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Abstract. The residual thermal stresses induced by the high-temperature sintering proc-
ess in multilayer ceramic capacitors (MLCCs) are investigated by using a finite element unit
cell model, in which the strain gradient effect is considered. The numerical results show that
the residual thermal stresses depend on the lateral margin length, the thickness ratio of the
dielectrics layer to the electrode layer, and the MLCC size. At a given thickness ratio, as the
MLCC size is scaled down, the peak shear stress reduces significantly and the normal
stresses along the length and thickness directions change slightly with the decrease in the
ceramic layer thickness #; as #; >1 pum, but as #; <1 pum, the normal stress components in-
crease sharply with the increase in 3. Thus, the residual thermal stresses induced by the sin-
tering process exhibit strong size effects and, therefore, the strain gradient effect should be
taken into account in the design and evaluation of MLCC devices.
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1. Introduction.

As an important type of surface-mount devices, the multilayer ceramic capacitors
(MLCCs) have been widely used in a broad range of applications from household devices to
satellites because of their advantages of high capacitance density and small device size [1,
2]. A MLCC has a so-called “brick” structure consisting of dielectric ceramic layers (Ba-
TiOs) and internal metallic electrodes (Ni), which are laminated alternately with each other
and co-fired at a high temperature up to about 1200°C. The high-temperature sintering is an
important step in fabrication process of MLCCs. After sintering, the component is cooled
down to room temperature. Residual stress induced during the preparation processing could
not be completely relaxed, which may cause damage and failure of the systems [3, 4].

Saito and Chazono [4] investigated uniaxial compressive stress and electric field re-
sponses of X5R-type MLCCs, and their results showed that the capacitance changes of the
MLCCs have a considerable dependence on the stresses. As the number of dielectric layers
increases up to 500 and the dielectric layer thickness decreases to several microns, however,
it becomes more and more difficult to exactly characterize the detailed residual stress state
in MLCCs via experiments. Alternatively, the finite element method (FEM) is always effi-
ciently used to deal with these complicated problems [2, 5 — 8]. However, for a large num-
ber of the dielectric layers (e.g., 200 or even more) and a very small thickness of each layer
(e.g., 1 um or even thinner), a full three-dimensional (3D) FEM simulation of the sintering
process of MLCCs requires a large number of discrete elements and a long computation
time. Jiang et al. [6] and Shin et al. [8] had simulated the residual thermal stress using a full
3D FE model. However, these full 3D FE models can’t capture the exact information at the
tip of the inner electrodes because coarse mesh densities were used there. For multilayer

132 ISSN0032-8243. Ipukn. mexanuka, 2013, 49, Ne 6



devices, a widely used method is to construct a unit cell model with periodic boundary con-
ditions. Our previous theoretical [9] and numerical studies [6] have indicated that all the
magnitudes of residual stresses increase with the increase in the layer numbers up to about
200 layers, then approach to constants with the further increase of the layer number. There-
fore, for MLCCs which contain over 200 dielectric layers, a unit cell model is efficient for
estimating the residual thermal stresses in a MLCC under thermal loads.

Nowadays, as a development trend in MLCCs, miniaturization requires a single layer in
a MLCC become thinner and thinner. The metal electrode materials have been found to ex-
hibit a large plastic deformation near the electrode tips [6]. For a very small thickness of
each layer (e.g., | pm or even thinner), the classical finite element method does not include
intrinsic material lengths, and is doubtful for predicting the mechanical behaviour of the
MLCCs at the micron and sub-micron scales. The size-dependent material behaviour has
been observed in these scale regions [10], which have been owed to geometrically necessary
dislocations (GND) associated with non-uniform plastic deformation in small volumes [11].
Strain gradient plasticity theories have been developed based on the notion of GND. Also
based on the Taylor dislocation model [12], a lower-order, conventional theory of mecha-
nism-based strain gradient plasticity (CMSG) was developed by Huang et al. [13], which
does not involve higher-order stress nor additional boundary conditions. To our knowledge,
little work has been conducted on applying the CMSG to analyze the thermal-mechanical
problems.

