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Abstract

The microstructure and mechanical properties of an alumina—glass low temperature co-fired ceramic (LTCC) have been investigated. The microstruc-
ture was studied by using optical microscope, scanning electron microscope, energy spectrum analysis and X-ray diffraction. The Young’s modulus,
hardness, flexure strength and fracture toughness were measured by three-point bending, indentation and nanoindentation tests. The LTCC can
be regarded as a particle-reinforced composite with macroscopically isotropic properties: particles mainly composed of synthetic corundum and
matrix mainly of corundum and silica. The particles with irregular shape and an average radius of (.71 wm are homogeneously dispersed in the
matrix. The properties of the individual particle and matrix were successfully measured and further used to obtain the effective properties of the
composite by micromechanics methods. The existence of rigid particles improves not only the modulus, hardness and strength but also the fracture

toughness of LTCC materials.
© 2008 Elsevier Ltd. All rights reserved.
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1. Introduction

Low temperature co-fired ceramic (LTCC) is a newly devel-
oped material widely used in microelectronics packaging,
multi-chip-model (MCM) and system-in-package (SiP) appli-
cations. The advantages of LTCC include: utilizing highly
conductive metals, low dielectric constant, high quality fac-
tor (Q value), low sintering temperature, high print resolution
of conductors, low surface roughness, high layer count, small
temperature coefficient of expansion, easy to fabricate and inex-
pensive to process. The early material developed for hybrid
electronic packages was thick film, and then high temperature
co-fired ceramic (HTCC) was developed to deal with the new
challenges of packaging, multilayer MCM and interfacing with
meso-scale devices and three-dimensional (3D) structures. 2
The high sintering temperature enhances the condition of fab-
rication and limits the kinds of conductive metals, so LTCC
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technology was developed to reduce the temperature lower
than 1000 °C. LTCC is in practice a glass—ceramic composite
which crystallizes at optimized processing parameters.>* The
ceramic fillers extensively used are alumina, high thermal con-
ductive berillia, ferroelectric perovskite, ferromagnetic spinel
and photovoltaic—piezoelectric ceramics. While the typical glass
systems are borosilicate, lead borosilicate, sodium borosilicate,
etc. Alumina—glass composites are advanced systems with suit-
able chemical, electrical and mechanical properties and some
of them have been fabricated to commercially available green
tapes such as Dupont 951 AT.>-°

LTCC provides a convenient medium for fabricating lami-
nated structures where the internal 3D channels and cavities can
be served for heat dissipation and manufacturing or embedding
various sensors into microsystem-level-packages including iner-
tia measurement unit, fluid flow detector, hybrid micro-valve and
micro-pump.!” Many LTCC integrated devices have to oper-
ate under harsh environmental conditions where the mechanical
stress is a critical issue regarding the reliability of the devices.
The prediction of the lifetime and failure rate of LTCC can be
achieved by investigating the mechanical properties.® The study
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on the microstructure and mechanical properties was carried out
and the results may be valuable in the improvement of the LTCC
design.”"'* Jones et al.® have studied the chemical, structural
and mechanical properties of six commercially available LTCC
materials based on different devitrifying glass—ceramic systems,
including wollenstite, anorthite and celsian phases with ceramic
modifiers of alumina. Moreover, Lu and Qiu15 have investigated
the effect of borosilicate glass and firing temperature on the
microstructure and properties of the glass—ceramic composites.
Most of previous works are based on the assumption that LTCC
is a single-phase isotropic material. However, in some situations
such as the generation and propagation of the micro-cracks, the
heterogeneity of microstructures plays a key role. In this case,
one has to take into account of the effect of filler size and dis-
persion on the mechanical properties. With the development of
high resolution nanoindentation testing instruments, the individ-
ual characterization of each phase in LTCC becomes possible
and accurate.

The objective of the present work is to investigate the
microstructure and mechanical properties, as well as their rela-
tionship of a high performance LTCC. Several experimental
methods including nano-, micro- and macro-tests are used to
characterize the microstructure and mechanical properties of
LTCC. The results obtained are helpful to the reliability study of
LTCC based microelectronic devices, as well as the optimization
of material synthesis and processing parameters.

