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Abstract: The casting slurry determines the quality of the
low-temperature co-fired ceramic (LTCC) green tapes. In
the present investigation, large amplitude oscillatory shear
(LAOS) is first exploited to characterize the rheological
properties of casting slurry. Three kinds of casting slurries
with different plasticizer contents were cast into green
tapes and studied. Furthermore, comprehensive perfor-
mance tests were carried out on the obtained green tapes,
which showed matching nonlinear rheological properties
with those of casting slurries, as obtained by LAOS tests. It
revealed that the addition of an appropriate amount of
plasticizer (plastic/binder = 0.5) can significantly improve
the structural uniformity of the slurry. The green tapes at
this content also had high tensile strength and excellent
yield elongation. This study combines the internal micro-
structure of the casting slurry and the external comprehen-
sive performance of green tapes according to LAOS tests.
The optimal plasticizer content can be quickly and accu-
rately obtained from the rheological theory.

Keywords: low-temperature co-fired ceramic, large ampli-
tude oscillating shear, rheology

1 Introduction

The casting slurry is the key to determining the low-tempera-
ture co-fired ceramic (LTCC) casting process. The internal
structure of fresh casting slurry with polymer additives is
different from that of common single-component polymer

fluids. Accompanied by the interaction of internal compo-
nents, it can lead to complex rheological behavior, especially
strain stiffening and shear thinning [1,2]. The rheology of
these non-aqueous systems is significant as it affects the
microstructure of the formed green tapes. Therefore, under-
standing rheological properties is the best way to study the
internal structure of the casting slurry, which is useful for
subsequent quality control, process design, and the develop-
ment of new formulations. At present, the influence of plas-
ticizer content on slurry in a polyvinyl butyral binder system
has been widely studied [3–5]. However, most of the studies
only focus on the evaluation of the product performance
with respect to the additive content. The optimal additive
ratio is obtained by reverse inference based on the final
results, without studying the internal structural of the slurry.
Xin et al. [6] and Li et al. [7] investigated the effects of butyl
benzyl phthalate and dibutyl phthalate (DBP) as plasticizers
of CaO–B2O3–SiO2-based LTCC casting slurry and green tapes,
respectively. The optimal ratio of plasticizer was determined
by examining the performance of LTCC products. Foghmoes
et al. [8] innovatively selected different plasticizers with low
toxicity as alternatives to DBP. While maintaining the che-
mical compatibility, the optimal type and the corresponding
additive ratio were qualitatively given based on evaluation of
the debonding, mechanical, and sintering properties of the
green tapes. Unfortunately, Foghmoes et al. in keeping with
previous studies did not acknowledge the effect of plasticizers
on the internal structure of casting slurry. Although previous
research studies were clear and straightforward, it is neces-
sary to study the internal structure changes of slurry for the
subsequent development of other slurry formulations.

The internal structure of the casting slurry is com-
posed of the solvent phase, polymer phase, and solid par-
ticle phase, which may lead to liquid–solid separation and
segregation phenomena by flow induction due to the multi-
phase. This complex rheological behavior also explains the
irrelevance between conclusions in different literature
reports [9]. Although the results of flow curves for casting
slurry have been reported in the literature, these charac-
teristics cannot be completely defined in the case of
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constantly changing materials [10]. The familiar visco-
elastic moduli G′ and G″ are rigorously defined only in
the linear viscoelastic regime, where the stress response
is a single harmonic sine wave. In the nonlinear state, the
definition of the viscoelastic modulus is not unique [11]. For
the casting slurry composed of complex components, a
single strain scan in the oscillatory test is insufficient to
comprehensively evaluate the internal structural changes
in the slurry.

The small amplitude oscillatory shear (SAOS) test is
widely used as a standard method to study the linear vis-
coelastic properties of complex fluids due to its straightfor-
ward theoretical background and ease of application [12].
However, many industrial processes cannot be adequately
described by steady shearing flow, or by linear viscoelastic
deformations constrained by the SAOS flow. This is because
most materials experience large and rapid deformations
during processing and application. For tape casting, the
slurry needs to be sheared at a high speed by doctor blade
before forming. The large amplitude oscillatory shear (LAOS)
test addresses the limitation that the casting slurry cannot
be adequately characterized in the non-linear region. The
LAOS method performance is based on the response of the
stress–strain curve. The response is used to describe the LAOS
results called Lissajous–Bowditch curves. By utilizing sym-
metric parameters to overlap the “elastic” and “viscous”
contributions of nonlinear stress responses, the geometric
interpretation of a single harmonic stress output is generated.
The stress–strain curve, referred to as the elastic Lissajous
curve, reflects the elastic properties of the material. At pre-
sent, the LAOS test has been widely used in the fields of
polymer solutions, food, hydrogels, and cement concrete
[13–16]. The LAOS test can help in the study of complex fluids
and provide information about the nonlinear evolution of the
fluid microstructure, which may not be available from con-
ventional rheological measurements [10]. But, so far, the
application of the LAOS test for casting slurry has not been
mentioned. A novel approach based on the LAOS method,
which integrates nonlinear rheological parameters with the
comprehensive performance of the green tapes, provides
valuable theoretical insights for the formulation of casting
slurry. Therefore, studies on the application of LAOS to
casting slurry are essential for both theoretical research
and practical engineering applications.