The present study is aimed at investigating the influence of size scale on the residual
stresses induced by high-temperature processing, and thus figuring out what critical issues
would appear during further miniaturization of MLCCs for guiding the design of the
MLCCs. A two-dimensional (2D) axisymmetric unit cell FE model with periodic conditions
along the thickness direction is proposed to examine the influences of the lateral margin
length, the single layer thickness, as well as the capacitor size on the residual stresses in
MLCCs, in which the thermal-mechanical CMSG is included.

2. FE model.

2.1 Unit cell model for MLCCs under thermal load. A 2D axisymmetric unit cell
model was constructed using the commercial finite element program ABAQUS 6.9. A
MLCC structure consists of the active region, the housing margins and the lateral margins,
as shown in Fig 1, a.
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Fig. 1. Schematic structure of a MLCC and (b) its unit cell model.
The geometry of a MLCC is symmetric with respect to the 2- and 3-axes but asymmet-
ric with respect to the /-axis because the left and the right margins have alternating elec-

trodes (Fig 1, a). Franken ef al. [S] and Prume et al. [7] presented a 2D plane-stress finite
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element (FE) model to simulate the behavior of MLCCs and predict their reliability during
soldering and bending. Shin et al. [8] calculated the residual stresses in the active region of a
MLCC based on 2D plane-strain assumption. However, from our previous full 3D FE nu-
merical results [6] it can be shown that axisymmetric assumption is more reasonable than
plane stress or plane strain assumption. Therefore, for simplicity, it is assumed that a MLCC
is axisymmetric with respect to the thickness direction (i.e. 2-axis) of the MLCCs in our
simulations. A unit cell axisymmetric model with periodical boundary is built, as shown in
Fig. 1, b.

The initial temperature is set to 1250°C, a typical sintering temperature for BaTiO;
based MLCCs, and the final temperature is set to room temperature, 20°C. Axisymmetrical
8-node bilinear element using reduced integration (CAX8R) was adopted for capturing more
accurate stress fields. The deformation behavior of the dielectric ceramic layers was as-
sumed to be elastic, while the Ni electrode was considered to be an elastic-plastic material
including strain gradient effect.

2.2 Thermal-mechanical coupled constitutive law including strain gradient effect. The
shear flow stress 7 is related to the dislocation density p by [12]

T= a,ub\/7 s (D)
where p is the shear modulus, b is the magnitude of Burgers vector, and « is an empirical
coefficient around 0,3. The dislocation density p is composed of the density p, for statis-

tically stored dislocations (SSDs), and the density p, for geometrically necessary disloca-
tions (GND) [14],

P =P+ PG )
p.; 1s defined as [12]

_n°
/?G=V7, 3)

where 7 is the Nye-factor to reflect the scalar measure of geometrically necessary disloca-
tions density, and 7 is around 1.90 for face-centered-cubic (FCC) polycrystals. 7" is effec-
tive plastic strain gradient, given by [13]

n' = Jﬁpdt; n’ = 277;/(775/( 5 ’7;k = ‘95;,/ +g,l;k‘f _‘Q;‘k > 4)

where £7 is plastic strain rate tensor.

The flow stress oy, accounting for the nonuniform plastic deformation associated with
geometrically necessary dislocations, is defined as

Crow = \/[Greff(g”,T)]z + M’ @’bn® = o | f7 (5",T)+177” , %)
where
2
1= M*a’ [L] b (6)
Gref

is the intrinsic material length in strain gradient plasticity, M = 3,06 and ¥ =1,90 o is a
reference stress in plasticity (e.g., yield stress). f is a non-dimensional function of plastic
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strain &” and temperature T. In this study, we assumed that the material parameters are time-
independent, so the stress-strain relation in uniaxial tension takes the form as,

Ee"
O-ﬂow - O-Y [1+ £ J b (7)

