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Abstract
The effects of particle size of starting materials and amount of a BaTiO3 additive on the shrinkage behavior and elemental diffusion in Ni-based

internal electrodes have been investigated in order to control the shrinkage of the internal electrode in multilayer ceramic capacitors (MLCCs). Two

kinds of Ni and BaTiO3 powders were used with different particle sizes. Volume shrinkage over the range of 700–1300 8C at 150 8C intervals and

linear shrinkage during sintering were measured for starting materials and composites in a reducing atmosphere. The interfaces of Ni/BaTiO3

composites with 90:10 and 70:30 volume ratios, respectively, were investigated using TEM. Composites with bimodal Ni powder show less

shrinkage than those with monomodal Ni powder, showing less shrinkage in monolith Ni of bimodal particle size. The shrinkage behavior is

changed during sintering with increasing amounts of BaTiO3 additives in both Ni-based composites. The particle size of the BaTiO3 additive

affects the shrinkage behavior of composites, without the additional amount affecting the final shrinkage. A reaction layer of about 300 nm wide is

observed at the interface between the Ni and BaTiO3 powders in composites, in which elemental Ni diffuses into the BaTiO3 without

counterdiffusion.

# 2007 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

In the fabrication process for multilayer ceramic capacitors

(MLCCs), the downsizing of dielectric and internal electrode

layers and the reducing of cost are key processing technologies

to meet the demand for miniaturization of electric components

and to improve properties. For this purpose, smaller-sized

powders and cheaper base metals need to be used as dielectric

and electrode materials, respectively, and more attention must

be given to the sintering process to control the shrinkage

mismatch between dielectric and electrode layers in MLCCs, as

this is the main reason for residual stress resulting in cracking

and delamination during fabrication and service [1–6].

A significant number of residual pores are formed after

binder burnout, giving a porosity of 40–50 vol.%. Even though

the residual pores disappear during the sequential sintering

process, normally the sintering process shows a shrinkage
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mismatch, larger than a 10% linear shrinkage ratio, between the

ceramics and the internal electrode. There have been numerous

studies undertaken to avoid the formation of sintering defects or

to reduce the mismatch [7–10]. Usually, when the Ni paste used

as an internal electrode is printed on the green sheet prepared by

the so-called slot-die method used in industry, a dielectric

material, BaTiO3, is added into the paste to control the

shrinkage mismatch. However, the shrinkage behavior will

change as the powder size is reduced to reduce the layer

thickness in both the dielectric and internal electrode layers. In

addition, the formation of an interdiffusion layer between the

dielectric and internal electrode layers has been reported in

previous studies [11–14], which plays an important role in the

properties of MLCCs such as dielectric constant and Curie

temperature. Low sintering temperatures and compositional

gradients have been recommended to decrease the interdiffu-

sion [13]. Investigation for the interaction between the matrix,

Ni, and the additive, BaTiO3, in the internal electrode, however,

has been limited and results here are different to those

previously reported [15–17]. Therefore, estimation of shrink-

age behavior and investigation of diffusion phenomena with
d.
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respect to the mixing composition ratio of Ni and BaTiO3

powders are essential for improving reliability through the

optimized fabrication process of MLCCs.

The aim of this study is to find the optimum-mixing ratio of

Ni and BaTiO3 powders and to know the effects of Ni and

BaTiO3 particle sizes on shrinkage behavior and composition

change. Therefore, the present work describes the influence of

the particle size of the starting materials and mixing ratio on the

shrinkage behavior and interdiffusion phenomena in BaTiO3-

added Ni electrodes. The relationships among the starting

materials, shrinkage behavior, mechanical properties, and

diffusion phenomena have also been investigated.

2. Experimental procedure

Two kinds of nickel (Ni) and barium titanate (BaTiO3, Sakai

Chemical Industry Co. Ltd., Japan, hereinafter referred to as

BT) powders were used as the matrix and additive, respectively,

to modify the internal electrode in MLCCs. For the Ni powders,

one was bimodal with particle sizes of 0.1 and 0.5 mm (nominal

particle size of 0.3 � 0.2 mm, Shoei Chemical Industry Co.