In the present investigation, the LAOS rheological pro-
cedure was attempted for the first time in the case of
casting slurry. The LAOS test was chosen to extend the
rheological property map from a purely phenomenological
study to the rheological description of microstructure experi-
ments. This article aimed to demonstrate that the internal
structure of casting slurry with different plasticizer contents

can be characterized using the LAOS strain oscillation test,
offering a novel strategy for optimizing casting slurry formu-
lations. This study highlighted the difference in rheological
properties of slurries with three different plasticizer contents
due to microstructural changes and provided the justification
for selecting the optimal ratio. The comprehensive perfor-
mance of products with the optimal ratio was further vali-
dated through practical production. This thesis provided an
idea for the structural characterization of other casting slur-
ries, such as high-temperature co-fired ceramics, multilayer
ceramic capacitors, LTCC, and other ceramics or glass slur-
ries. Meanwhile, we hope this method could reduce the
experimental time and cost in industrial manufacturing. It
also could, to some extent, provide support for further
research on the microstructure and kinetic analysis of slur-
ries under different testing environments.

2 Experimental

2.1 Materials

The casting slurries in this study were self-formulated, and
the solids consisted of glass powder and aluminum powder.
The glass powder used in the casting slurry was obtained by
self-melting, but the aluminum powder with D50 = 2.5 μm
was supplied by Nippon Light Metal Co., Ltd. Cao-B2O3-La2O3

(BAO) glass was prepared by melting 16.6 wt% CaCO3,
33.4 wt% H3BO3, 39.8 wt% La2O3, 6.9 wt% BPO4, 2.1 wt%
SiO2, and 1.2 wt% Na2CO3 at 1,450°C for approximately 1 h.
The obtained melt was quenched to flakes by water-cooled
counter roll rolling and then ball-milled. After drying and
sieving, glass powders with a D50 of 1.6 μm were obtained.
The remaining solvent additives were purchased from
Tianjin Zhiyuan Chemical Reagent Company, such as ethyl
acetate and butyl acetate. The binder acrylic resin was
obtained from Wuxi Shangyi Chemical Company. The plas-
ticizer dioctyl phthalate (DOP), as an organic ester com-
pound, had good compatibility with polymer chains, which
could improve the plasticity of the green tapes. However,
DOP is toxic to humans at a certain dose and so is gradually
replaced. The aim of this study was to provide a new sugges-
tion for the selection of other plasticizers.

The following steps were required for preparation of
the casting slurry. First, the Al2O3 powder was heated at
300°C for 4 h to remove the hydroxyl group and H2O.
Second, different contents of acrylic resin and DOP (18.3 wt%
acrylic resin and 5.5% DOP; 15.9 wt% acrylic resin and 7.9%
DOP; 14wt% acrylic resin and 9.8% DOP; i.e., plastic/binder =
0.3, 0.5, and 0.7 mass ratios, respectively) and 20.1 wt%
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binary solvent (ethyl acetate/butyl acetate = 1:1 mass ratio)
were ball-milled for 4 h using nylon balls. Balls of 45wt% Φ8
and 55 wt% Φ10 were selected for the milling media. Then,
25.8 wt% CBL glass powders were added and homoge-
neously mixed for 12 h. Next, heated 30.3 wt% Al2O3 powder
was added to this mixture, and the slurry was mixed for
another 12 h. After mixing, the slurry was filtered through a
200-mesh sieve to remove impurities and grinding media.
The obtained slurry was then subjected to vacuum
defoaming for 20min under a vacuum pressure of 0.5 Pa.
Then, the prepared slurry was turned into green tapes by
tape-casting. The casting parameters chosen were a 260 μm
blade gap, 0.6m/min casting rate, and 80°C heating. All for-
mulations of slurry were tape-cast in strict accordance with
this standard. The obtained green tapes were cut into 20 cm
× 20 cm × 135 μm sheets. The eight-layer green tapes were
laminated by hot pressing and then printed with silver paste
on its surface. All the obtained green tapes showed no
cracking and did not affect the next step of the process.
Finally, the treated green tapes were sintered at 850°C,
and the final LTCC substrates were obtained. The sintering
program is detailed in Section 3.8. The stay stages included
holding at 220°C for 30min, at 440°C for 60min, and at 850°C
for 20min. The schematic diagram of tape casting is given in
Figure 1.

2.2 Rheological testing methods

All rheological tests were carried out using a stress-con-
trolled MCR 302E rheometer (Anton Paar, Italy). The strain
input generated using the stress-controlled rheometer was
the same as that generated by a strain-controlled rheometer
[17]. In order to minimize wall slip and ensure reliable mea-
surements, a cross-scratched flat plate geometry with a ser-
ration gap of 1mm and a depth of 0.5 mmwas used. The flat

plate was 25mm diameter. The gap for all tests was set at
1 mm. In order to start with the same flow history, pre-shear
was applied. A shear rate of 5 s−1 was applied for 30 s to
remove any shear history during sampling preparation, fol-
lowed by a period of rest for 60 s to reach equilibration. The
temperature was kept constant at 20 ± 0.1°C using the Peltier
system. Due to the volatility of casting slurry, a solvent trap
was used to ensure that the slurry remained in a stable state
during the test. The components added in the solvent trap
were in the same ratio as the solvent in the slurry.

The LAOS program that comes with the device was
selected for the test, and the initial strain amplitude was set
from 0.1 to 1,000%. The stepwise loading method was used,
where the shear strain was incrementally increased in stages,
and each stage was maintained for a rest time of 60 s. The
pickup time for each data point in tests was at the discretion
of the instrument. The tests were carried out at a frequency of
0.5 Hz. This could prevent the evolution of the material
during the LAOS test when the frequency was too low, while
avoiding the inertial effect of instruments when the fre-
quencywas too high. At the same time, to ensure the accuracy
of the experimental data, the equipment was inertially cali-
brated and checked at the beginning of all the tests. Each test
was performed four times to check for the repeatability of the
tests.

