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Abstract

Lamination of green ceramic tapes is one of the most important technological processes in multilayer ceramic technology. Lamination affects
the quality of all 3D structures (e.g., channels, chambers, membranes, etc.). Novel chemical methods of lamination reduce the deformation of
3D structures. However, these methods are useless in the fabrication of thin membranes and structures with thick-film electronic components or
electric vias. Therefore, thermo-compressive lamination is still the best solution for the lamination of green ceramic tapes. Low-pressure thermo-
compressive lamination with an insert material is presented in this paper. The influence of pressure and Low Temperature Cofired Ceramics (LTCC)
material on the compressibility and shrinkage of LTCC, as well as the influence of the insert material on deflection and distortion of the membranes

are presented and discussed in this paper.
© 2012 Elsevier Ltd. All rights reserved.
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1. Introduction

Low-Temperature Cofired Ceramics (LTCC) technology has
been developed over the past few decades.!— The technique was
first used in the fabrication of multilayer electronic substrates
and passive components.* Since the early 1990s, LTCC has been
used in the fabrication of sensors, actuators and microsystems.5 6

Tape machining of LTCC tapes,”® thick-film deposition,”
lamination (tape bonding in the green state)!? and the sintering
profile affect the parameters of sensors, actuators and microsys-
tems. Therefore, all these processes must be very carefully
optimized. The quality of 3D structures depends primarily on the
lamination and on firing. The most popular lamination method
is thermo-compression. The tapes are joined at elevated tem-
peratures (70-90 °C)!! using high pressure (5-20 MPa)!! for a
certain amount of time (3—10 min).'? The lamination of green
tapes is schematically presented in Fig. 1. Single tapes presented
in Fig. 1a consist of ceramic particles, glass and organic material
(mainly binder). Tapes during lamination are heated and pressed
together. Hence, the organic material becomes plastic, and the
tapes can be joined. Moreover, the applied pressure forces the
ceramic particles and glass from all the tapes together. Therefore,
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if the pressure is high the lamination strength between the tapes

is strong. During firing, the organic material is driven off, and

the glass melts, wets and joins the ceramic particles together.
The final bonding strength between LTCC ceramic tapes

depends on three main mechanisms'>:

e joining of the melted resinous constituents (occurs during
lamination),

e the mechanical joining of rough surface (occurs during lami-
nation),

e viscous flow of the glass material (occurs during firing).

The simplest model of green LTCC is that of an elastic—plastic
material. Therefore, good lamination can occur only if the lam-
ination pressure is higher than the yield point of the organic
material. Moreover, the yield point decreases if the tempera-
ture increases, and therefore, lower lamination pressures can be
used if the laminated stack is heated more. A more complicated
model should also include the influence of the organic mate-
rial, the ceramic particles and the glass material contents. The
organic material should enable proper mechanical properties of
the green tape. However if there is too much organic material,
the ceramic particles are too far apart, and there is no possibility
for proper firing of such a structure. '

The organic material is driven off during the cofiring
process. The melting of the glass plays a dominant role in the
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Fig. 1. Bonding of LTCC tapes: (a) before lamination, (b) after lamination, and
(c) after firing.

viscous-flow mechanism among the constituents, and hence the
glassy material used in LTCC tapes is very important for proper
bonding and sintering of glass/ceramic composites.!> The glass
melts above the softening temperature and penetrates the void
space between the ceramic particles. The viscous flow of the
glass depends on the ceramic-powder particle size, glass and
ceramic particle content, glass softening point and glass melting
point.!3 The melted glass wets ceramic particles and enables
to achieve strong final structure. Therefore, the glass material
enables a lowering of the LTCC firing temperature below
900 °C. Structure warping, distortion and other deformations
occur during sintering and are associated with viscous flow.!3
Therefore, in many cases, the structure after sintering is more
deformed than after lamination. The deformation can also be
multiplied by the shrinkage of the LTCC during firing. The
penetration of the glass material between the ceramic glass can
also bond tapes together. If during firing the tapes are joined
together, then viscous flow occurs not only in a single tape but
also between tapes. Therefore, ceramic particles from laminated
tapes can be permanently bonded. Thermo-compression does
not affect the properties of thick, passive films and enables
the fabrication of structures that have more than 40 layers.
However, high pressure and temperature can very easily damage
thin membranes, wide channels and large chambers.
Therefore, chemical lamination, lamination with fugitive
phases and lamination with inserts were proposed.'? The first

