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Abstract

This paper reports on the experimental determination of the uniaxial viscosity of two commercially available low-temperature cofired ceramic
(LTCC) powder compacts, Ceramtape GC (glass-ceramic) and Ferro A6M (glass), by loading dilatometry. Isothermal sintering of cylindrical
green compacts was carried out at temperatures ranging from 720 to 840◦C and under varying uniaxial compressive loads of 0–50 N
(corresponding to 0–0.5 MPa). Both instantaneous radial and axial strains were measured during sintering. These data were analyzed by using
constitutive laws for a porous sintering body and the uniaxial viscosity was calculated as a function of relative density. The activation energy
for viscosity was independent of relative density and showed an average value of 668± 76 kJ/mol for the Ceramtape material but was not
accessible for the Ferro material. The viscosity data were compared with several theoretical models.
© 2004 Elsevier Ltd. All rights reserved.
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1. Introduction

Low-temperature cofired ceramic (LTCC) was developed
as an advancement of thick film hybrid technology in the
1980s and has been significantly improved over the years.1,2

Consumer applications of microwave devices, particularly
high frequency and wireless communication devices, have
grown rapidly in the last few years. These applications re-
quire packaging materials with high performance, high vol-
ume manufacturing capabilities and low cost. LTCC offers
an ideal solution for these requirements.3 It provides high
reliability and the design flexibility to realize true 3D struc-
ture and to incorporate capacitive and resistive components
within the hermetic structure.

LTCC technology demands cofiring of LTCC substrates
and metal conductors or embedded electrical components.
Mismatched densification kinetics of different materials
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would result in undesired defects, such as delamination,
cracks, and warpage, in the final products.4–9 For exam-
ple, in the case of a double-layered structure (d � D) the
camber rate is expressed as follows:7–9
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p are the thickness,
viscous Poisson’s ratio and uniaxial viscosity of metal and
ceramic plates, respectively.�ε̇C,M quantifies the difference
in densification strain rate between the metal and ceramic
plates. Since the viscous Poisson’s ratio varies little with
density,10,11 the above equation indicates that the camber
rate mainly depends on the uniaxial viscosity and densifi-
cation strain rate differential. To predict the curvature de-
velopment, it is of importance to know how the uniaxial
viscosity and differential strain rate are affected by relative
density (or porosity) in a sintering body. The primary objec-
tive of the present study was thus to determine the uniaxial
viscosity of LTCC materials as a function of relative density
experimentally.
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Fig. 1. (a) Radial and (b) axial strains as a function of isothermal time for the CT powder compacts sinter-forged at 825◦C under various loads.

So far, extensive efforts have been carried out in order to
determine the viscosity of a sintering body, and several mod-
els have been presented.10,12–18 Experimental techniques
have also been used to determine the viscosity of a sinter-
ing body as a function of relative density, including load-
ing dilatometry15,16,19–25 and optical dilatometry.26 Among
these methods, sinter-forging types of experiment are con-
sidered as a common approach, where a uniaxial load is
applied on the cylindrical powder compact and, radial and
axial strains are measured simultaneously. The viscosity de-
termination depends strongly on the accurate measurement
of sintering strains which are converted to strain rates, hence
a sinter-forging facility with high resolution is required in
principle. A new loading dilatometer has been built up for
sinter-forging experiments in our group, which is described
in detail elsewhere.21,27 The system mainly consists of a pro-
grammable heating furnace, a screw-driven loading frame
and two high-resolution laser scanners for the simultaneous
measurement of radial and axial strains with a resolution of
∼2�m. The loading unit (Instron model 5565) has a fast
response so that an accurately controllable uniaxial force
(±0.1 N) can be loaded on the specimen.

In this paper, this newly-developed loading dilatometer
was utilized to measure the instantaneous radial and axial
strains during isothermal sintering under varying uniaxial
compressive loads for LTCC materials. The data were ana-
lyzed using constitutive laws and the uniaxial viscosity was

Fig. 2. (a) Radial and (b) axial strains as a function of isothermal time for the FA powder compacts sinter-forged at 760◦C under various loads.

computed as functions of relative density and temperature.
The experimentally determined uniaxial viscosity was also
compared to several theoretical predictions.