2. Experimental

The material studied is a commercially available green tape:
DuPont 951 AT with single layer height of 114 + 8 pm. This
tape is a Pb—borosilicate glass filled with alumina particles!®.
The plates were laminated with 11 layers and vacuum sin-
tered at 70 °C for 10 min, then 400 °C for 20 min, and finally
850 °C for another 20 min. The sintered plates with dimension
of 140 mm x 140 mm x 1.02 mm were laser cut into samples for
mechanical tests with the geometry shown in Fig. 1. Residual
stress, thermal deformation and breaking easily caused by other
cutting methods for brittle, high melting point and hard materials
can be avoided. In addition, the laser cutting provides a smooth
and crack-free cut plane, a small heat-affected zone and a small
material deformation. The top and lateral faces of the samples
were polished with emery papers in discrete steps down to a 2000
grade finish. The face roughness after polishing was decreased
from 210 nm Ra (roughness average) to 36 nm Ra, measured by
a scanning probe microscope (SPM) of TriboIndenter (Hysitron
Co.) in contact mode on a scan area of 60 pm x 60 wm.

Top face
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Fig. 1. Sample geometry for mechanical tests (dimension in mm).

The three-point bending (3PB) tests were performed on
Instron 3365 by following the international standard ISO 14704
with the span of 30 mm. A low loading rate of 0.05 mm/min was
particularly chosen in order to control easily the test process and
obtain the accurate recording data.

The indentation tests were carried out on the polished top
face by using MVK-H210 (Akashi Co.) with a standard Vickers
diamond tip. The loading rate was 1 N/s and the values of load
applied were 5, 10 and 20 N, respectively. The fracture toughness
was then calculated with the equation adopted as!”:

Kic = 5.1636 Ha*>c~ ! (1)

where H is the hardness, a is the average half length of the
diagonals of indent pit and c is the average length of four cracks
extending from the indent pit.

Furthermore, the nanoindentation tests were undertaken on
TriboIndenter with a Berkovich diamond tip of a nominal radius
of curvature equal to ~100 nm. The maximum load was 9 mN.
Twenty indents were made to obtain average values of the
Young’s modulus and hardness. During the experiments, the
temperature was controlled at ~26 °C and the relative humid-
ity at ~43%. To get the Young’s modulus of both particle and
matrix, the modulus mapping was performed using a nano-DMA
II™ adjunct of the TriboIndenter with nano-scale lateral reso-
lution.

The microstructure was investigated under optical micro-
scope (OM) (BX51IM, Olympus Co.), scanning electron
microscope (SEM) (Quanta 200FEG, FEI Co.) equipped with
energy dispersive X-ray (EDX) detector and X-ray diffraction
(XRD) (X’ Pert Pro, Panalytica Co.).

3. Results and discussion
3.1. Microstructure and composition of LTCC studied

By SEM observation on the top face of LTCC samples, the
LTCC material is found to be composed of two phases: dis-
persed particles and continuous matrix, as shown in Fig. 2a. The
particles with irregular shape and different size are randomly dis-
tributed in the matrix. Detailed examination of the particle phase
shows the existence of the “salami” structure, i.e., there is some
matrix phase inside the large particles, judged from the iden-
tical grey color of the phase with the matrix. When sintering,
the fluid matrix phase enveloped initially by the small parti-
cles possibly solidifies simultaneously with the agglomeration
of small particles into large ones. Therefore, the co-existence
of particle phase and matrix phase after the sintering engen-
ders the “salami” structure. This type of microstructure was also
observed by other authors!!-'8. The micrograph taken on the lat-
eral fracture surface under low magnification in Fig. 2b shows
that the pile interface or boundary of initial 11 layers disappears
after the sintering process, which signifies that the LTCC studied
is well solidified.

If the particle shape is assumed to be ball-like and by using
the technique of image treatment, the radius of particles is found
to be from several hundred nanometers to tens micrometers.
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Fig. 2. SEM photographs of LTCC (a) top face with high resolution and (b) fracture surface with low resolution.
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Fig. 3. EDX analysis on (a) the particle and (b) the matrix.

The average radius calculated from 3151 particles is 0.71 pm
and the volume fraction of particles is about 27%. From the
measurement by EDX, as shown in Fig. 3, the Al content in the
particle is higher than that in the matrix. However, the Si and O
content is inversed. By XRD measurement, it is found that the
particle is mainly composed of Al,O3 and the matrix mainly of
Al,O3 and SiO».