2.3 Testing and characterization

A tape-casting machine (CAM-H355, KEKO, Slovenia) was
used for slurry casting, and the green tapes were sintered
in a furnace (SN364760, Nabertherm, Germany). An auto-
matic coating machine (P-250AVF, KEKO, Slovenia) was
used to print silver paste on the surface of green tapes.
The stability of the slurry was evaluated through settle-
ment tests, using a TURBISCAN Lab Expert stability

Figure 1: Schematic diagram of tape casting.
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analyzer based on multiple light scattering produced by a
French pharmaceutical company. The test temperature
was set to 20 ± 0.5°C. The testing period was 48 h, during
which sedimentation curves of the slurry were obtained by
performing scans from the bottom to the top every 2 h. The
rheological properties of the slurry were tested by means
of a stress-controlled rheometer (MCR 302E, Anton Paar,
Italy), and the test procedure is given in detail in Section
2.2. The tensile strengths were tested using a universal mate-
rial testing machine (MTS-Model E42, MTS, USA), and the
stress direction was parallel and perpendicular to the tape-
casting direction. The shape of the green tapes’ tensile sample
was a dumbbell, and the size was 90mm in length, 10mm
wide at both ends and 5mmwide in the middle, with a 5mm
chamfer. The standard GB/T 23805-2009 was used. A static
thermo-mechanical analyzer (402, NETZSCH, Germany) was
used to measure the shrinkage in the Z-axis direction after
lamination of the green tapes, and samples were tested in an
air atmosphere. The micromorphologies of the green tapes
and sintered samples were characterized by scanning elec-
tron microscopy (SEM, S-4800, Hitachi, Japan).

2.4 Material characterization solutions from
rheology to product performance

The non-linear material parameters given in the LAOS test
allowed for precise material characterization. Depending
on the point of interest, flow curves or inter-cyclic material
analysis described casting slurry on a macroscopic scale.
Shear-dependent structure analysis or intra-cyclic elasti-
city analysis methods provided more sophisticated mate-
rial information on a microscopic scale. A collection of

relevant rheological parameters defined the overall rheo-
logical behavior of the casting slurry during the LAOS test,
potentially providing a stronger correlation with the sub-
sequent product performance. This scheme qualitatively
characterized the changes in the internal structure of
casting slurry during the test and provided a basis for
predicting the comprehensive performance of the subse-
quent product. In Figure 2, the overall route from slurry
rheology testing to the comprehensive performance of
green tapes is demonstrated.

3 Results and discussion

3.1 Study on the stability of slurry

The casting slurry is essentially a concentrated suspension
system of inorganic particles dispersed in a polymer network.
Sedimentation is unavoidable in this complex system due to
the existence of high volume-content large particles [18,19].
The solid particles in slurry due to their own weight and
thermodynamic properties show a gradual tendency to reach
the lowest energy state over time, reflecting an obvious
layering phenomenon in the casting slurry [20]. In order to
ensure that the slurry remained in a stable state during all the
tests, the sedimentation characteristics of casting slurry within
48 h were studied using the light scattering method. The back-
scattering data of the slurry over time were obtained by scan-
ning the sample up and down using different wavelengths of
infrared waves in the detector head. In Figure 3(a), the back-
scattering curves of the casting slurry at different plasticizer
contents during 48 h of resting are presented. The curves for
all three slurries were basically constant at the same level and

Figure 2: Overall route from slurry rheology testing to the comprehensive performance of green tapes.
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had not significantly decreased over time, indicating that there
was no significant sedimentation of samples. To further quan-
titatively describe the sedimentation characteristics of casting
slurry, we calculated the stability kinetic index (TSI) for a
given time at the entire sample height using backscattering
data, which is expressed by the following equation:

( )

∣ ( ) ( )∣
( )∑=

∑ − −h h

H

Suspension stability TSI

scan scan
% ,

i

h i i 1
(1)

where ( )hscani and ( )− hscani 1 are the ith and ( −i 1)th scans
at a given height h, respectively, H is the height of the
sample from the bottom to the top, and i is the number
of scans from 1 to k (k = total time/scanning speed). The TSI
value intuitively expressed the sedimentation characteris-
tics of the suspension. The lower the TSI value, the better
the dispersion stability of the suspension [21]. Figure 3(b)
shows the TSI curves of the casting slurry at 48 h. It could
be clearly seen that the TSI values of all three slurries were
basically less than 2.0. This phenomenon could be cali-
brated as the stable state for the concentrated suspension
system [20,22], and the slurry in this state was usable for
tape-casting. There was no significant sedimentation in this
system, indicating that casting slurry had relatively high
dispersion stability during all the tests.

3.2 Rheological behavior law

The casting slurry is essentially a suspension of inorganic
particles uniformly dispersed in a polymer matrix. The most
critical rheological properties are shear-thinning behavior
and yield stress effects. Therefore, the rheological behavior
of casting slurry could be effectively described using the
Herschel–Bulkley model:

= +τ τ Kγ ,n
0

for shear thinning, yield pseudoplastic: >K 0,

> < <τ n0, 0 10 ; for shear thickening, yield dila-
tant: > > < < ∞K τ n0, 0, 10 .

This model captured the fundamental flow character-
istics of casting slurry, where the yield stress (τ0) repre-
sented the minimum stress required to initiate flow. The
shear-thinning behavior was characterized by the flow
consistency index (K ) and the flow behavior index (n).
Here, τ denotes the shear stress and γ represents the shear
rate. This equation provided a robust framework for ana-
lyzing the flow resistance and deformation of slurry under
different shear conditions, which could guide us in the
subsequent studies of slurry viscoelasticity.