2. Experimental procedure

Two commercially available LTCC material tapes were
used in this study: Ceramtape GC (abbreviated as “CT”,
CeramTec AG, Plochingen, Germany) and Ferro A6M (ab-
breviated as “FA”, Ferro Corporation, Ohio, USA). The
CT material is a glass-ceramic, which consists of Al2O3
and anorthite glass (55–70 vol.%), with the Al2O3 particle
size of 1.0–1.5�m. The FA material is a crystallizable wal-
lostonite glass which mainly contains CaO, SiO2, and B2O3
and has a softening point of 700◦C. The LTCC powders
were obtained by firing the LTCC tapes at 400◦C for 2 h
with a heating rate of 5◦C/min. Cylindrical powder com-
pacts were then prepared by cold pressing under a uniaxial
stress of 50 MPa, followed by cold isostatic pressing under
700 MPa. The green products have a final dimension of
∼20 mm in height and∼11 mm in diameter, and the green
density is 65.4 ± 0.3% and 68.7 ± 0.8% of theoretical
density for the CT and FA samples, respectively.

Sinter-forging was performed in air. Samples were sep-
arated from the pushrods by alumina disks, which were
coated with boron nitride (BN) powder to reduce the friction
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Fig. 3. Relative density as a function of isothermal time for (a) CT and (b) FA powder compacts.

between the sample and the disks and thus to minimize the
barreling. Isothermal sintering was conducted at 775–840◦C
for CT and 700–740◦C for FA under simple uniaxial com-
pressive loads of 0–50 N (corresponding to 0–0.5 MPa
compressive stress), with a heating rate of 30◦C/min. The
temperature was monitored using a thermocouple that is
placed close to the specimen. The samples were held at
650◦C for 10 min to achieve thermal equilibrium. The
constant load was applied immediately as the desired tem-
perature was reached. As the experiments terminated, the
load was released and the electrical power was turned off,
allowing the sample to cool down in the furnace.

A FA specimens sintered at 760◦C under 5 N was an-
alyzed by X-ray diffraction (XRD; Philips PW1700), op-
erating at 40 kV and 40 mA and using Cu K� radiation
(λ = 1.5406 Å). Differential thermal analysis (DTA) was
performed in air on samples with a weight of approxi-
mately 65 mg, using Bähr DTA 701 (Bähr-Thermoanalyse
GmbH, D-32609 Hüllhorst, Germany). The heating rate was
5◦C/min.

3. Data analysis

Assuming that a porous sintering body is isotropic and
using the elastic-viscous analogy, Scherer13 proposed the

Fig. 4. (a) Radial and (b) axial strains as a function of isothermal time for the CT powder compacts sinter-forged at varying temperatures under 10 N.

following constitutive equations to describe the response of a
viscous porous body to external constraints during sintering:

ε̇r = ε̇f + E−1
p [σr − νp(σ� + σz)] (2a)

ε̇z = ε̇f + E−1
p [σz − νp(σr + σ�)] (2b)

whereσr, σ�, andσz are the radial, hoop and axial stresses;
ε̇f , strain rate of a free sample (i.e., no external stress is
applied);ε̇r andε̇z, radial and axial strain rates;Ep, uniaxial
viscosity andνp is the viscous Poisson’s ratio of the porous
sintering body.

ε̇z = ε̇f + 1

Ep
σz (3)

Further, the expression forEp can be deduced from the above
equation

Ep = σz

ε̇z − ε̇f
(4)

Eq. (4)then is the key equation we will utilize in our eval-
uations. We will computer the uniaxial viscosity using mea-
surements of the axial strain rate at a given uniaxial stress
and the free strain rate compared at the same density. The
radial strain is only required for the instantaneous computa-
tion of density. Therefore, complications, which may arise
from an initially anisotropic microstructure or a possible
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Fig. 5. (a) Radial and (b) axial strains as a function of isothermal time for the FA powder compacts sinter-forged at varying temperatures under 2.5 N.

evolution of an anisotropic microstructure as described by
Zuo et al.23 in alumina are circumvented.

The experiment gives data for the changes in the length
and diameter of the specimen with time. Since the spec-
imen undergoes large deformation, the measured data are
converted to true strain rather than engineering strain. If the
time-dependent length and diameter for the specimen are
given byL(t) and 2R(t), then the equations for axial and ra-
dial strains may be written as

εz = ln
L(t)

L(0)
(5a)

εr = ln
R(t)

R(0)
(5b)

The densification strain or volumetric straiṅρ/ρ = εv is
obtained fromεr andεz using following equation:28

εv = 2εr + εz (6)

The change of density during sintering is related toεv by
Eq. (7)

ρ = ρg exp(|εv|) (7)

whereρg is the initial relative density of the powder com-
pact measured at the onset of isothermal sintering by the
volumetric method.