chemical bonding was reported by Roosen.'>!3~18 The tapes
are joined with double-sided adhesive tape, which ensures tem-
porary adhesion between the tapes before sintering. The tapes
are permanently joined during a cofiring process. The method
enables a reduction in the deformation of 3D structures and does
not dissolve the tape surfaces. However, the ceramics should
have relatively high porosity to ensure sufficiently high forces,
which join the tapes during the firing. Moreover, structures with a
higher number of tapes tend to crack. The method enables bond-
ing of metallized tapes. However, the influence of the method
on the reliability of thick—film components and electrical vias
has not been reported. Upgraded versions of the deposition of
a joining medium onto the tapes have been reported.!”-'® Other
chemical methods, which have also been reported, are very sim-
ilar. Temporary bonding between the tapes is achieved by apply-
ing some adhesive agent onto the tapes.!?22 Then, the tapes are
permanently joined during cofiring. The tapes can also be joined
using solvents.>>2 A diluted fluid applied onto the green tape
dissolves both the joined surfaces and bonds the tapes together.
However, this method affects the parameters and reliability of
electrical vias and thick-film components.?’ The adhesive-based
chemical methods might also affect the properties of vias and
thick-film components. Therefore, alternative lamination meth-
ods have been developed. Thermo-compressive lamination with
a fugitive phase is the best solution for the fabrication of closed
chambers and channels. In this method, the tapes are bonded
at high pressure and at elevated temperature, but the chambers
and the channels are filled with a sacrificial material,2%~2° which
protects the 3D structures from damage during lamination. The
fugitive phase is intended to disappear during the sintering pro-
cess. The sacrificial material can also protect the structure from
deformation during the debinding process. However, the fir-
ing process must be extended to ensure proper burning out of
the sacrificial material. The alternative is to replace the sacri-
ficial material by an insert material.'? Open 3D structures are
filled with the insert material, which protects the structures from
deformation during lamination. After the process, the insert is
removed. Moreover, the insert is not present during firing, and
therefore, a standard cofiring profile can be used.

Isotactic, thermo-compressive lamination with inserts under
very low pressures has not been widely discussed in the litera-
ture. Therefore, the influence of the lamination pressure in the
range from 0.5 to 20 MPa and of the LTCC material on the bond-
ing quality, LTCC tape compressibility and shrinkage of LTCC
were analyzed. Moreover, the relative membrane deflections for
various membrane dimensions and tape types were investigated.
The membrane deflections of the structures laminated with and
without the inserts were compared and discussed. The authors
wish to show that viscous flow of glass during firing can be
a dominant joining mechanism and can ensure good bonding
quality.

2. Experiment

The experiment was carried out on four different com-
mercially available LTCC tapes: HL800, HL2000, DP951 and
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Table 1

The cofiring profiles used in the experiment.

DP951 Ceram Tape GC HL2000 HL800

Ramp at 7.6 °C/min to 480 °C Ramp at 2 °C/min to 180°C Ramp at 3 °C/min to 100 °C Ramp at 6 °C/min to 300 °C

Debinding at 480 °C for 60 min Debinding ramp at 0.6 °C/min to Debinding ramp at 1 °C/min to Debinding ramp at 2.5 °C/min to
450°C 450°C 470°C
Debinding at 450 °C for 120 min

Ramp at 6.7 °C/min to 880°C Ramp at 6 °C/min to 900 °C Ramp at 10 °C/min to 865°C Ramp at 3 °C/min to 880 °C

Firing peak at 880 °C for 15 min Firing peak at 900 °C for 30 min

Firing peak at 865 °C for 30 min Firing peak at 880 °C for 45 min

Ceram Tape GC. The experiment consisted of four main parts
(stages). In the first stage of the experiment, the influence of
the thermo-compressive lamination pressures (0.5, 1, 2, 5, 10,
15, 20 MPa) on the lamination quality was investigated. The test
structure used at this stage consisted of four, LTCC, square-sheet
pieces each with dimensions of 25 mm x 25 mm. The shapes
were cut using a hot knife. The tapes were stacked and lami-
nated in an isotactic chamber using various pressures at 70 °C
for 10 min. Then, the tapes were cofired at standard cofiring
profiles recommended by the LTCC manufacturers. The cofir-
ing profiles used in the experiment are presented in Table 1.
The sintered structures were cut using a Nd-YAG laser, and the
bonding quality was analyzed by scanning electron microscopy
(SEM). This investigation enabled determination of the lowest
pressure that can be used to join tapes together and achieve good
bonding without delamination.