Rotational shear tests were performed on the three
types of casting slurries. The temperature was kept con-
stant at 20 ± 0.1°C using the Peltier system. The shear rate
range, selected based on previous research articles on
casting slurries, was set between 0.1 and 200 s−¹ [19,23,24].
The shear rate was increased following a logarithmic pro-
gression. The Herschel–Bulkley model was employed to fit
the resulting shear rate–shear stress curves, and the results
are presented in Figure 4 and Table 1.

Figure 4(a) shows that the apparent viscosity of all
casting slurries decreased with increasing shear rate, exhi-
biting pronounced shear-thinning behavior. As the plasti-
cizer content increased, the apparent viscosity of the slurry
decreased progressively. This could be attributed to the
plasticizer partially acting as a small molecular solvent
that dissolved the macromolecular polymer binder [7]. As
shown in Figure 4(b), the Herschel–Bulkley model provides
a good fit to the curves, with linear correlation coefficients
(R2) exceeding 0.99, confirming it as the optimal model for
fitting the experimental data. With the increase of the plas-
ticizer content, the yield stress decreased gradually, making
the slurry more prone to flow. This was primarily due to the

Figure 3: (a) Backscattering curves and (b) TSI curves with different plasticizer contents during 48 h of resting.
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fact that the addition of plasticizer reduced the intermole-
cular interactions within the polymer network. But exces-
sive plasticizer might induce new structural changes in the
slurry, which required further investigation through subse-
quent LAOS tests for a more comprehensive understanding.

3.3 Strain sweep test

Figure 5(a) shows the curve of the stress response of the
casting slurry with the initial strain amplitude, gradually
changing from SAOS to the LAOS region. The inset signals
were taken during the loading and unloading of the slurry
(when the solvent trap had been removed). In the linear
region, both the output and input signals behaved as sinu-
soidal curves, and the output signals were characterized by
a constant phase lag over cycling. This indicated that the
material microstructure was not evolving over the cycles
within the linear region [25,26]. As the initial strain

amplitude increased, the output signal curve began to
deviate from the sinusoidal shape in the nonlinear region.
The internal structure of slurry was distorted and rear-
ranged. Distortion of the stress response curves aggravated
as the initial strain amplitude increased. At this time, the
higher order harmonics (high non-linearities) had a signif-
icant contribution to the stress response and the viscous
behavior began to dominate. This might indicate that the
microstructure was almost fully broken, and the origin of
non-linearity was mainly outside the flow [25].

Rheological behavior of casting slurries with different
plasticizer/binder ratios (P/B: 0.3, 0.5, and 0.7) was investi-
gated by oscillatory strain sweeps tests. The curves of
energy storage modulus ( ′G ) and loss modulus ( ″G ) as a
function of strain amplitude at 0.5 Hz are displayed in
Figure 5(b). The modulus showed some relatively flat curves
at low strain amplitude, corresponding to the linear region in
Figure 5(a). Then, both ′G and ″G exhibited an overshoot at
intermediate strain amplitude. It was contrary to the pre-
viously reported trend of slurry curves [27–30]. This was
mainly attributed to the extension of the polymer coils and
of the polymer backbones, resulting in an increase in the
volume occupied by the network [31]. In addition, the
intrinsic stiffness of the backbone segments ensured that
the composite structure resisted deformation to a certain
strain, leading to an increase in storage modulus [32].

Observing the trend of the given curves, the plastici-
zers significantly reduced the modulus of slurries and
extended the linear region. This might be attributed to
the fact that the material exhibited high viscosity
( ′ < ″G G ) for the three mixtures. In this state, the appro-
priate amount of plasticizer could improve the uniformity
of the slurry structure and enhance the resistance to

Figure 4: (a) Apparent viscosity (η)–shear rate (γ̇) curves and (b) shear stress (τ )–shear rate (γ̇) curves of the casting slurry with different contents of
plasticizers.

Table 1: Fitting parameters of the Herschel–Bulkley model for casting
slurry with different plasticizer contents

Herschel–Bulkley model

== ++τ τ Kγ
n

0

Yield
stress (τ0)

Flow
consistency
index (K )

Flow
behavior
index (n)

R
2

P/B = 0.3 10.052 Pa 1.5656 0.85476 0.99707
P/B = 0.5 10.574 Pa 1.0768 0.87865 0.99683
P/B = 0.7 7.7274 Pa 0.85407 0.90434 0.99547
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applied strain [33,34]. Plasticizers act as small molecular
agents that disrupt polymer entanglements and weaken
inter-molecular interactions, thereby reducing both the
elastic modulus ( ′G ) and the loss modulus ( ″G ) [35,36].
Furthermore, the linear region is usually determined by
the degree of destruction of the internal structure of the
material. Plasticizers extend the linear region by reducing
the density of entanglement and cohesion between mole-
cular chains, making the material less susceptible to micro-
structural damage under external conditions [37]. Even for
materials where the loss modulus predominates, the soft-
ening effect of plasticizers can still mitigate the stress con-
centration and delay the onset of non-linear behavior,
thereby extending the linear region to higher strain values.
The effect of plasticizers was related to the added content.
But the decrease in modulus was not linearly correlated
with the increase in content. The existence of this phenom-
enon proved that finding the optimal content of plastici-
zers was essential.