The applied axial load,F, is kept constant during sintering.
Since the cross-sectional area of the specimen,A(= πR2),

Fig. 6. The axial strain rate as a function of relative density for (a) CT and (b) FA powder compacts.

changes with time, the axial stressσz is a function of time.
The time-dependent axial stress can be calculated from the
radial strain using the following equation:

σz = F

πR(0)2
exp(−2εr) (8)

4. Results and discussion

4.1. Sinter-forging curves

The instantaneous axial and radial displacements are mea-
sured during sintering, and then the corresponding radial
and axial strains are calculated fromEq. (5). It is observed
that the radial strain is less than 1.0% larger than the axial
strain during sintering without loads (i.e., free sintering), in-
dicating slight anisotropy in shrinkage which may be due to
the irregular morphology of the particle and the presence of
glassy phase. The anisotropic shrinkage becomes remark-
able with the application of compressive loads, but in this
case the axial strain is larger than the radial one.

4.1.1. Effect of load
Figs. 1 and 2present the curves for time-dependent ra-

dial and axial strains (ε–t curve) of the CT and FA powder
compacts sintered at 825 and 760◦C under different values
of axial loads, respectively. A load of 1 N represents an
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Fig. 7. The axial strain rate as a function of applied stress for (a) CT and (b) FA powder compacts.

initial stress of about 10 kPa, andt = 0 represents the onset
of isothermal sintering. As seen, the axial strain is always
negative and increases as the compressive stress increases
for both samples. The radial strain is negative at low stresses
but positive (more apparent for the FA sample) at large
stresses. Salamone et al.24 has addressed that it is due to
Poisson’s expansion in the radial dimension as a result of a
compressive axial stress. Venkatachari30 has explained that
deformation strain dominates when the applied compres-
sive stress is large enough, which leads to a positive value
of the radial strain. Moreover, the critical stress at which
the radial strain is positive is different for both materials,
which is probably dependent on the sintering stress. The
sintering stress of the FA material is lower than that of the
CT material (unpublished research29); therefore, the critical
stress is smaller for the FA material.

Fig. 3 shows the effect of the applied compressive stress
on the relative density of CT and FA powder compacts sin-
tered at 825 and 760◦C, respectively. Note that the applied
stress generally improves the densification for both materi-
als, notably for the CT sample. The driving force for den-
sification includes intrinsic sintering stress (Σ) and applied
uniaxial stress (σz), which can be presented in the equation
as follows:16,30

Fig. 8. The uniaxial viscosity as a function of relative density for (a) CT and (b) FA powder compacts.

ρ̇

ρ
= Σ + (1/3)|σz|

Kp
(9)

whereKp is bulk viscosity. The maximum hydrostatic sinter-
ing stress is approximately−0.25 MPa for CT samples and
approximately−0.11 MPa for FA samples29, respectively,
hence the applied stress is in the order of the sintering stress
in this work. This implies that the applied stress has a sig-
nificant effect on the densification rate.

4.1.2. Effect of temperature
The effect of temperature on axial and radial strains is

shown inFigs. 4 and 5for the CT and FA powder compacts,
respectively. Note that both the radial and axial strains in-
crease as the sintering temperature rises. At higher tempera-
tures, the radial strain reduces after a certain period of time,
indicating that the deformation strain dominates.

4.2. Axial strain rate

The axial strain rate is obtained by fitting smooth curves to
the data points of theεz–t curves, followed by differentiating
with respect to time. The results are shown inFig. 6 as a
function of relative density for samples sintered at 825 (CT)
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and 760◦C (FA) under various loads. Note that under each
load the axial strain rate drops rapidly in the early stages of
densification, and then declines gradually in the intermediate
and final stages.

Fig. 7provides the axial strain rate as a function of applied
stress for CT (825◦C) and FA (760◦C) samples in a wide
density range. The stress value is obtained fromEq. (8),
considering the change in the cross-sectional area of the
specimen during sintering. In the stress level of interest, a
linear relationship between the axial strain rate and stress is
evident over the entire density range.

4.3. Uniaxial viscosity Ep and activation energy Q�

The uniaxial viscosity,Ep, is obtained from the slope of
ε̇z −σz curves at a given density according toEq. (3). Fig. 8
displays the uniaxial viscosity as a function of relative den-
sity for both LTCC powder compacts, which are sintered
at different temperatures. The results clearly show that the
uniaxial viscosity varies in a non-linear fashion with rela-
tive density. At a given temperature,Ep increases slightly
with increasing density in the low-density region, and goes
up sharply in the high-density region. This behavior is also
seen in other materials.15,23 Low Ep values observed in the
low-density region are attributed to small necks between
particles and thus a small load-bearing area. As densifica-
tion proceeds, the inter-particle necking develops and the
load-bearing area increases so thatEp increases rapidly.