The test structure in the second stage of the experiment con-
sisted of four, square membranes with various dimensions (with
square sides of 2, 5, 7 and 10 mm after sintering). The tapes were
cut using a Nd-YAG laser. The total thickness of the structures
was approximately 1 mm in the green state. The test structures
were laminated in an isostatic chamber using the optimal pres-
sure (i.e., the lowest pressure that achieves good bonding quality,
which was found for each tape in the previous experimental
stage).

The influence of the lamination and firing processes on dis-
placement and distortion of the membrane is schematically
presented in Fig. 2. The tapes before isostatic lamination were
not deformed (Fig. 2a, where kg is the distance between the
bottom of the structure and membrane before lamination).
Deformation that occurs during lamination (Fig. 2b, where Ah;
is the change in dimension between the bottom of the structure
and the membrane upon lamination, Ax; is the change in cham-
ber dimensions in the x and y directions, and p is the lamination
pressure) are caused by two phenomena: the applied pressure
in the membrane surface area and the plastic behavior of tapes.
The first problem is especially severe when closed cavities or
channels are fabricated. If the pressures applied on both sides
of the membrane are not in equilibrium, the displacement of
the membrane is directed from an area of higher pressure to
one of lower pressure. Fabrication of open, 3D-multilayer struc-
tures is easier because in this case pressure equilibrium during
lamination is always achieved. Additional covers for laminat-
ing the LTCC stack can solve the problem. The covers should
exhibit a high Young’s modulus as well as high flexural and
compressive strengths. If such a material is added as top and

bottom covers of the stack, these covers will protect the surface
of the membrane from the applied pressure. The tape will only
be compressed around the membrane. Such a solution is some-
times called semi-isostatic lamination because applied pressure
on the top and bottom parts of the stack is applied as in uniaxial
compression and along the x and y axes as in normal isostatic
pressing. The method is also used to align single tapes together
during lamination. The plastic behavior of the tapes, which is the
second cause of deformation during lamination, is more compli-
cated. Semi-isostatic lamination cannot inhibit the deformation
of buried, 3D-multilayer structures. For such applications, it
is necessary to use chemical bonding or thermo-compressive
lamination with fugitive phases.”62° The deformation of open
structures caused by the second phenomenon can be reduced by
only using hard covers on the membrane side. However, isostatic
lamination is carried out either in water or in oil, and hence the
laminated stack must be closed in a vaporized bag to protect the
laminates from the fluid. Such bags typically deform the edges
of open 3D structures when pressure is applied. Therefore, on
the one hand, such structures also can be laminated using chem-
ical methods or thermo-compressive lamination with fugitive
phases. On the other hand, a rubber-like insert material can be
used to protect the 3D structure from the deformation that is
caused by pressure. The insert material should exhibit highly
elastic behavior, i.e., a rubber-like material (very low Young’s
moduli), and moreover, the insert material cannot exhibit plastic
behavior. All these methods would protect the edges of 3D struc-
tures from deformation. The total deformation of the membrane
caused by lamination is presented in Fig. 2c (where A is the
distance between the bottom of the structure and the membrane
after lamination). The next distortion of the membrane occurs
during firing. The direction and type of membrane deformation
are not so easy to predict as in lamination. The membrane can
bend or become wavy after firing. Therefore, the deformation
presented in Fig. 2d is just one of the possibilities (where Ah; is
the dimensional change between the bottom of the structure and
the membrane that occurred during firing, Ax; is the change in
the chamber dimension in the x and y directions during firing).
The problem is caused by viscous flow of the glass during firing.
Theoretically, there are two solutions to the problem: using fugi-
tive phases or performing a second firing cycle with loading. The
first solution can significantly improve the geometry of the struc-
ture. However, the fugitive phase must be completely driven off
from the stack during firing. Hence, a significantly longer firing
profile must be used (even three times longer than the standard
one). The second solution gives good results for most simple
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Fig. 2. Schematic diagram of deflection, structure: (a) before lamination, (b) during lamination, (c) after lamination, (d) during firing, and (e) after firing.

3D structures. The samples after firing are once more fired at a
slight lower temperature of approximately 50 °C and are loaded
using a piece of alumina, for example. If the glass softening
temperature is reached, the sample became softer and warping
can be reduced. However, in many LTCC materials in which a
crystallized glass is used after firing, little glass residue is left.
Hence, such a glass does not flow when it is fired again.'> The
total distortion of the membrane is presented in Fig. 2e (where
hy is the distance between the bottom of the structure and the
membrane after firing).