3.4 Evaluation of the elastic Lissajous curves
for the casting slurry

The mechanical transient characteristics during the LAOS
loading period were analyzed by using Lissajous curve
tracing. The original data were obtained from the steady-
state periodic stress response. Since the Lissajous curve of
the dissipative suspension system was not flat, a discrete
filter was used to smooth the data and further for Lissajous
curve analysis. The shape of the curve loop and the stress-
elastic component provided important insights for evaluating
the nonlinear response of material to applied deformation.
The results of LAOS tests were first qualitatively described by

Lissajous curves and then analyzed quantitatively using the
LAOS nonlinear rheological parameters.

More information about LAOS tests could be obtained
by plotting Lissajous curves with different strain amplitudes
in the same graph. The elastic Lissajous curves of the casting
slurry at 0.5 Hz with different plasticizer contents are given
in Figure 6(a). With the increase of initial strain amplitude,
the loop area of curves increased gradually. The curves
changed from the initial narrow ellipse to a wider elliptical
trajectory, indicating an enhancement in the nonlinearity of
the casting slurry and an increase in viscosity. This had been
confirmed in previous articles [38,39].

In order to more conveniently compare the loop
shapes of Lissajous curves under different strains, the
obtained curves were plotted normalized. The longitudinal
stress response and horizontal strain amplitude data were
scaled to obtain the maximum normalization result (σ/σmax

and γ/γ0), with feature scaling ensuring that the values
were between −1 and 1. For the convenience of observa-
tion, the Lissajous–Bowditch curves were grouped into
three sections based on the results of the strain sweep tests,
which were small strain (0.1–1%), moderate strain (2–60%),
and large strain (80–1,000%). The results are shown in
Figure 7. Figure 6(b) shows directly the variation of the
elastic Lissajous curve with the initial strain. Stress
response showed an increasing trend after removing the
initial narrow elliptical shape when P/B = 0.3. The transi-
tion region was not obvious during the tests as the strain
increased. This could also be confirmed by the strain sweep
tests in Figure 5(b). On the whole, the casting slurry was in
an unstable state, and the structure was more prone to
deformation when the plasticizer content was 0.3. This
fact could be inferred that the internal structure of slurry
was unstable, and the elastic behavior was more easily

Figure 5: (a) Curves of the stress response of casting slurry with strain amplitude. (b) Curves of modulus as a function of strain amplitude at 0.5 Hz.
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transformed into the viscous behavior of liquids [40,41].
This inference was shown in the normalized graph as the
uniform and dense distribution of stress response curves.
When the plasticizer content was P/B = 0.5, the Lissajous
curve had the more sustained small and narrow elliptical
trajectory in the linear region, showing the stronger relative
elastic dominance behavior. As the plasticizer content was
further increased to 0.7, it was obvious that the Lissajous
curve still had a wide trajectory even in the linear region.
The elastic behavior of casting slurry was weak, and the
liquid-like viscous behavior began to dominate. Meanwhile,
the curve showed a nearly rectangular shape under high
strain amplitudes, indicating that the structural network
had changed and kept in a more viscous dominant state
[10,25,42]. The fluidity of slurry was increased and the form-
ability was weakened, which was unfavorable in tape casting.

3.5 Geometrical interpretation – intra-cycle
and inter-cycle

Although the Lissajous curves roughly analyzed the degree
of elastic change and structural damage of casting slurry

during the shearing process, a feasible geometric decom-
position method was used to independently analyze the
changes in the slurry structure with an intra-cycle and
an inter-cycle. Cho et al. [43] proposed using symmetry
parameters to decompose the nonlinear stress response
into the superposition of elastic and viscous stresses,

( ) ( ) ( )= ′ + ″σ x y σ x σ y, . Here, ( )′σ x is the elastic stress
contribution and ( )″σ y is the viscous stress contribu-
tion, where x and y are the normalized strain and strain
rate, respectively, given by = =x γ γ ωt/ sin

0
and

= =y γ γ ωṫ / ̇ cos
0

. This decomposition was based on the
theory that the elastic stress ( )′σ x should exhibit odd sym-
metry with respect to x and even symmetry with respect to
y, while the viscous stress ( )″σ y should exhibit even sym-
metry with respect to x and odd symmetry with respect to
y [38]. Thus, the elastic stress was related to the Fourier
decomposition as follows:

( ) ( )
( )∑′ ≡

− −
= ′σ

σ γ γ σ γ γ
γ G ω γ nωt

, ̇ , ̇

2
, sin ,

n

n0

: odd

0
(2)

where n is the number of harmonics, ′Gn is the nth har-
monic storage modulus, γ

0
is the strain amplitude, ω is

the frequency, and t is the time. Ewoldt et al. [38] proposed
that using the first-type Chebyshev polynomial was

Figure 6: (I) Elastic Lissajous curves and (II) normalized elastic Lissajous curves with different plasticizer contents at 0.5 Hz.
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another possibility to describe the nonlinear elastic stress.
Therefore, equation (2) could be described using Cheby-
shev polynomials as:

( ) ( ) ( )( )∑′ = ′ − −σ x γ G T x1 .

n

n
n

n0

: odd

1 /2 (3)

According to the property of Chebyshev polynomials
( ) ( )− = −T x T xn n , where ( )′σ x is the odd function in which

n is the odd harmonic term. Polynomials were symmetric
around =x 0 and orthogonal over the finite field [−1, 1].
This meant that ( )′σ x could be obtained using the sym-
metry of the non-sinusoidal response wave-
form ( ) ( )=σ t σ x y, :

( ) ( )
( ) ( )

′ = =
+ −

σ x σ x
σ x y σ x y

¯

, ,

2
. (4)

The calculation of the average component in equation
(4) could be reflected on the image as the geometrically
averaged curve. The rotational properties of the elastic
Lissajous curve could also be reflected by the variation
of the ( )′σ x curve.