Ltd., Japan, hereinafter referred to as Ni-1) and the other was

monomodal with a particle size of 0.2 mm (Soho Chemical

Industry Co. Ltd., Japan, hereinafter referred to as Ni-2). The

BaTiO3 powers had monomodal particle sizes of 0.1 mm

(hereinafter referred to as BT-1) and 0.2 mm (hereinafter

referred to as BT-2). Images observed with a scanning electron
Fig. 1. SEM images of starting materials: (A and B) Ni powders of 0.3 � 0.2 an

respectively.
microscope (SEM, S2700, Hitachi, Japan) are shown in Fig. 1.

The powders of Ni and BT were mixed in volume ratios of

90:10, 80:20 and 70:30, respectively, considering the particle

sizes of Ni and BT, and reference specimens using only Ni and

BT were also prepared. The mixed powders were ball-milled

over 12 h in isopropyl alcohol without organic binder. Green

compacts were uniaxially formed from granulated powders at

5 MPa and then hydrostatically pressed under 200 MPa. The

sintering process was carried out in the reducing atmosphere of

(97)Ar–(3)H2 (vol.%) with a wet atmosphere (25 8C, H2O),

PO2
� 10�11 to 10�19, from 700 to 1300 8C at 5 8C/min with a

150 8C interval. In each case, the dwell time was given as 1 h.

The green and sintered densities were measured for each

mixing ratio, using the dimensions and Archimedes’ methods

after preparing the green body and at final sintering

temperature, respectively. The volume shrinkage of each

monolith material, the Ni and BT reference specimens, and

each composite was measured in the range of 700–1300 8C at

150 8C intervals using the dimension method. The linear

shrinkage of reference specimens and composites was

measured with a heating rate of 5 8C/min to 1300 8C, using

a dilatometer (Dilatometer, 5000S, Mac Science, Japan).

Nanoindentation tests were conducted on each component: Ni

matrix, BT additive, and Ni/BT interface regions in a

composite, with a volume ratio of 70:30 of Ni and BT,

respectively, to determine the values of elastic modulus (E) and

hardness (H), using a nanoindentor (Nanoinstruments, MTS
d 0.2 mm, respectively, and (C and D) BaTiO3 powders of 0.1 and 0.2 mm,
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Systems Corp., Eden Prairie, USA) with a Berkovich tip (tip

radius <100 nm). The interfaces of the composites with 90:10

and 70:30 volume ratios were investigated using high-

resolution transmission electron microscopy (HRTEM, Hitachi

H-9000 NAR, Japan) to evaluate the diffusion of Ni or BT into

the countergrain, in which line profile and element analyses

were performed using an energy dispersive X-ray spectrometer

(EDX, Hitachi H-9000 NAR, Japan).

3. Results and discussion

The volume and linear shrinkage behaviors of starting

materials with different particle sizes of Ni and BT are shown

in Fig. 2, as a function of sintering temperature. The volume

shrinkage was measured in the range from 700 to 1300 8C at

150 8C intervals with a dwell time of 1 h at each measuring

temperature, and the linear shrinkagewas measured in situ during

sintering with a heating rate of 5 8C/min to 1300 8C. In the case of

Ni, the volume shrinkage linearly increased with increasing

temperature, showing a large shrinkage at the relatively low

temperature of 700 8C. The Ni of 0.3� 0.2 mm, Ni-1, shows less

shrinkage in all ranges than the Ni with a monomodal particle size

of 0.2 mm, Ni-2. The linear shrinkage of Ni-2 starts early,

compared to that of Ni-1. In the case of BT, significant volume

shrinkage starts from 850 8C in both BT specimens, with only a

modest increase to 850 8C, while the linear shrinkage shows

different starting temperatures of about 900 8C for BT-2 and
Fig. 2. Volume shrinkages of (A) Ni specimens and (B) BT specimens, and linear sh

temperature. Volume shrinkage was measured by Archimedes’ method at each tem

during sintering. Solid curves of (A) and (B) are empirical fits.
about 1000 8C for BT-1. The difference in volume shrinkage

between BT-1 and BT-2 increases with temperature, showing

more shrinkage in the case of BT-2. Even though the starting

temperature for shrinkage and the shrinkage amount with

temperature are not exactly matched between isothermal and in

situ data sets, the behaviors observed are quite similar.