Each structure was laminated with a rubber-like die insert
material. The lamination with the insert is schematically
presented in Fig. 3. The LTCC structure was covered by a PCB
FR-430 (Young’s modulus of 24 GPa, Poisson’s ratio of 0.3
and density of 1850kg/m> 3%) from the top and the bottom,
and the machined cavity was filled with the insert material,
PDMS3! (Young’s modulus of 360-870kPa, Poisson’s ratio
of 0.5 and density of 0.97 kg/m?). The insert material protects
the 3D structure from deformation during thermo-compressive
lamination. After the bonding, the insert was removed, and
the structure was cofired with the standard cofiring profile

)'§<\ Top cover
LTCC tapes

_Insert

AN

Bottom cover

Fig. 3. Schematic cross-section of lamination using insert.

(the same as presented in Table 1). The sintered structures
were cut using a Nd-YAG laser, and the lamination quality
and membrane deflections (only the smallest membranes) were
analyzed in structure cross-sections by SEM.

The influence of the lamination pressure and LTCC material
on the LTCC compressibility and shrinkage were investigated
in the third part of the experiment. The average relative com-
pressibility and average shrinkage were calculated based on
measurements of 12 samples. The test structures were the same
as in the first stage of the experiment. However, the influence
of only four different pressures (0.5 or 2 MPa; 6 MPa; 13.5 MPa
and 20 MPa) on the lamination quality was investigated, and
moreover, the fired modules were not laser-cut at all. The rela-
tive compressibility in the green state was calculated using Eq.
(1) (where zgr is the thickness of the test structure laminated
at 20 MPa and z is the thickness of the test structure laminated
at various pressures). Therefore, if the relative compressibility
is higher than 100%, the compression is smaller in comparison
to the relative value. The values of shrinkage along the x and y
axes and along the z axis were calculated using Eqgs. (2) and (3),
respectively, (where zg is the thickness of the test structure after
lamination, z; is the thickness of the test structure after firing,
xp are the dimensions of the test structure along the x and y axes
after lamination, x; is the dimension of the test structure along
the x and y axes after firing).

Bret = ——100% (1)
Zref

A _

e A T @)
20 20

Ax  xp— x|

X 100% 3)
X0 X0
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In the fourth part of the experiment, the influences of pres-
sure, membrane dimensions and LTCC material on the average
membrane displacement and displacement repeatability were
analyzed. The test structures were fabricated in the same way
as presented in the second part of the experiment. However,
the thicknesses of the membranes were approximately the same
for all samples and were approximately equal to 290, 280 and
260 wm for the Ceram Tape, HL2000 (two layers) and DP951,
respectively. The membrane thicknesses were calculating based
on the third part of the experiment (measuring the compressibil-
ity). The average deflection was calculated based on measure-
ments of 12 samples. The deflections after lamination and sinter-
ing were calculated as & — hy and h — ho, respectively, (Fig. 2).

Moreover, the variability coefficient was calculated for all of
the calculated values. The variability coefficient is given by Eq.
(4) (where o is the standard deviation and y is the average value).

o
V = —100% )
y

3. Results and discussion

The samples from the first part of the experiment after fir-
ing were laser cut and cross-sections were fabricated. The
bonding quality was investigated based on cross-sectional obser-
vations. The sample bonding quality was first investigated by
optical microscopy. The examination confirmed a good qual-
ity of lamination for all the analyzed tapes and pressures, and
no delaminations were noticed in this stage. Therefore, only
the structures joined at the three lowest pressures (0.5, 1 and
2 MPa) were analyzed using SEM. The influence of the lamina-
tion pressure on the bonding quality of samples based on Ceram
Tape GC, DP951, HL2000 and HL8O0O at various pressures, is
presented in Figs. 4 and 5 (samples after firing). The former
interface between tapes is marked with a white arrow in all of
the figures. Contamination after laser cut is also described in
the figures. A single sheet of the zero-shrinkage tape consists
of three sub-layers: the top, bottom and inner layers (marked in
Fig. 5b and c). The top and bottom layers are plastic and enable
lamination of the tapes. The inner layer consists of a different
powder composition in comparison to the other two layers, and
this inner layer does not become denser during firing. Therefore,
the inner layer significantly reduces the tape shrinkage along the
x and y axes. The former interfaces between the Ceram Tape GC
tapes after lamination at the two lowest examined pressures are
still visible in the cross-sections. A pressure equal to or higher
than 2 MPa ensures a good bonding quality. The bonding quality
between D951 (Fig. 5a), HL2000 (Fig. 5b) and HL.800 (Fig. 5¢c)
is good for the lowest examined pressure (0.5 MPa). The high-
est porosity was observed for the HL2000 tapes. The porosity
is more visible because of the higher magnification in Fig. 5b
in comparison to Figs. 4 and 5a. However, the magnification
in Fig. 5c is approximately the same as in Fig. 5b. The influ-
ence of the lamination pressure on the green-tape density and
shrinkage of the fired samples is discussed in more detail in the
third part of the experiment. The test-structure cross-sections
in the green state were not investigated because the lamination