The activation energy for viscosity,Q�, can be determined
from the Arrhenius plots. Plotted inFig. 9are ln(Ep)−1/T

curves at densities ranging from 72 to 84% for the CT ma-
terial. As seen, these curves are linear and the straight lines
are nearly parallel to each other, suggesting that the activa-
tion energy of viscosity is nearly independent on density for
the CT sample. The averageQ� value is 668± 76 kJ/mol
over the entire density range. Based on the results ofFigs. 8
and 9, the uniaxial viscosity for the CT material can be rea-
sonably well represented byEq. (10)

Ep = f(ρ) eQ�/RT (10)

Fig. 10. (a) XRD pattern of the FA compact sinter-forged at 760◦C under 5 N, showing the crystalline phases of CaSiO3 and CaB2O4 and (b) DTA data
of the FA tape upon heating and cooling, indicating the onset of crystallization at 750◦C.

Fig. 9. Arrenhnuis plots (ln(Ep) ∼ 1/T ) of CT powder compacts.

For the FA material, the activation energy for viscosity
is not accessible. Chemical reactions among initial compo-
nents (i.e., CaO, B2O3, SiO2, and etc.) in the glass pow-
der occur at 760◦C, forming crystalline phases of mainly
CaSiO3 and CaB2O4 in the sintered material as seen in
Fig. 10a. The result of DTA data, as shown inFig. 10b, con-
firms the above finding. Four exothermic peaks are clearly
seen in the DTA curve, which are identified at 330, 410,
825, and 850◦C, respectively. The first two peaks are due
to the thermal decomposition of the binder system, and the
last two are attributed to the crystallization of glass. Besides
these four peaks there is a shoulder beginning at 750◦C,
indicating the onset of crystallization. This is in agreement
with the limited degree of crystallization at 760◦C as can
be observed inFig. 10a. At temperatures below 750◦C no
chemical reactions occur. Therefore, it can be expected that
the FA material is still in the glassy state when sintered be-
low 750◦C while begins to crystallize when sintered above
750◦C. Therefore, the activation energy for viscosity is dif-
ferent for these two temperature regimes and is more com-
plex in the high temperature regime (e.g., the amount of
crystalline phase changes during sintering). Hence, more ex-
perimental data of viscosity and phase content at higher tem-
peratures are needed to determine the activation energy for
viscosity.
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Fig. 11. Normalized uniaxial viscosityEp(ρ/ρt)/Ep(0.76) as a function
of relative density for CT and FA powder compacts. The experimental
data are compared with models by Scherer13, Raj16, and Jagota31.

4.4. Comparison of experimental results and models

As mentioned previously, a number of models have been
proposed to describe the viscosity-density relation. For com-
parison, the uniaxial viscosity is normalized by the value at
the onset of isothermal sintering (i.e., atρ/ρt = 0.76) in or-
der to eliminate the effect of initial particle size. Thus, the
normalized uniaxial viscosity is defined as

Ēp = Ep(ρ/ρt)

Ep(0.76)
(11)

Comparison of measured viscosities with several models is
plotted inFig. 11. The values of a in Raj’s model16 and pu
in Jagota’s model31 were fitted to the experimental results
at ρ/ρt = 0.88. Although Scherer developed his model for
sintering of viscous materials, which should be applicable
to our materials, the measured viscosity data failed to agree
with his prediction, typically in the high-density region. One
possible reason for this failure is that spherical pore mor-
phology is assumed and does not change during sintering in
Scherer’s model. In fact, both pore shape and concentration
change during sintering.19,30 Both Raj and Jagota’s models
provide a reasonable empirical fit to our data over the entire
density region.

5. Conclusions

Two types of LTCC powder compacts were sintered at
varying temperatures and under various uniaxial compres-
sive loads. Measurement of both the axial and radial strains
led to a description of time-dependent relative density and
strain rates. These data were analyzed based on the consti-
tutive models for a sintering body and, the obtained results
are summarized as follows:

(1) Sinter-forging types of experiment can be used to deter-
mine the constitutive parameter, uniaxial viscosityEp,
as a function of relative density.

(2) For both materials, the uniaxial viscosity changed
non-linearly with relative density, starting from a very
low value in the low-density region and increasing
rapidly after a threshold density.

(3) The viscosity data were compared with several theoreti-
cal predictions, and agreed well with models by Raj and
Jogata.

(4) The activation energy for viscosityQ� was computed
from the Arrhenius plots for the CT material.Q� was
found to be invariant with relative density at 668±
76 kJ/mol.
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