3 14+4 14+£2
z plane
y direction 16 +4 15+2 15+4 14+2
z direction 23+ 4 24 +4 19+38 24+2
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Fig. 3. Crack length with heat treatment temperature, 600 °C and 900 °C, in
post-process through width direction, as a function of distance from
electrode: (A) x plane, (B) y plane, and (C) z plane.

unbalance could be reduced by the post-process, which is
expected with the crack suppression as previous mentioned.

When the post-process is performed through the width
direction at 900 °C (Fig. 5), the crack lengths in the x and z
directions at the x plane are similar to each other, showing
the difference of 5+ 5 um in the crack length in each
direction. However, the post-process through the length
direction indicates the difference of 13 + 9 wm. This means
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Fig. 4. Crack length with heat treatment temperature, 600 °C and 900 °C, in
post-process through length direction, as a function of distance from
electrode: (A) x plane, (B) y plane, and (C) z plane.

that the stress unbalance disappears through the width
direction, but still appears through the length direction, even
though the difference decreases compared to the value of
17 &= 5 pm before the post-process. The difference also
decreases after the post-process at the y and z planes without
the effect of the pressure direction. The difference of
21 £ 8 pm at the y plane and —15 £ 11 pwm at the z plane
before the post-process is reduced to 12 &5 um and
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Fig. 5. Difference between crack length created in each direction at each
plane after post-process through width and length directions at 900 °C for
1 min: (A) x plane, (B) y plane, and (C) z plane.

14 £ 6 pm at the y plane and —9 £ 4 pmand —8 &+ 7 um at
the z plane after the post-process through the length and
width directions, respectively. At 600 °C (Fig. 6), the crack
length in the x direction at the x plane is longer than that in
the z direction, indicating that the stress unbalance still
remained. At the y plane, the value of 10 & 4 wm after the
post-process through the length direction is much smaller
than that of 21 + 8 wm before the post-process. The
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Fig. 6. Difference between crack length created in each direction at each
plane after post-process through width and length directions at 600 °C for
1 min: (A) x plane, (B) y plane, and (C) z plane.

tendency of crack behavior is reversed at the z plane,
indicating that the crack length in the z direction is a little
longer than that in the y direction. The effect of temperature
on the release of stress unbalance is inferior to the x plane in
the case of 600 °C.

The difference of the crack length at the x plane is
5 + 5 pm after the post-process through the width direction
at 900 °C, which is much smaller than the crack length of
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Fig. 7. Micrographs of crack propagation at x plane with distance from electrode after post-process through width direction at 900 °C and 600 °C for 1 min: A
and B series are shown as micrographs of crack propagation at 900 °C and 600 °C, respectively.

13 £ 9 m before the post-process and the crack length at
600 °C. Therefore, higher temperature is more effective in
reducing the stress unbalance at the x plane, which can be
confirmed with micrographs of crack evolution at different
temperatures (600 °C and 900 °C, as shown in Fig. 7). Also,
the post-process through the width direction at the x and z
planes and the length direction at the y plane indicates its
effectiveness in the release of the stress unbalance.

It is evident from Figs. 7 and 8 that the post-process
suppresses the crack propagation. Fig. 7 shows the crack
formation at the x plane at 900 °C and 600 °C after the post-
process through the width direction with the holding time of

1 min. Higher temperature is more effective in crack
suppression, indicating that the crack in the z direction is not
propagated. The effect of the post-process with increasing
the distance from the electrode on crack propagation is not
observed, as previously shown in Figs. 2-4. Even though
the crack length in the x direction is longer than that in
the z direction, the crack length in the x direction after the
post-process is similar to the one in the z direction before
the post-process. The crack length in the z direction after the
post-process is shorter than that in the z direction before the
post-process, as already shown in Table 1. This means that
the residual tensile stress is almost converted to compressive

Fig. 8. Micrographs of crack propagation at the x plane with distance form electrode after post-process through length direction at 900 °C and 600 °C for 1 min:
A and B series are shown as micrographs of crack propagation at 900 °C and 600 °C, respectively.
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stress and the residual compressive stress is enhanced in
each direction. The residual stresses in the margins of
MLCCs before the post-process indicates that there is the
compressive stress of —45 + 8 MPa in the x direction and
the tensile stress of 177 £ 71 MPa in the z direction [7].
Fig. 8 shows the crack formation at the x plane after the post-
process through the length direction at 900 °C and 600 °C.
The crack formation at 900 °C and 600 °C is very similar to
each other. Also, the distance from the electrode does not
affect crack formation and propagation in the case of the
length direction, showing the stress unbalance with the
direction to the electrode. The crack formation through the
length direction is very similar to the case of the width
direction at 600 °C.

There are two possible explanations for the crack
formation in the margins of MLCCs, especially for the
difference in crack length with the direction to the
lamination and the electrode. One is the difference in the
rate of stress formation and relaxation due to the different
shrinkage and viscoelastic deformations of constituents. The
other is due to the thermal expansion mismatch between
dielectric and electrode layers [9,10]. The crack suppression
and the stress unbalance release through the post-process
could be expected to reduce the stress components induced
during the fabrication process, because the heat treatment
temperature of 900 °C is very similar to the post-annealing
temperature of 950 °C. Therefore, the intrinsic stress
components for each case are not much different.

From this study, it is found that the holding time in the
post-process does not affect the crack evolution at a heat
treatment temperature below the post-annealing tem-
perature. However, the temperature and direction in the
post-process play a major role in crack suppression. There
are other questions, concerning dielectric properties and
microstructural defects after the post-process. These
questions are currently under investigation in another
studies.

4. Conclusions

The effects of holding time, temperature, and direction on
the crack evolution and the release of stress unbalance are
investigated in the post-process using pressure and heat
treatment. The holding time does not affect the crack
suppression except for the x direction at the x plane,
indicating that crack length is not affected with the distance
from the electrode. Higher temperature is relatively effective

in reducing crack length and releasing the stress unbalance
at x plane. The width direction is effective in releasing
the stress unbalance at the x and z planes, and the length
direction is effective at the y plane. Considering the
temperature of post-annealing in MLCCs, the results suggest
that 900 °C could be the maximum temperature for the post-
process. The optimum pressure direction in the post-process
is the width direction at the x and z planes and the length
direction at the y plane, independent of the holding time.
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