Oy

where E is the Young’s modulus, o, is the initial yield stress, and N is the plastic work
hardening exponent. In order to determine p, , we examine uniaxial tension, which has a

vanishing plastic strain gradient 7, =0. p, is determined as

2
_ O-reff(gp) (8)
Ps Maub ’
For an elastic-plastic material under thermal load, the strain rate &, is decomposed into

the elastic, plastic and thermal parts.
. e D - th
& = +El+éE. )
The elastic strain rate ¢ is obtained from the stress rate &, ,

e 1 LI O-kk
&y

o+ S, 10
2u ' 9K Y (10)

where & is deviatoric stress rate and K is bulk moduli. The plastic strain rate gyp is propor-

y
tional to the deviatoric stress o-zf/. in the conventional J,-flow theory of plasticity,
p 367 .
& =35> (11)
20,

e

where o, = /30,0, /2 is the von Mises effective stress, and &" =,/2£¢; /3 is the

equivalent plastic strain rate.
Thermal strain rate £” due to thermal mismatch is determined by

" =pT, (12)

where T is the temperature change rate and /3 is the coefficient of thermal expansion (CTE).

The above CMSG considering thermal-mechanical coupling is embedded into
ABAQUS by using the user subroutines UMAT and UEXPAN. The material properties used
in the present simulations are listed in Table 1.

Table 1. Material parameters used in the present simulations

Materials BaTiOs Nickel
Young's modulus E (GPa) 108 210
Poisson's ratio v 0,25 0,33
CTE S (10%deg) 8 13,5
Yield strength o, (MPa) 690
Work hardening coefficient N 0,15
Burger vector b (A) 2,4918
Intrinsic material length / (um) 5,27

135



3. Results and Discussion.

3.1 Effect of the lateral margin length. A typical contour plot of the stress components
is shown in Fig. 2. For the MLCC, the distributions of the various stress components includ-
ing the strain gradient plasticity are shown in Fig. 2, which illustrates that ceramic materials
have a large deformation around the electrode. Because the singularity is unavoidable in the
interface corner between the electrode and the ceramics, the same mesh density is used in all
the simulations to possibly reduce the error due to the singularity during comparison. From
Fig. 2, a, it can be seen that the radial stress o,, in most of the electrode layers is tensile.

Similarly, the normal stress o,, along the length direction in the ceramic layer is mostly
compressive. Fig. 2, b, indicate that the normal stress o,, along the thickness direction and
shear stress o,, in most of the BaTiO5/Ni interface are continuous, but they change to be dis-

continuous severely near the electrode tips. In other words, the interface between the ceramic
layer and the electrode layers near the internal electrode tips is more likely to be torn.

Stress
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- . Critical
Ceramic material® reqion
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Internal electrode
scale coordinates factor " -
1 adyie Oy i!lﬂﬁ!!lﬁa!gﬂ!’l
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Fig. 2. (a) Contour plot of the stress components and (b) the shear stress contour near the
electrode tip for the case that t,=2 um and t,=2 um (scale coordinates factor x <1 and
yx10).

Better understanding the effects of the lateral margin length on the residual stresses is
important for the design of MLCC structures [15], which has been investigated theoretically
by Jiang et al. [9]. In this section, we focus on the peak stresses near the internal electrode
tip using our proposed model. The length of the lateral margin L, is varied from 10, 20, 30,
40 to 50 pm, where the dielectric layer thickness #; is 1 pum, the electrode layer ¢, is 1 um,
and L=300 pm. It is found that with the increase in the lateral margin length L,, all of the
stress components increase, because of the enhancing constraint near the electrode tip, as
shown in Fig. 3.
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The capacitance of an MLCC is propor-
tional to the area of its active region. The
above results show that a higher capacitance
can be achieve by decreasing the lateral
margin length Z,, but bigger peak residual
stresses near the internal electrode tips will
also be caused synchronously. Therefore,
the optimal sizes of the lateral margin in
MLCCs should be determined by consider-
ing the balance of the capacitance and re-
sidual stresses.

3.2 Effect of the thickness ratio of the
dielectrics layer to the electrode layer. For
a representative electrode layer thickness
(t.=1 pm), the change of the residual
stresses in MLCCs with respect to the
thickness of each dielectric ceramic layer in
the range of 0,3 — 3,0 um were calculated,
as shown in Fig. 4, where L = 150 pm and
L,=30 um. From Fig. 4, q, it is seen that for
a specified thickness of the electrode layers,
in the majority of the ceramic layer of the
active region, the magnitudes of the residual
normal stress components along both length
and thickness directions increase signifi-
cantly with the decrease in the dielectric
layer thickness, while the shear stress is
almost zero and thickness-independent.
Fig 4, b shows that near the electrode tip,
the peak normal stresses along the length
and thickness directions decrease gradually,
but oppositely, the shear stress increases
sharply.