The different shrinkage amounts and starting temperatures

may be related to the relative packing densities of the green

bodies, estimated as�60% for Ni-1,�48% for Ni-2,�61% for

BT-1, and �52% for BT-2, even though full densification is

achieved at 1300 8C in all cases. The final shrinkages between

Ni-2 and BT-2 with the same particle size in both shrinkage

modes are similar, with 7–8% in the linear mode and 18–19% in

the volume mode, whereas their behaviors with temperature are

quite different. In comparing Ni-1 and BT-1, both properties of

the final shrinkage and their behavior with temperature are

quite different in both shrinkage modes. The mismatch in

shrinkage behavior and amount causes sintering defects such as

cracking and delamination during the sintering process or in

service [9,18]. The shrinkage difference or behavior is

controlled by several approaches, such as adding a second

phase [19], applying additional external pressure [8], or mixing

binary Ni powers [20]. In this study, to overcome the difference

in shrinkage behavior between the Ni internal electrode and BT

dielectric layers, the addition of BT powder to Ni powder was

carried out with a volume ratio ranging from 10 to 30%, which

might cause constrained sintering of the Ni particles.
rinkages of (C) Ni specimens and (D) BT specimens, as a function of sintering

perature and linear shrinkage was obtained by in situ shrinkage measurement



Fig. 3. Volume shrinkages of each composite with different volume ratios of Ni and BT powders, as a function of sintering temperature: (A) composites of Ni-1 and

BT-1, (B) Ni-1 and BT-2, (C) Ni-2 and BT-1, and (D) Ni-2 and BT-2. Solid curves are empirical fits.
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The results of volume shrinkage measured at each

temperature for each composition are shown in Fig. 3, and

the shrinkage in each composite at the final temperature,

1300 8C, is listed in Table 1. The shrinkage behavior changes

with increasing additional amounts of BT powder to Ni powder,

showing less shrinkage in all cases. However, the final

shrinkage is not significantly changed with particle size and

additional amount of BT: the mean shrinkage of Ni-1

composites with BT-1 and BT-2 is 13.6 and 13.2%,

respectively, and of Ni-2 composites is 17.2 and 17.0%,

respectively. This indicates that the matrix, Ni, is the dominant
Fig. 4. Linear shrinkages of (A) 90 vol.% Ni:10 vol.% BT composites and (B) 70 vo

function of sintering temperature.
factor for the volume shrinkage, showing more shrinkage in Ni-

2 composites than Ni-1 composites. However, for the linear

shrinkage measured in situ during sintering, effects of particle

size in both starting materials, Ni and BT, on the shrinkage

behavior and amount are observed as shown in Fig. 4, without

an effect of additional amounts of BT on the final shrinkage.

There are still mismatches between the monolith BT and the

Ni-1 composites in both the starting temperature and shrinkage

behavior, when the additional amount of BTadditive is relatively

small, such as 10 vol.%. The Ni-2 composite with BT-2 shows

similar shrinkage behavior with BT specimens, as shown in Figs.
l.% Ni:30 vol.% BT composites, with different particle sizes of Ni and BT, as a



Table 2

Elastic modulus (E) and hardness (H), at each position in Ni composites with

30 vol.% BT additive, measured using the nanoindentation technique

Property Position

Ni matrix BT additive Ni/BT interface

E 144.4 � 29.7 194.64 � 7.5 175.8 � 27.5

H 1.3 � 0.2 4.5 � 1.2 1.9 � 0.2

Table 1

Comparison of shrinkage at each volume ratio

Additive Matrix

Ni-1 90 vol.%;

Ni-2 90 vol.%

Ni-1 80 vol.%;

Ni-2 80 vol.%

Ni-1 70 vol.%;