According to equation (4), we plotted the elastic stress
decomposition curves at different strains and further
obtained information about the evolution of ( )′σ x . Figure 8
shows the normalized and un-normalized ( )′σ x curves of the
elastic Lissajous curve. For the convenience of observation,
the ( )′σ x curves were grouped into three sections in Figure 9.
It could be obtained that the curve gradually distorted from
the initial straight line to the marginal upward/downward
curve as the initial strain increased. Compared with the Lis-
sajous curve, the ( )′σ x curve provided better visualization
analysis, allowing for observation of differences in the rota-
tional direction of stress response. For example, when the
strain amplitude reached 60%, the curve began to rotate
counterclockwise in the opposite direction. The reason for
this phenomenon was consistent with the overshoot of the
transition region in the strain sweep tests.

Ewoldt et al. [38] first defined the concepts of intra-
cycle and inter-cycle, providing the physical explanation
for the higher Fourier coefficients which were used to
describe nonlinear stress responses. The rheological

Figure 7: Elastic normalized Lissajous–Bowditch curves under different initial strain amplitudes.
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behavior of the material in a stress-strain cycle was called
intra-cyclic when the strain oscillated between the largest
and smallest amplitudes. Inter-cycle was the behavior of
changes between successive oscillations that occurred in
extended cycles with different maximum applied strains
[38,40,42]. In other words, the inter-cycle was the average
variation of each oscillation cycle, while the intra-cycle
described the internal path of the oscillation cycle. Thus,
the Lissajous and ( )′σ x curves provided a good presenta-
tion for the structural response of casting slurry subjected
to the applied shear.

In order to better show the effect of plasticizer on the
slurry structural response, Figure 10 plotted the stress–
strain curves with strain from 40 to 400% by the multiple
Y-axis method. When the strain amplitude was 40%, the
stress responses of all slurries showed the upward curved
trajectory of the Lissajous curves, indicating intra-cycle
strain-stiffening. As the strain amplitude was increased to
80%, the casting slurry with a plasticizer content of P/B =

0.5 showed a diametrically opposite trend. The stress
response indicated the concave downward nature of the
Lissajous curve, signifying intra-cycle strain-softening. The
buildup kinetics of the material was higher than the flow-
induced breakage kinetics in the highly non-linear regime,

leading to intra-cycle strain-stiffening and approximate
elastic behavior [25]. As shown in Figure 11, the slurry
structure under applied strain was significantly affected
by the plasticizer when P/B = 0.5 for the softened and uni-
formly distributed structure [44,45]. If the content of the
plasticizer continued to increase, the superfluous plasti-
cizer segments would aggregate with each other to cause
the flocculation phenomenon [6,7,46,47], resulting in a
slurry still showing near-elastic behavior. Although all
the complex fluids showed the same strong strain over-
shoot phenomenon in strain tests, the flow-induced micro-
structure evolution due to LAOS shear was different.

To make the understanding of the inter-cycle behavior
of slurry easier, in Figure 12, the Lissajous and ( )′σ x curves
are plotted at different strain amplitudes in the same pic-
ture to further get the evolution information of ( )′σ x with
imposed γ

0
. It could be seen that with increasing γ

0
, both

Lissajous and ( )′σ x curves rotated counterclockwise and
then clockwise, inducing that the elastic stress amplitude

′σ0 increased gradually. One could notice an inter-cycle
rotation of the curves toward the stress axis, causing
inter-cycle strain-stiffening [48]. The curve began to rotate
anti-clockwise as the strain amplitude increased. This
reflected the inter-cycle strain-softening within this zone

Figure 8: (I) Elastic ( )σ x′ curves and (II) normalized elastic ( )σ x′ curves with different plasticizer contents at 0.5 Hz.
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Figure 9: Elastic ( )σ x′ curves for different initial strain amplitudes.

Figure 10: Collection of curves with strain amplitudes increasing from 40 to 400%.

Effect of plasticizer content on the rheological behavior of LTCC  11



due to inter-cycle microstructure breakage [25]. This phenom-
enon followed the same trend as in the aforementioned strain
tests. The reason for inter-cycle strain-stiffening could be
attributed to the strong strain overshoot phenomenon that
occurred when the linear region transformed to the non-
linear region.

Based on the above conclusions, it could be deduced
that the coexistence of strain-softening between successive
oscillations and strain-stiffening within the oscillation
cycle was contradictory. The problem arose from the con-
jugation relationship between strain-stiffening in the local
oscillation period and nonlinear response in the

Figure 11: Responses of the internal structure to the applied strain at different plasticizer contents.

Figure 12: Lissajous and ( )σ x′ curves at different strain amplitudes ranging from 40 to 400%.
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continuous oscillation period [49]. In the same repetitive
cycles at each test point, the material stiffened intra-cycle
and exhibited inter-cycle strain-softening throughout the
LAOS tests. Therefore, there was a certain amount of varia-
bility within the strain sweep and local oscillation cycles
over the entire time scale of the test [40,50]. In addition, the
intra-cycle and inter-cycle definitions were based on dif-
ferent nonlinear parameters. Both were defined by the
modulus of elasticity ′G and the large strain shear modulus

′GL, respectively, which made the conflicting experimental
conclusions between them reasonable [44]. It also
explained the fact that the flowability of casting slurry
enhanced with higher plasticizer content and applied
strain, while the internal structure remained in intra-cycle
strain-stiffening. The optimal plasticizer content with P/B =

0.5 for the slurry could be obtained from multiple perspec-
tives. This conclusion was also confirmed in the following
description of nonlinear parameters.