Considering these factors comprehen-
sively, we can draw a conclusion that for a
specified thickness of electrode layers, de-
creasing the ceramic layer thickness (i.e.,
decreasing the thickness ratio of the ceramic
layer to the electrode layer) may cause the
increase in the residual thermal stresses in
the MLCC during the sintering process,
which is against the further miniaturization
of the MLCCs.

3.3 Effect of size-scale. Our previous
[6] and present results suggest that the re-
sidual stress concentration is closely related
to the relative thickness of the dielectric
ceramic layer with respect to the electrode
layer, and therefore a possible approach to
decrease the ceramic layer thickness #;
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Fig. 3. Variations of the peak residual stresses
near the electrode tip with respect to the lat-
eral margin length.
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Fig. 4. (a) Variations of the residual stresses
in the active region of the dielectric ceramic
layer and (b) variations of the peak stresses
near the electrode tip as a function of the
thickness ratio in case of t,=I um.

without the failure of MLCC devices is to decrease the electrode layer thickness ¢, simulta-
neously. If the thickness ratio of the ceramic layer to the electrode layer is kept to be a con-
stant (i.e., the thicknesses of the electrode layer and ceramic layer decrease simultaneously),
the change trend of the residual thermal stresses induced by the sintering process with the
decrease in the single layer thickness, is not clear until now.
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Table 2. Geometric parameters for investigating the size effect

Case 1 Case 2 Case 3 Case 4 Case 5 Case 6
t,(um )/t, (Lm) 10/10 5/5 2/2 1/1 0.5/0.5 0.1/0.1
L/2 (um) 1500 750 300 150 75 15
L,, (um) 300 150 60 30 15 3
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Fig. 5. Comparison of the residual thermal stresses obtained between by the present model

and by the classical FE results with respect to the single layer thickness, where the MLCC
size is scaled down.

In this section, the thicknesses of the ceramic and electrode layers reduce to micron and
submicron scale, where the MLCC size is scaled down accordingly, as depicted in Table 2.
The same thickness ratio of the dielectrics layer to the electrode layer, 1,0, is kept in all
cases in our simulations. From Fig. 5, it can be seen that near the internal electrode tip, if
without CMSG being considered, the peak residual thermal stresses are size independent,
while if with CMSG being considered, the peak stresses are almost size- independent above
2 um and exhibit a strong size effect below 1um. Fig. 5 clearly demonstrates that for a given
thickness ratio, as the MLCC size is scaled down, the peak shear stress reduces significantly
and the normal stresses along the length and thickness directions change slightly with the
decrease in the single layer thickness #3 as 73 >1 pm, but as 74 <l pm, the normal stress com-
ponents increase sharply with the further decrease in #y. In other words, the reduction of the
single layer thickness is benefit to the relaxation of the residual stress when the single layer
thickness ¢ is above 1 um, but when #4 is below 1 um, the excessive rapid increase in the
residual thermal normal stresses along the length and thickness directions could cause the
cracking of the brittle dielectric ceramic layers near the electrode tip. The numerical results
based on the conventional FEM can not present this size effect on residual thermal stresses
induced by the sintering process in micro MLCCs.

4. Conclusions.

The residual thermal stresses induced by the high-temperature sintering process in mul-
tilayer ceramic capacitors (MLCCs) were investigated by using a finite element unit cell
model, in which the CMSG thermal-mechanical coupling is considered. The unit cell model
with periodic boundary conditions along the thickness direction was proposed to represent
the multilayer structure effect. The effects of the lateral margin length, the thickness ratio of
the dielectrics layer to the electrode layer, as well as the size-scale dependence on the resid-
ual thermal stresses were all examined. Some conclusions can be drawn as follow:

1. The normal stress along the thickness direction and the shear stress in most of the ce-
ramics/electrode interface are continuous, but they change to be discontinuous severely near
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the electrode tips. In other words, the interface between the ceramic layer and the electrode
layers is more likely to be torn near the internal electrode tips.