laser scratch

Fig. 4. Laminated Ceram Tape GC tapes after firing, lamination pressures: (a)
1 MPa and (b) 2 MPa.

strengths before firing were too low, and the structures were
damaged during the fabrication of cross-sections. Therefore,
a great influence of viscous flow of the glass during firing on
the bonding strength between tapes can be assumed. It must be
borne in mind that the difference between the lowest pressures
that ensure good bonding quality and the differences in porosity
can be affected by different tape compositions and firing pro-
files. There is a great probability that every tape consists of a
different binder and glass. The glass transition temperature of
a binder affects its yield point. The yield point is very impor-
tant to achieve a proper lamination quality of tapes in the green
state. The lamination pressure must be higher than yield point of
the tape to ensure plastic deformation. The deformation ensures
compression between the joined materials. Therefore, if a binder
with a relatively high glass transition temperature were used in
Ceram Tape GC, the lowest lamination pressure must be higher
to ensure a proper bonding quality in comparison to the three
other tapes. The amount of binder also affects the lamination
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Fig. 5. Bonding quality of tapes laminated at 0.5 MPa after firing: (a) DP951
tapes, (b) HL2000 tapes, and (c) HL80O tapes.

quality and porosity. If a tape has excessive organic material,
the bonding quality in the green state can be good. However,
during firing of tapes, excessive organic material must be driven
off, and the porosity of the final structure can increase. Moreover,
gasification of an organic material can affect the bonding quality
between tapes. If the tape is lacking in organic material, the lami-
nation in the green state can be too weak to ensure proper joining
after firing. The melting temperature of the glass also affects the
bonding quality and structure porosity after firing. The porosity
observed for the HL2000 structure can also be higher because
of insufficient firing. On the one hand, the excessive sintering of
LTCC can affect the occurrence of gas within the material.!> On
the other hand, the organic material would not be completely
driven off if the firing profile were too short. Because of the
different material contents of the tapes, the firing profiles vary.
During firing, all of the organic materials must be released, and
the glass must be melted to ensure proper bonding quality and
low porosity. Therefore, a proper firing profile must be used for
each LTCC tape. In all of the experiments presented herein, the
standard profiles recommended by the tape suppliers (Table 1)
were used to ensure good debinding and sintering. Based on the
experimental results, a pressure equal to 0.5 MPa was chosen to
laminate the HL800, HL2000 and DP951 test samples. A pres-
sure equal to 2 MPa was chosen to laminate the Ceram Tape GC
test samples in the subsequent parts of the experiment.

The samples from the second part of the experiment after
firing were laser cut, and cross-sections were fabricated. The
lamination quality was investigated based on cross-sectional
observations. SEM images of the smallest membranes (square
sides equal to 2 mm) for the HL800, HL2000 and DP951 sam-
ples laminated with an insert material are presented in Fig. 6a—c,
respectively. The structure based on Ceram Tape GC was not
examined in this part of the experiment because of the higher
lamination pressure that was necessary to join these tapes
together and the significantly thicker membrane (the thick-
ness was approximately equal to 335 wm). The former interface
between the tapes is marked with a white arrow in all of the
figures. Contamination after laser cut is also described in the fig-
ures. Once more, dark strips that can be observed in the HL.800
and HL2000 tapes were caused by the zero-shrinkage tape com-
position, which is described in more detail in the last paragraph.
The lamination quality is quite good for the DP951 and HL.800
structures. However, a higher porosity near the former interface
between the layers can be observed for the HL2000 structure. In
this case, the structure without thick-film electronic components,
this bonding can be assumed to be adequate. The higher poros-
ity is most likely caused by low lamination pressure, which was
described precisely in the last paragraph. The membrane deflec-
tion is very low for all of the depicted structures. However, the
HL800 sample deformed at the bottom part of the structure.
The structure in the green state did not deform, and the defect
occurred after sintering. However, the phenomenon can be only
observed if the structures were previously milled or laser cut.
Therefore, the defect also occurred for membranes and was not
observed for samples from the first part of the experiment. Typ-
ically, such deformation can be reduced using, for example, a
longer firing profile or by firing the structure once more with
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Fig. 6. Membranes after firing, tape: (a) HL800,32 (b) HL2000, and (c) DP951
(membrane thickness of 40 wm).