3.6 Analysis of LAOS nonlinear elastic
parameters

It was not rigorous to obtain the changes in the slurry
structure just by observing the trajectory of the Lissajous
and ( )′σ x curves. Therefore, the nonlinear parameters ′GL

and ′GM were introduced to further quantitatively describe
the internal structural of casting slurry. The minimum
strain modulus ′GM and the large strain modulus ′GL were
first proposed by Ewoldt et al. [38], which described the
local elastic effects at minimum and large strains, respec-
tively. It was used to accurately describe the rich

nonlinearity of the raw data signal at a large amplitude.
The parameters were defined as:

∑′ ≡ = ′
=
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σ
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nG

d

d
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where n is the number of harmonics; ′Gn is the nth har-
monic energy storage modulus. The parameters were
reflected in the Lissajous curve as the tangent slope at

=γ 0, ′GM and the cut slope at =γ γ
0
, ′GL. In addition, a

new nonlinear parameter strain-stiffening ratio S was pro-
posed to quantify intra-cycle nonlinearities which distort
the linear viscoelastic ellipse, defined as the relative differ-
ence in intra-cycle elasticity under large strain ( ′GL) and
minimum strain ( ′GM). The formula was as follows:

≡
′ − ′

′S
G G

G
.

L M

L

(7)

Obviously, when =S 0, ′GL and ′GM were the same and
converged to the linear elastic modulus ′G ( ′ = ′ = ′G G GL M ),
indicating that the material was in a linear state at this
time. When >S 0, the material produced intra-cycle
strain-stiffening, and the fluid exhibited resistance to
deformation, with a higher stress response at large strain
than at zero strain. Conversely, <S 0 indicated intra-cycle
strain-softening.

The calculated nonlinear elastic parameters ( ′GM and
′GL) and strain-stiffening ratio S are shown in Figure 13(a)

and (b), respectively. It could be seen that the ′GM and ′GL of
all slurries in the linear region were essentially the same,
which were equivalent to the first-order harmonic storage

Figure 13: (a) Large and minimum strain modulus (G ′M and G ′L) and (b) strain-stiffening ratio S as a function of strain amplitudes at 0.5 Hz.
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modulus ( ′G ), as presented in Figure 13(a). Similarly, the ′GM

and ′GL curves showed the trend of decrease and then
increase in the transition region, which better comple-
mented the explanation for the phenomenon in Figure 12.
Figure 13(b) clearly shows the strain-softening behavior
( <S 0) of the casting slurry in the transition region when
the plasticizer content was P/B = 0.5. The reason for this was
the strong intermolecular interactions within the structural
network of the casting slurry dominated at a low plasticizer
content (P/B = 0.3), resulting in strain-stiffening behavior. In
this case, the limited amount of plasticizer did not comple-
tely eliminate the intermolecular forces between chain seg-
ments. As a result, a rigid network structure was formed,
which was able to resist deformation when subjected to
external strain. At a higher plasticizer content (P/B = 0.7),
excess plasticizer molecules might aggregate and form
micro-regions due to limited compatibility with the binder
matrix. This aggregation could cause flocculation-like beha-
vior, which disrupted the uniformity of the polymer net-
work [6,7,51–53]. The aggregated plasticizer chains caused
the network to stiffen due to the formation of a more rigid
microstructure. This behavior had been observed in other
polymeric and soft material systems, where high concentra-
tions of additives, such as plasticizers, could lead to micro-
phase separation and structural heterogeneity [54]. The
binder behaved similarly to hard segments, resulting in a
near-elastic response under larger deformations, which led
to strain-stiffening.

As the applied strain reached the LAOS region
( >γ 400%

0
), the value of S showed an opposite trend

( >S 0). The reason could be attributed to a negative slope
appearing in the elastic Lissajous curves at an instanta-
neous strain value =γ 0. This did not represent that the
slurry was in the strain-stiffening behavior at this point. A
negative modulus ′GM indicated that the material unloaded
elastic stress faster than the accumulation of new deforma-
tion [38]. This can be explained as the behavior of stress
overshoot, and the phenomenon was the proof that the
microstructure of casting slurry could breakdown rever-
sibly and reform on the time scale of oscillation [55]. The
plasticizer at this content produced a significant effect. The
presence of the lowest values of ′GM and ′GL in the whole test
of slurry at this content also confirmed the conclusion.

3.7 Mechanism of plasticizers in slurry

Mastering the mechanism of plasticizer in casting slurry
could better understand the variation of LAOS curves
throughout the entire test. Figure 14 shows the effect of
DOP as the plasticizer on the casting slurry. Due to the

presence of both polar and non-polar structures in DOP
molecules, its mechanism could be divided into two parts:
(a) conjugation effect: the benzene ring in DOP contained six
non-hybridized P orbitals, forming large π bonds which
conjugated with carboxyl groups. This effect destroyed the
polar connections and weakened the intermolecular force
by reducing the number of connection points. The polymer
structure was flexible. (b) Isolation and masking: the non-
polar structure of DOP not only masked the polar connec-
tion points but also increased the intermolecular distance.
The purpose of weakening the intermolecular force and
softening the structure was achieved. Obviously, the addi-
tion of plasticizers was bound to soften the structure of
slurry. This research focused on analyzing and determining
the degree of structural softening. Combining with the con-
clusions of the previous sections, the slurry at the plasticizer
content of P/B = 0.5 showed excellent performance in LAOS
tests, which best met the needs of tape casting.