Ni-2 70 vol.%

BT-1 13.7; 17.6 13.3; 17.1 13.9; 16.9

BT-2 12.3; 17.3 13.5; 16.7 13.8; 17.1
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2(D) and 4(A). The different starting temperature of shrinkage

indicated between the Ni-2 composites and BT specimens is

controlled by increasing the additional amount of BT powder to

30 vol.%, showing good matching in both shrinkage behavior

and final shrinkage between the composite of 70 vol.% Ni-
Fig. 5. TEM analysis for 90 vol.% Ni-1:10 vol.% BT-2 composite: (A) bright field T

and BT-1, Ni-1 particle, and BT particle are marked as (a), (b), and (c) in Fig. 5(
2:30 vol.% BT-2 and the monolith BT-1. Therefore, if relatively

small particles of BT are used in the dielectric layer, relatively

large Ni particles with large amounts of relatively large BT

particles in the internal electrode layer are suggested to control

the shrinkage mismatch in MLCCs during the sintering process.
EM image, (B) diffraction patterns, and (C) EDX analysis. The interface of Ni-1

B and C), respectively.



Fig. 5. (Continued ).

Table 3

EDX results at each position in Fig. 4 for Ni-1 and BT-2 composite with 90:10

volume ratio

Element (keV) Point analysis

Position (a) Position (b) Position (c)

Mass

(%)

Atom

(%)

Mass

(%)

Atom

(%)

Mass

(%)

Atom

(%)

O K 39.65 – – – 19.08 –

Ti K(4.508) 2.07 3.06 – – 14.68 34.60

Ni K(7.471) 12.69 15.32 100 100 9.98 19.18

Ba L(4.464) 16.27 8.40 – – 56.26 46.23

Total – – 100 100 100 100
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Ni nanoparticles have been added into the dielectric layer to

improve the dielectric properties of MLCCs, as they increase

the dielectric constant but decrease the relative density, due to

the increased Ni cluster size with increasing Ni content [21]. In

our study, when BT powder adds up to 30 vol.% into the Ni, full

densification is achieved. The mechanical properties E and H,

measured by a nanoindenter, are shown in Table 2 for regions of

Ni matrix, BT additive, and Ni/BT interface. The E and H

values of Ni and BT measured in this study are 144.4 � 29.7

and 1.3 � 0.2 GPa for the Ni matrix, and 194.6 � 7.5 and

4.5 � 1.2 GPa for the BT additive, respectively. Reported E and

H values for monolith materials are 200 and 2.4 GPa for Ni, and

125 and 10.4 GPa for BT [22–24]. From this result, it can be

considered that the composition of Ni and BT will be changed

by interaction between the two phases. In the interface,

intermediate values are obtained, without a sudden change.
In Chen’s study, the reaction between BaTiO3 and Ni during

the sintering process was not reported [21]. However, in other

studies, diffusion phenomena of Ni from the internal electrode

into the dielectric layer have been reported, in which the

interdiffusion region formed near the internal electrode is

hundreds of nanometers in thickness [11–13]. In Yang’s studies,

the interfacial reaction between Ni and BaTiO3 has been

affected by local oxygen activity [15–17]. Organic binders to

prepare samples were used in the previous studies, which need a

burnout process to remove the binders and should consider the

residual carbon. However, in this study, organic binder was not

added in the preparing step for preventing residual carbon and

Ni oxidation during sintering.

The diffusion of elemental Ni into BaTiO3 particles is

observed for selected composites. The TEM results are shown

in Figs. 5 and 6, and EDX results for each position in Figs. 5 and

6 are indicated in Tables 3 and 4, respectively. TEM analysis for

the 90 vol.% Ni-1:10 vol.% BT-2 composite was carried out in

regions of the interface between Ni and BT, Ni particle, and BT

particle. In the interface marked (a) in Fig. 5, both phases of Ni

and BT (Ba and Ti phases) are observed. Only the Ni phase is

detected in the Ni particle marked (b) in Fig. 5, whereas both Ni

and BT phases are observed inside the BT particle marked (c) in

Fig. 5. However, counterdiffusion of the BT element into the Ni

is not observed. This indicates that the Ni diffuses into the BT.