a load, which is explained in more detail in the introduction.
However, neither of the solutions works in this case. This find-
ing can be explained by crystallization of the glass in the LTCC
during firing. Therefore, during the second firing, there was no
glass that could flow. Additional experiments should be carried
out to prove this hypothesis. However, according to the knowl-
edge of the authors, HL800 is no longer commercially available.
Because of deformation of 3D structures fabricated using HL800
and a lack of material in the third and fourth experimental stages,
the tapes were not analyzed.

In comparison to solvent-based chemical lamination, thermo-
compressive bonding with an insert material enables the
lamination of very thin membranes (down to 40 wm). The
thinnest tapes that were successfully bonded using solvent-based
chemical lamination were more than 100 pm thick. Thinner
tapes were completely dissolved by the solvents. Moreover, lam-
ination with an insert is less complicated in comparison to the
solvent bonding, and there is no need to look for new solvents
to fulfill the requirements of different tape compositions.

The influence of the lamination pressure and LTCC material
on LTCC compressibility and shrinkage were investigated in
the third part of the experiment and are presented in Fig. 7. The
average relative compressibility and average shrinkage were cal-
culated based on measurements of 12 samples. The influence of
the lamination pressure on the relative compressibility of green
tapes and on the variability coefficient of the relative compress-
ibility is presented in Fig. 7a and b, respectively. The relative
compressibility was calculated based on Eq. (1). Therefore, if
the relative compressibility is higher than 100%, the compres-
sion is smaller in comparison to the relative value. The tape

consisted of organic material, ceramic powder and glass. How-
ever, the mixture also consisted of some air bubbles. Hence,
during lamination, the material can be pressed, the air bubbles
are driven off, and the material density increases. The com-
pressibility decreases (relative compressibility increases) if the
lamination pressure decreases for all of the examined samples,
which is consistent with the theory. The highest impact of pres-
sure on compressibility can be observed for Ceram Tape GC. The
difference in compressibility between the HL2000 and DP951
structures is rather small. The Ceram Tape GC relative com-
pressibility is higher for a lower pressure in comparison to the
DP951 and HL2000 structures. This phenomenon is caused by
tape composition and tape thickness. The Ceram Tape GC most
likely contains a binder with a higher glass transition temper-
ature, and therefore the organic material is not plastic enough
for lower pressures. Hence, the compressibility is significantly
smaller for these samples. The compressibility of thicker tapes is
also higher according to the theory, which is caused by trapping
of more air bubbles in the tape during tape casting. This charac-
teristic can affect the compressibility of Ceram Tape GC tapes.
A higher compressibility for 13.5 MPa for the HL2000-based
structures was most likely caused by a measuring error, which
was approximately 5% of the measured value. The variability
coefficient of the relative compressibility did not depend on the
pressure for DP951 and Ceram Tape GC samples and did not
exceed 0.5%. The variability coefficient was expected to increase
if pressure decreased, but the change for DP951 and Ceram Tape
GC samples could be so small that it was not possible to measure.
The variability coefficient increased if the pressure decreased for
the HLL2000-based structures, which is consistent with the the-
ory. This exception is apparent for the lowest pressures used for
lamination of the HL2000 tapes. The variability coefficient in
this case was approximately equal to zero. This finding was a
coincidence due to the small number of samples that were tested
(12). Pressure has a greater effect on the variability coefficient
of the relative compressibility of HL2000 tapes in comparison
to the DP951 and Ceram Tape GC samples. However, even for
the HL2000 samples, compressibility does not exceed 1.5%. The
higher variability coefficient observed for the HL2000 structures
was most likely caused by a more complicated structure (zero-
shrinkage material) or by the higher porosity of the HL2000
samples in comparison to the others.