2. A higher capacitance can be achieve by decreasing the lateral margin length L, but
bigger peak residual stresses near the internal electrode tips will also be caused synchro-
nously. Therefore, the optimal sizes of the lateral margin in MLCCs should be determined
by considering the balance of the capacitance and residual stresses.

3. For a specified thickness of electrode layers, decreasing the ceramic layer thickness
(i.e., decreasing the thickness ratio of the ceramic layer to the electrode layer) may cause the
increase in the residual thermal stresses in the MLCC during the sintering process, which is
against the further miniaturization.

4. For a given thickness ratio, as the MLCC size is scaled down, the peak shear stress re-
duces significantly and the normal stresses along the length and thickness directions change
slightly with the decrease in the single layer thickness #; as #; >1 pm, but as #4 <1 pum, the nor-
mal stress components increase sharply with the continued decrease in #5. In other words, the
reduction of the single layer thickness is benefit to the relaxation of the residual stress when
the single layer thickness #; is above 1 um, but when #;is below 1 um, the excessive rapid in-
crease in the residual thermal normal stresses along the length and thickness directions could
cause the cracking of the brittle dielectric layers near the electrode tip.

5. The residual thermal stresses induced by the sintering process exhibit strong size ef-
fects and, therefore, strain gradient effect should be taken into account in the design and
evaluation of MLCC devices.
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PE3IOME. PosmisHyTo 3a7a4y Ipo 3aJIMIIKOBI TEMIIEPaTypHi HANPYKEHHs B 0araTouiapoBuX Ke-
paMiuHHX KOHJIEHCATOpaX, BUKIMKaHI BHCOKOTEMIIEPATYPHHM IPOLECOM CIIKaHHS. 3aCTOCOBAaHO MOJEIb
OIMHUYHOI YapyHKH B METOJi CKIHYCHHUX CJIEMEHTIB, /e BPAXOBaHO BIUTUB rpaaienta aedopmairiit. Otpu-
MaHi YHCJIOBI Pe3yJIbTaTH MOKA3yIOTh, 0 3aJMIIKOBI TEMIIEPATypHI HANPYKEHHS 3aJ€XKaTh BiJ TOBKHHH
MO3/I0BXXHBOTO KPAro, BiIHOLICHHS TOBIIMHM [ICICKTPUYHUX IIAPIB 0 TOBIIMHU CIEKTPOJHUX MIAPiB i
po3Mipy KoHzeHcatopa. [Ipu 3agaHoMy BiJHOIICHHI TOBIIMH, KOJIX PO3MIp KOHJCHCATOpa 3MEHIIYEThCS, TO
HaWBHIII 3CYBHI HAaNpy)XCHHS 3MEHUIYIOThCSI CYTTEBO 1 HOPMaJIbHI HANPYXKEHHS B3JIOBXK JIOBKHHH Ta B Ha-
MPSMKY 3MiHH TOBIIMHH 3MIHIOIOTHCSI HE3HAYHO 31 3MEHIICHHIM TOBIIMHU KEPAaMiYHOTO HIapy JI0 BEJTHMYHHH,
MeHmiol 1 mikpona. Konu 151 BenmunHa € Oinbioro | MikpoHa, TO HOpMallbHI HalpyXEHHS 3pOCTAIOTh Pi3KO
31 30UIBUICHHSM TOBIIUHUA KEPaMi4HOTO MIapy. TakuM YHMHOM, 3aJTHIIKOBI TEMIEpATypHI HAMPYKEHHS, BH-
KJIMKaHI BUCOKOTEMIIEPATypPHUM IPOLIECOM CITiIKaHHS, BUSBIISIOTH CHJIbHHUI BIUTHB PO3Mipy KOHZAEHCATOpa i
TOMY BIUIMB TpajieHTa nedopMarii HoBUHEH OpaTHcs 10 yBaru B IPOIIECi CTBOPECHHS 1 OLiHIOBaHHS PpoOOTH
OararomrapoBuX KepaMiYHUX KOHACHCATOPIB.
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