3.2. Mechanical properties

3.2.1. Nanoindentation tests

Fig. 4 shows the Young’s modulus and hardness of LTCC
samples as a function of penetration depth, measured by nanoin-
dentation tests. The scatter of the points indicates a range of
values of Young’s modulus and hardness, not simply the dis-
crete values corresponding to the matrix and the particles. This
is related to the microstructure of the LTCC, as well as large
particles, many tiny particles are also embedded in the matrix.
So the real response of the LTCC to the indentation force comes
from the combination effect of both matrix and those tiny par-
ticles. If the indenter tip is pressed on the location where the
particle density is high, the penetration depth is small and the

value of modulus and hardness is large. Otherwise, the modu-
lus and hardness are small. The dispersion and content of tiny
particles may locally change place by place because of the het-
erogeneity of microstructure, this causes the continuous change
of modulus and hardness measured with the penetration depth.
It must be indicated that the maximum and minimum values in
Fig. 4 correspond to the properties of particles and pure matrix,
respectively.

Another method with nanoindentation tests, the modulus
mapping, was particularly adopted for the modulus measure-
ment of each phase in the multiphase materials. In Fig. 5 is shown
the modulus mapping image on an area of 15 pm x 15 pm con-
sisted of 256 x 256 points. The 3D profile image in Fig. 5a was
obtained by monitoring the indenter tip displacement. In Fig. 5b,
different colors represent different modulus values, from which
the modulus of the particle is much larger than that of the matrix.
Additionally, the measurement along the black line in Fig. 5b is
made, which distinctly and quantitatively reveals the variation
of the modulus across the particles and the matrix, as shown
in Fig. 5c. The moduli are about 200 and 80 GPa for particles
and matrix, respectively. The measured modulus of particles is
smaller than that of high-purity Al,O3. The main reason is the
presence of SiO» in the particle, which is revealed by the EDX
measurement. The modulus of SiO; is much smaller than that
of Al O3, so the modulus measured of particles containing both
Al>O3 and SiO; in this work is much smaller than that of pure
Al,O3 given in literature. Another reason is alike the effect of
substrate rigidity on the nanoindentation measurement for multi-
layer films. The particle is embedded in the low modulus matrix
which serves as a soft substrate. When the indentation is applied
on the particle-matrix assemblage, the soft matrix “substrate”
will cushion the force and so reduce the rigidity of hard parti-
cle “surface layer”. By comparing the maximum and minimum
values of modulus in Fig. 4a with Fig. 5c, the measurements by
nanoindentation and modulus mapping give the same results.

3.2.2. Three-point bending tests and comparison with
theoretical prediction

By the 3PB tests, the modulus measured of LTCC material
is 114.88 +0.98 GPa, which agrees well with the four-point
bending test result of 120 GPa supplied by Dupont Com-
pany. The flexural strength is 201.80 £6.43 MPa. Due to
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Fig. 4. (a) Young’s modulus and (b) hardness vs penetration depth on top face.
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Fig. 5. (a) 3D SPM, (b) modulus mapping photograph of top face on a scan area of 15 wm x 15 pm and (c) modulus distribution along the black line in (b).

the brittleness of LTCC, the load—deflection curve is linear

until final failure. In calculating the average value of moduli

and Eq. (5) of the rule of mixtures:

R Vi(ki — ko)
iven in Fig. 4a, we have the modulus equal to 116.21 GPa, == 2)
£ £ d ko ko + (1= V1) [(k1 — ko)/ (ko + 4110/3)] ko
He _ Vi(u1 — po) 3)
Ko po + A = V(1 — o)/ {1 + (9%ko + 810)/ [6(ko + 21n0)1}
which is very close to that by 3PB tests. It should be indicated k= E _ E 4
that the laser cutting left no defects on the lateral face, so bending T 31 =2v)° = 2(1 4+ v) )
It liable.
results are reliable E. = E\Vi + Eo(1 — V1) )

In order to predict theoretically the modulus of LTCC,
the micromechanics model developed by Weng!'® based on
Mori-Tanaka method is used. Besides, the rule of mixtures is
also used with the advantage of ignoring the shape and size of the
particle and Poisson’s ratio of each phase. The effective Young’s
modulus is calculated by Egs. (2)—(4) of Mori-Tanaka method

where E, k, i, v and V are Young’s modulus, bulk modulus,
shear modulus, Poisson’s ratio and volume fraction, respec-
tively, and the subscripts 0, 1, c represent matrix, particle and
composite, respectively. With the moduli of particle and matrix
obtained from modulus mapping measurements, the calculated
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Fig. 6. Micrograph of fracture surface by three-point bending tests.