Tape shrinkage along the x and y axes and along the z axis are
presented in Fig. 7c and e, respectively. The shrinkage variability
coefficients along the x and y axes and along the z axis are shown
in Fig. 7d and f, respectively. The variability coefficient varies
for different pressures for each tape. However, no clear trend can
be observed. Lack of a clear trend is caused by the small value
of the coefficient below 1.6 and 1% for the z axis and the x and y
axes, respectively. Therefore, it can be inferred that the average
value of the measurements is quite stable for all the pressures,
and the deviation does not depend on the lamination pressure.
Hence, shrinkage can be predicted with very good accuracy. The
average shrinkage should depend on compressibility of the tape
and should therefore be affected by the lamination pressure.
If the compressibility is small, there is still a relatively large
amount of air bubbles trapped in the green, laminated stack.
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Fig. 7. Relative compressibility and shrinkage: (a) average relative compressibility, (b) variability coefficient of compressibility, (c) shrinkage along the z axis, (d)
variability coefficient of shrinkage along the z axis, (e) shrinkage along the x and y axes, and (f) variability coefficient of shrinkage along the x and y axes.

During firing, the glass melts and can fill the voids where the
air bubbles were previously. Hence, shrinkage can be higher in
comparison to structures laminated using higher pressures. Such
a tendency can be observed for shrinkage along the x and y axes
for CeraTape GC samples (Fig. 7c) and for shrinkages along the

z axis for HL2000 and Ceram Tape GC (Fig. 7e). These curves
are consistent with the theory described above. The shrinkages
along the x and y axes for HL2000 and shrinkages along all
of the axes for the DP951 structures does not depend on the
lamination pressure. The explanation for HL2000 is that this
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tape is a zero-shrinkage tape, and therefore, the shrinkage along
the x and y axes is almost zero. The stability of shrinkage for
DP951 is affected by a small relative compressibility. The glass
transition temperature of the DP951 binder is relatively low, and
hence, tape could be properly laminated at very low pressures.
As aresult, the compressibility was not affected by the pressure
and therefore, shrinkage was neither.

In the fourth part of the experiment, the influences of pres-
sure, membrane dimensions and LTCC material on the average
membrane displacement and displacement repeatability after
lamination and sintering were analyzed. The average deflection
was calculated based on measurements of 11 samples. The mem-
brane deflection after lamination (green state) vs. the membrane
square size and the standard deviation of membrane deflec-
tion after lamination (green state) vs. membrane square size
for various tapes laminated with and without inserts are pre-
sented in Fig. 8a and b, respectively. Proper lamination can be
achieved if both the temperature and pressure are high enough
to enable plastic flow of the bonded LTCC materials (above
the yield point of LTCC). Plastic flow of the material causes
deformation of the membranes and walls of the 3D structures
as is schematically presented in Fig. 2. The membrane and
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wall deformation increase if the bonding temperature or pres-
sure increases. Therefore, if the temperature and pressure are
decreased, collapse of the 3D structure can be diminished. How-
ever, deformation will be always present because of plastic
flow, which must occur during thermo-compressive lamination.
Therefore, the application of a rubber-like filler that fills the
open chamber during the lamination significantly reduces the
collapsing effect of 3D structures. As seen in Fig. 8a, the deflec-
tion of HL2000 membranes is slightly higher in comparison to
other two LTCC materials. However, it must be borne in mind
that the HL2000 membranes are slightly thinner, and therefore,
the deflection is higher. Moreover, the tendency of membrane
deflection is consistent with theory and is higher if the membrane
thickness is smaller. Hence, the lowest and highest deflections
were measured for Ceram Tape (membrane thickness approx-
imately equal to 290 pwm) and HL2000 (membrane thickness
approximately equal to 260 wm), respectively. The deflection
of membranes laminated using fillers was approximately the
same for all materials. Moreover, fillers significantly reduced
variations in the membranes thicknesses, which was caused by
the protecting properties of the filler during lamination. More-
over, neither influence of the membrane thickness nor LTCC
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Fig. 8. Membrane deflection: (a) deflection after lamination, (b) standard deviation of deflection lamination, (c) deflection after firing, and (d) standard deviation of

deflection after firing.
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material on deflection was observed in this case. However, as
seen in Fig. 8b, the LTCC composition significantly affected
the standard deviation of membranes. The lowest standard devi-
ation was found for the DP951 structures, and moreover, the
standard deviation for this tape is approximately the same for
structures laminated with and without fillers. The HL2000 mem-
branes are the thinnest, and therefore, the highest deviation was
observed for these samples. However, the thicker Ceram Tape
GC membranes exhibit a higher standard deviation of mem-
brane deflection in comparison to the DP951-based membranes,
which was most likely caused by the different material composi-
tion. Hence, the material composition might affect the standard
deviation of membrane deflection more than the tape thickness.