The quantitative amount of Ni diffused into the BT is shown in

Table 3. Ni phase of 9.98 mass% is detected in the BT, without

another phase seen in the Ni.

When the additional amount of BT is increased to 30 vol.%

and the particle size of the BT added is decreased to 0.1 mm

(BT-1), Ni diffusion is also observed as shown in Fig. 6. The

interdiffusion region is about 300 nm wide, and the quantitative

amount is 6.48 mass% (Table 4) at point (c) of Fig. 6. Even

though the Ba phase is seen at point (a), it can be disregarded as

within the error range of the EDX analysis. The amount of

diffusion of Ni into the BT increases as the particle size of the

BT added into the Ni matrix increases, indicating that the

particle size mainly affects the diffusion behavior of elemental

Ni, without the additional effect of the volume ratio. The

interdiffusion region observed, in this study, is smaller than the

previously reported one, in which an interdiffusion region of

about 1400 nm between the internal electrode and dielectric



Fig. 6. TEM analysis for 70 vol.% Ni-1:30 vol.% BT-1 composite: (A) TEM image, (B) line spectra analysis, and (C) EDX analysis.

Table 4

EDX results at each position in Fig. 5 for Ni-1 and BT-1 composite with 70:30 volume ratio

Element (keV) Point analysis

Position (a) Position (b) Position (c) Position (d)

Mass (%) Atom (%) Mass (%) Atom (%) Mass (%) Atom (%) Mass (%) Atom (%)

Ti K(4.508) – – 0.41 0.5 18.05 36.35 18.05 36.70

Ni K(7.471) 99.27 99.69 99.59 99.5 6.48 10.64 5.46 9.06

Ba L(4.464) 0.73 0.31 – – 75.47 53 76.49 54.24

Total 100 100 100 100 100 100 100 100
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layers was reported [11,12]. However, in our study, interdiffu-

sion within the internal electrode layer is considered. There-

fore, the quantitative amount of diffusion and the size of the

interdiffusion region cannot be matched with the previous

study. Even though elemental diffusion has advantages in

enhancing the mechanical strength and improving the break-

down resistance of multilayer components, excess diffusion or

incorporation can deteriorate the reliability and aging

resistance of MLCCs, due to the formation of some lattice

defects, oxygen vacancies, and the like [13–17]. Therefore, in

the Ni and BT system, when two materials are used to prepare a

layered structure or composite, the interdiffusion of elemental

Ni into BT particles or the dielectric layer should be considered

and controlled.

4. Conclusions

The shrinkage behavior and interfacial diffusion phenom-

ena of Ni-based composites as a function of particle size of

starting materials and additional amounts of BT additives have

been investigated for the application of Ni-based internal

electrodes in MLCCs. The particle sizes of Ni and BTaffect the

relative packing density, resulting in smaller amounts of

shrinkage for small particle sizes, except the monolith BT. The

shrinkage behavior is changed with additional amounts of BT

added into Ni, and the shrinkage of Ni composites gradually

decreases with an increase in the additional amount of BT,

without an effect on the final shrinkage. The different starting

temperature of shrinkage is controlled by increasing the

additional amount of BT powders to 30 vol.%, showing good

matching in the shrinkage behavior and final shrinkage

between the composite of 70 vol.% Ni-2:30 vol.% BT-2 and

the monolith BT-1. In the TEM and EDX studies on Ni

composites, elemental Ni diffuses into the BT particle without

counterdiffusion from BT to Ni. The Ni phase is detected inside

the BT particle for the composite with 90 vol.% Ni-1:10 vol.%

BT-2, whereas the interdiffusion region is about 300 nm for the

composite with 70 vol.% Ni-1:30 vol.% BT-1. The amount of

diffusion is affected by the particle size of the BT added, rather

than the amount added. The composition change in the Ni

matrix and the BT additive due to interdiffusion affects the

mechanical properties, E and H, at each position in the Ni

composites.
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