effective Young’s modulus E is 112.40 GPa by the rule of mix-
tures. The Poisson’s ratios of SiO, and Al,O3 are 0.17 and
0.22, respectively.?? Therefore the Poisson’s ratio of the matrix
is assumed to be 0.17-0.22. With those values of particle and
matrix, the modulus of LTCC predicted with micromechanics
Egs. (2)—(4) is 100.97-100.98 GPa. Therefore, the calculated E.
by the rule of mixtures agrees well with the experimental results,
while the Mori—-Tanaka method gives a little smaller value. Taya
and Chou?! compared these two methods for the case of fibers
and particles filled materials. When the fillers are only fibers,
E. predicted by Mori-Tanaka method is slightly smaller than
that by the rule of mixtures method. Moreover, the E; value by
Mori—Tanaka method decreases with the increase of the particle
content and finally to a much smaller value when the fillers are
only particles. The effect of particle shape on the mechanical
properties is due to the difference of particle surface area and
stress distribution in the composites materials.

Therefore, the predictive results by the micromechanics
methods and the rule of mixtures are in good coincidence with
that by nanoindentation and 3PB tests. Compared with other
Refs.,>0%10 the mechanical properties of the LTCC studied
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Fig. 7. Fracture toughness and hardness vs penetration load by indentation tests.

are better than cordierite, many glass—ceramics such as LiO,—
ZrOy— SiO,— Al O3 glass—ceramics, and most green tapes such
as Dupont 943, Ferro A6 and Heraeus CT2000.

Fig. 6 shows the fracture surface of one LTCC sample by
3PB tests. It is relatively flat, the representing characteristics of
brittle fracture. The particles are still embedded in the matrix
which means that the interfacial adhesion between the particle
and the matrix is good. A few round pores are observed on the
fracture surface. From the regular shape of those pores, they are
formed during the sintering process. The pores can be controlled
by adjusting the sintering temperature and applied pressure load
during the processing!®!2.

3.2.3. Indentation tests for fracture toughness measurement

In Fig. 7 the variation of the fracture toughness Kjc calcu-
lated with Eq. (1) and hardness measured by indentation tests
under the press load of 5, 10 and 20N are shown. The Kjc
values decrease slightly with the increasing load, which was
also observed by other researchers and attributed to the use of
different calculation equations of Kjc.?? If suitable equation is
chosen to characterize the material, the load dependence of Kjc
can be reduced. The stable hardness values indicate that the
applied load is large enough to achieve fully plastic deforma-
tion.

The reliability of LTCC devices is highly related to the gener-
ation and propagation of the micro-cracks. It is difficult to make

Crack along
the particle
boundary

Crackitip

Fig. 8. (a) OM photograph showing indent pit and four extending cracks and (b) SEM photograph showing the crack propagation in the matrix and along the particle

boundary.
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the notch groove on the LTCC sample because of its brittleness
and small thickness, so the indentation test becomes one of the
most effective and convenient methods to determine the fracture
toughness. The indent pit is clearly observed with four cracks
extending from the indent angles, as shown in Fig. 8a. To the
typical half penny shaped cracks, Eq. (1) is appropriately used to
calculate the fracture toughness.'® The crack length along four
angles may be different due to the difference in local microstruc-
tures and residual stress of the surface layer. It is found from the
micrograph in Fig. 8b that the crack propagates both in the matrix
and along the boundary of the particles. When the crack meets
a particle during its propagation, it forces the debonding at the
particle-matrix interface and then deviates along the interface.
Therefore, the resistance to crack propagation by the particles
causes the increase of the fracture toughness. It has been reported
that the crack propagation was slowed down with increasing
volume fraction of particles and affected as well by the surface
energy, particle shape and size as well as the particle-matrix
interface.?>2*

4. Conclusions

By microscopic observation and mechanical tests, the
microstructure and mechanical properties of a LTCC have
been investigated. The results obtained give the details of
microstructure and mechanical behavior as well as their rela-
tionship.

The LTCC studied is composed of homogeneously dispersed
Al>Oj3 particles and the matrix of mainly Al,O3 and SiO,. The
particle has irregular shape with an average radius of 0.71 pm
and a volume fraction of about 27%. The adhesion of the
particle-matrix interface is found to be strong.

The modulus and hardness of the particles and matrix are
successfully determined in mode of modulus mapping of nanoin-
dentation tests. The prediction with the Mori—Tanaka model and
the rule of mixtures gives the effective modulus of LTCC, which
isin good agreement with the values by 3PB and nanoindentation
tests. The fracture toughness of the LTCC studied is obtained and
the failure mechanisms by crack propagation both in the matrix
and at the interface are revealed.
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