The structures after measurements were fired in thermal
cycles presented in Table 1. The membranes were inverted, and
membranes faced down during firing. Therefore, planarization
of membranes during firing was possible. A decrease in deflec-
tion is affected by the softening of glass during firing. If the glass
is soft, the force of gravity is sufficient to decrease the mem-
brane deflection slightly. Membrane deflection and the standard
deviation of membrane deflection after firing (LTCC in sintered
state) are presented in Fig. 8c and d, respectively. The signifi-
cance of firing is very apparent in both figures. The firing process
enables permanent bonding of tapes because of viscous flow of
the melted glass during firing. However, viscous flow of glass
also affects membrane deflection and the standard deviation of
deflection. During lamination of the tapes, some residual stresses
can be generated in a plastic material. During the relaxation
of stresses during firing, deformation of the membrane occurs.
This deformation significantly depends on the LTCC compo-
sition and residual stress. This phenomenon is clearly visible
in Fig. 8c. The deflection of the DP951-based membranes was
approximately the same for structures laminated with and with-
out rubber-like inserts. The standard deviation of deflection for
the DP951 structures laminated with inserts is just slightly lower
in comparison to the DP951 structures thermo-compressed with-
out a filler. Hence, the protective role of filler is not so apparent
after firing in this case. The deflection of membranes laminated
using fillers increased after firing, which was most likely due to
relaxation of residual stress during this process. The deforma-
tion of samples laminated without a filler decreased after firing
process. The deformation most likely decreased because of soft-
ening of the glass and flattening effect caused by gravity, which
was described above. The standard deviation decreased for sam-
ples laminated without a filler but increased for samples with a
filler. This difference is caused by the same phenomenon that
was described for fired membranes deflections.

4. Conclusions

A very low pressure, approximately equal to 0.5 MPa, can
be used to laminate green LTCC tapes. However, good bonding
quality is achieved after sintering.

Very thin tapes (even 40 wm) can be laminated using thermo-
compressive bonding with an insert rather than by solvent
lamination. However, the thinnest tapes are very soft, and there-
fore handling the tapes is very difficult, and the relative deflection

is the highest. Lamination with an insert is less complicated in
comparison to solvent bonding, and there is no need to look for
new solvents for different tape compositions.

The highest impact of pressure on compressibility can be
observed for Ceram Tape GC. The difference in compressibility
between the HL2000 and DP951 structures was rather small.
The Ceram Tape GC relative compressibility was higher for a
lower pressure in comparison to the DP951 and HL2000 struc-
tures. This phenomenon was caused by the tape composition
and tape thickness. The Ceram Tape GC most likely contained
a binder with a higher glass transition temperature, and there-
fore the organic material was not plastic enough for the lower
pressures. Hence, the compressibility was significantly smaller
for these samples. The compressibility of thicker tapes as also
higher, in accordance to theory, and was caused by trapping of
higher amount of air bubbles in the tape during tape casting.

During firing, the glass melts and can fill voids previously
occupied by air bubbles. Hence, shrinkage can be higher in com-
parison to structures laminated using higher pressures. Such a
tendency can be observed for shrinkage along the x and y axes
for CeraTape GC samples and for shrinkages along the z axis
in HL2000 and Ceram Tape GC. The shrinkages along the x
and y axes for HL2000 and shrinkages along all of the axes for
the DP951 structures did not depend on the lamination pressure.
The explanation for HL2000 is that this tape is a zero-shrinkage
tape, and therefore, the shrinkage along the x and y axes was
almost zero. The stability of shrinkage for DP951 was affected
by a small relative compressibility. The glass transition temper-
ature of the DP951 binder was relatively low, and hence, the
tape could be properly laminated at very low pressures. As a
result, the compressibility was not affected by the pressure and
therefore, shrinkage was neither.

The membrane and wall deformation increased if either the
lamination temperature or pressure increased. Therefore, if the
temperature and pressure were decreased, collapse of the 3D
structure could be mitigated. However, deformation will be
always present because of plastic flow, which must occur during
thermo-compressive lamination. Therefore, the application of a
rubber-like filler, which fills the open chamber during lamination
significantly reduces the collapsing effect of 3D structures.

The firing process enables permanent bonding of the tapes
because of viscous flow of the melted glass during firing. How-
ever, viscous flow of glass also affects membrane deflection and
the standard deviation of deflection. During lamination of the
tapes, some residual stresses can be generated in a plastic mate-
rial. During the stress relaxation during firing, deformation of
the membrane occurs. This deformation significantly depends
on the LTCC composition and residual stress.
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