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Abstract The crack formation behavior and mechanical
properties, hardness (H), modulus (E), and fracture tough-
ness (Kic), at each plane of BaTiO3 based multilayer ceramic
capacitors (MLCCs) have been investigated and estimated
using a nanoindentation technique, including effects of the
post-heat treatment and the external electrode on the crack
formation and mechanical properties. The crack length in
each plane, length (x plane) and width (y plane) planes, has
been measured for MLCCs with and without the post-heat
treatment, as a function of the distance from the internal elec-
trode. H and E values are 11.5-12.0 GPa and 175-190 GPa,
respectively, independent of the plane and the post-heat treat-
ment. The crack length in the x plane is smaller than that in
the y plane, which is gradually increased as the indentation
position is far away from the internal electrode. The external
electrode affects the crack formation in regions near to the in-
ternal electrode, showing small crack length till 20 um from
the internal electrode. K¢ values in the x plane are larger
than those in the y plane. The external electrode affects only
the Kjc values in the x plane within the error range, without
effect of the post-heat treatment.
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Introduction

Multilayer ceramic capacitors (MLCCs) continue to be one
of the most widely used and the most important passive com-
ponents in the circuitry of the latest consumptive electronic
products [1]. Progress in MLCCs fabricating technology has
been driven by need to increase capacitance while at the time
maintaining product reliability and lowering production costs
[2, 3]. For high capacitance in MLCCs, reducing of the active
layer thickness is a much more effective strategy for increas-
ing volume efficiency than increasing of the dielectric con-
stant alone. However, these requirements cause problems,
such as cracks and residual stresses formed in MLCCs, due
to the difference of density and thermal expansion coefficient
between inner layer with electrode and cover layer (margins)
without electrode [4, 5]. Therefore, the estimation of crack
formation behavior and mechanical properties is a topic of
considerable scientific and technological interests in MLCCs
technology, which is also relevant to the residual stress.

In the present work, the crack formation behavior and me-
chanical properties, hardness (H), modulus (E), and fracture
toughness (Kjc) have been investigated and estimated in each
plane of MLCCs with and without the post-heat treatment,
using a nanoindentation technique. The effects of the external
electrode and the post-heat treatment on the crack formation,
the residual stress, and mechanical properties have been ob-
served as well.

Experimental procedure
The MLCC samples used in this investigation were com-
mercial products, showing X7R characteristics. The dimen-

sions of MLCCs specimens are 3 x 2 x 1.6 mm with 330
actives including the cover layer (margins) of ~250 pm,
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Fig. 1 Schematic diagram of indentation sites in x and y planes

and the thickness of the dielectric and electrode layers are
~3 um and ~2 um, respectively. The MLCCs were heat-
treated at 900°C with the heating rate of 1°C/min to fig-
ure out the effect of the post-heat treatment, which was
determined by considering the post-annealing temperature
of MLCCs (950°C) after fabrication. Polished samples for
an indentation were prepared by initially grinding the ML-
CCs to a 10 um finish, followed by a subsequent final
polish to a 1 um finish. In addition, to remove residual
stress that occurred during the grinding and polishing proce-
dures, the samples were polished with a 10 nm SiO, colloid
sol.

All indentations were made on the planes of the ML-
CCs with a nanoindentor (Nano-indenter XP, MTS Systems
Corp., Oakridge, TN) using a Berkovich indenter (tip ra-
dius <100 nm), considering effects of the external electrode,
the distance from the electrode, and the post-heat treatment.
The penetration depth was controlled as 750, 1000, and
1250 nm, which are corresponded to the load ranges of 0.1
to 0.3 N. A minimum of five different MLCC samples was
indented at each given load. Figure 1 shows a schematic
diagram of indentation sites in length (x plane) and width
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(v plane) planes for measuring mechanical properties and
observing crack formation behavior, including optical mi-
crographs from each cross section. Load-displacement (P-
h) functions are recorded, and hardness and modulus cal-
culated, for each Berkovich nanoindentation [6]. Indenta-
tion sites were examined and the crack length was mea-
sured with an atomic force microscope (AFM—Digital In-
struments Nanoscope IIIa, Veeco Metrology, Santa Barbara,
CA) using a gold-coated silicon tip in a contact mode. Also,
fracture toughness (Kjc) was calculated using the following
expression, which has been proposed by Laugier [7]:

1/2 2/3
a E P

where c is the crack length measured from the center of con-
tact to end of crack, [ is the crack length form the edge of
contact to end of crack, a is the half of diagonal indentation,
E is the Young’s modulus, H is the hardness, and P is the
load applied.
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Table 1 Hardness and modulus

values of MLCCs depending on Condition X plane Y plane

position and post-heat treatment property With Without With Without

Standard
Hardness(GPa) 11.64 £0.32 1146+0.25 11.47+028 11.06+0.38
Modulus(GPa)  175.5+2.3 181.2+4.5 1764 £ 5.8 183.2+4.7
Post-heat treatment(1°C/min to 900°C)

Hardness(GPa) 12.024+0.38 11.95+£0.49 11.754+0.22 11.20+0.64
Modulus(GPa)  183.6 4.7 1903 +3.4 1839+ 4.5 1823 +4.1

Fig. 2 AFM images of crack formation after indentation to 1250 nm:
(A) standard MLCCs with external electrode in x plane, (B) same as (A)
without external electrode, (C) post-heat treated MLCCs with external

Results and discussion

The H and E values measured by the nanoindentation are
summarized at Table 1. The H and E values are not much
affected by the plane, the external electrode, and the post-
heat treatment, showing 11.5-12.0 GPa and 175-190 GPa,
respectively. In the previous work [4], the H values obtained
from Vickers indentation are 10.4 £ 0.5 GPa in the bulk
samples and 9.3 &= 1.3 GPain MLCCs. The H variation is re-
lated to the shrinkage difference between the inner parts and
margins with and without the electrode, respectively, and to
the microstructural defects [8, 9]. Therefore, it can assume
that the different values between two indentation methods are
due to the indenter size, because same MLCCs are employed

electrode in y plane, and (D) same as (C) without external electrode.
The distance from internal electrode indicates beside each figure

for measurement and constrain effect of the external elec-
trode can not be considered in the case without the external
electrode in Table 1. However, the nanoindentation is a com-
monly used method to determine the mechanical properties
of both bulk materials and thin films [10, 11].

Figure 2 shows the crack formation in the x and y planes
for each case after indentation to 1250 nm. The cracks are
well-developed at each corner. The crack length with the dis-
tance from the internal electrode was measured from AFM
images in each plane, as functions of the external electrode
and the post-heat treatment. Figure 3 shows the crack length
measured at each penetration depth. The crack length in the
y plane is longer than that in the x plane, indicating that rel-
ative smaller residual stress is created in the y plane. The

@ Springer



384 J Electroceram (2006) 17:381-385
(A) A Y plane{1250nm) © % plane(1000nm) [l Y plane (750nm)
& ¥ plane(1250nm) O X plane(1000nm) [0 ¥ plane (750nm) i
(a) (b) Lk
1z b o o 12 F . _A—A ——A”
A e
A" A
A
B 1w0r A—A— — 10
3 g
‘ -
% o g of - o
& a g ﬁ_.d——-—-—"'!"é.
£ B 3 el
£ of o~ : g °r g
[&] = ] [ ]
m
/.0——- o a—— [ &) . n a D‘_"-—E
a4l B al o .
2 1 1 1 1 2 1 1 1 1
0 20 40 ] 20 100 0 20 40 80 20 100
Distance from internal electrode ([im) Distance from internal electrode (lim)
B
®) "
(a) ' okl
®) o
12 __A 12 e
AT il ol
_A——AT _is
= 10 | ‘——-A 22 10 F
El E
= =
B s} € s o
i) o~ __1
L e A o g 0 &2 a e
"lé o~ F_'__,_._--.‘_'_'_'_- Lo O~ -—
€ of e a—" - B 8 e st
&) Q ./ 5 a—
O (m]
(DI =] o o et
4r w P gl al g—"1
o
= 1 1 1 1 2 1 1 1 1
0 20 40 80 20 100 0 20 40 60 20 100

Distance from internal electrode (LUm)

Distance from internal electrode (Lim)

Fig. 3 Crack length versus distance from internal electrode in x and y planes of MLCCs as a function of penetration depth: (A) before and (B) after
post-heat treatment. (a) and (b) indicate regions with and without external electrode, respectively

residual stress status of MLCCs without the external elec-
trode is dependent on the direction—parallel and perpen-
dicular to the internal electrode—in each plane, showing
compressive and tensile residual stresses, respectively [12].
Meanwhile the compressive residual stresses are generated in
all planes of MLCCs with the external electrode and the stress
status is independent of the position, just showing higher
residual compressive stresses at the direction perpendicu-
lar to the internal electrode, even though Vickers indentation
method has been used to evaluate the stress status [13]. There-
fore, the residual stress formed in each plane is compressive.
The crack length is not affected by the post-heat treatment,
which is gradually increased as the indentation position is
far away from the internal electrode. The external electrode
affects the crack formation in regions near to the internal elec-
trode till 20 um from the internal electrode, especially in the x
plane.
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The fracture toughness (Kjc) of the MLCCs depending on
the external electrode and the post-heat treatment is shown
in Fig. 4, in which “ST” and “900°C” indicate cases of
without and with the post-heat treatment, and “with” and
“without” mean cases of with and without the external elec-
trode. The Kjc values in the x plane are larger than those in
the y plane, independent of the external electrode and the
post-heat treatment. In the x plane, the Kjc values in the
regions with and without the external electrode show 1.32
+ 0.39 MPa-m!'/2? and 1.75 + 0.29 MPa-m!/2, respectively,
without effect of the post-heat treatment. In the y plane, the
Kjc values are not affected by the external electrode, show-
ing 0.56 & 0.10 MPa-m!/2, even though the Kic values are
slightly increased to 0.73 £ 0.25 MPa-m'/? with the post-
heat treatment. The Kjc values are well consistent with the
crack formation, showing longer crack length in the y plane,
because the residual stresses created on the MLCCs affect
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Fig. 4 Fracture toughness of MLCCs depending on position and post-heat treatment: (A) x plane and (B) y plane

the crack formation and propagation rather than mechani-
cal properties. Consequently, it is found that the Kjc values
in the x and y planes are affected by the external electrode
and the post-heat treatment, respectively, even though the
effect in the y plane is minor. The Kjc value obtained from
Vickers indentation in the previous work shows the range of
0.75-0.90 MPa-m'!/? in the bulk specimen, depending on the
direction with respect to the lamination [4]. From which, it
can be verified that the residual stresses formed during the
fabrication process increase fracture toughness in the x plane
and decrease in the y plane, which could not be released with
the simple post-heat treatment.

Conclusions

The mechanical properties, H and E, of MLCCs are not much
affected by the external electrode and the post-heat treatment,
showing 11.5-12.0 GPa and 175-190 GPa, respectively. The
crack length in the x plane is smaller than that in the y plane,
which is gradually increased as the indentation position is
far away from the internal electrode. The post-heat treatment
does not affect the crack formation, whereas the external
electrode affects, especially in the x plane, in regions near
to the internal electrode till 20 um. The fracture toughness,
Kic, in the x plane shows 1.32 & 0.39 MPa-m'/? and 1.75 +
0.29 MPa-m'/? for the MLCCs with and without the external

electrode, respectively, without effect of the post-heat treat-
ment. The Kjc values in the y plane are not much changed
with the external electrode, showing 0.56 £ 0.10 MPa-m'/2,
even though the Kjc values are slightly increased to 0.73 £
0.25 MPa-m'/? with the post-heat treatment.
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