3.8 Comprehensive performance evaluation
of green tapes

The ultimate goal of adding plasticizers to the casting
slurry was to make the fabricated green tapes that had

Figure 14: Effect of DOP as the plasticizer on the casting slurry. (a)
Interaction: Conjugation effect, and (b) non-polar parts: Isolation and
masking.
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better flexibility and high strength. This ensured the com-
pletion of subsequent LTCC production processes such as
punching, lamination, and screen-printing. Only theore-
tical studies could not determine the optimum amount of
plasticizer, and the comprehensive performance of the
green tapes was needed as reference.

Figure 15(a)–(d) shows the maximum tensile strength,
elongation at break, tensile modulus, and yield elongation
of green tapes with different plasticizer contents both par-
allel and perpendicular to the casting direction. Comparing
the maximum tensile strength in different directions with
the same content of plasticizer, the stress in the parallel
direction was slightly higher than that in the vertical direc-
tion. This could be attributed to the mechanical properties
of green tapes, which were anisotropic [1]. The polymers
were likely oriented preferentially by the shear imposed
between the substrate and the blade during the casting
[56]. It was obvious that the tensile strength and flexibility
of green tapes showed an opposite trend with the increase

of plasticizer content. The two properties reached equili-
brium at P/B = 0.5. At this point, the green tapes had a high
tensile strength of 4.39107 MPa with an excellent yield elon-
gation of 13.36527%. The tensile tests were in accord with
the Lissajous and ( )′σ x curves obtained from the LAOS
tests. In other words, inferring the optimal content of plas-
ticizer and obtaining the structural changes from the Lis-
sajous curves and the nonlinear parameters in LAOS tests
were feasible. This idea also provided a new strategy for
the selection of other additives in future.

The sintering shrinkage determined the quality of the
co-firing matching between the green tapes and the con-
ductor pastes. The sintering shrinkage and morphological
changes of green tapes in the Z-axis direction with dif-
ferent plasticizer contents are given in Figure 16. Different
samples showed sinter densification at the same tempera-
ture, indicating that all samples had the same sintering
activity, and powders in green tapes were distributed uni-
formly [57]. At the same time, L Ld / 0 did not change

Figure 15: Comparison of tensile properties of green tapes with different plasticizer contents parallel and perpendicular to the casting direction.
Maximum tensile strength and elongation at break of green tapes (a) parallel and (b) perpendicular to the casting direction. Tensile modulus and yield
elongation of green tapes (c) parallel and (d) perpendicular to the casting direction.
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significantly with the increase of plasticizer, which sug-
gested that the plasticizers did not have an excessive effect
on the sintering shrinkage. This proved that the plasticizer
content of P/B = 0.5 guaranteed the smoothness of the sub-
sequent production process.

The SEM images of the surface microstructure of green
tapes and the cross-sections of sintered substrates with
different plasticizer contents are shown in Figure 17. The
plasticizer content significantly affected the surface micro-
structure of green tapes. When the plasticizer content was
insufficient, the surface exhibited undesirable microstruc-
tural features. During the drying process, the internal net-
work structure of the slurry was overly rigid and the
polymer matrix was relatively less fluid, making it more
prone to surface defects such as cracks, voids, and uneven
particle distribution. As the plasticizer content increased,

the surface quality of green tapes improved. However,
excessive plasticizer could lead to some issues such as
phase separation, increased surface roughness, and
uneven particle distribution, thereby affecting the unifor-
mity of the microstructure. More importantly, an excessive
amount of plasticizer could result in uneven solvent eva-
poration during the drying process, directly affecting the
sinter densification and the propagation of defects during
sintering. This was further confirmed by the cross-sec-
tional SEM images of the sintered substrates.

As shown in Figure 17(b), the presence of pore defects
during sintering could be attributed to the unique proper-
ties of the glass-ceramic material system employed. Speci-
fically, during the sintering of glass powders, melt flow
occurred as the glass reached its softening point. This phe-
nomenon could lead to the entrapment of gas, resulting in

Figure 16: (a) Morphological changes and (b) sintering shrinkage of green tapes in the Z-axis direction.

Figure 17: SEM images of (I) surface microstructure of green tapes and (II) cross-sections of sintered substrates at different plasticizer contents.
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the formation of pores [58,59]. It is worth noting that this
issue is a common challenge in LTCC glass–ceramic sys-
tems due to the intrinsic properties of the CBL glass and
its interaction with the ceramic phase during the sintering
process. Similar findings have been reported in other stu-
dies, showing the difficulty in completely eliminating pores
in such systems [19,24,60–62]. Further optimization of the

sintering protocol or surface modification of the powders
may help mitigate these defects.

In order to confirm the co-firing matching with the
conductor silver paste, the green tapes with the plasticizer
content of P/B = 0.5 were cut, punched, laminated, screen-
printed, and co-fired. Figure 18 shows the surface mor-
phology and elemental distribution of the printed lines

Figure 18: Co-fired matching of silver paste and green tapes with the plasticizer content of P/B = 0.5. (a) SEM and (b) 3D SEM images and EDS
elemental (c) line scan and (d) mapping scan for the co-fired substrate.
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after co-firing. The green tapes perfectly co-fired matching
with the silver paste without peeling or silver diffusion,
confirmed by the compatibility between the substrate
and the silver film in Figure 18(b). The results of elemental
mapping shown in Figure 18(d) further indicated that there
was almost no permeation of Ag into the substrate, which
ensured the quality of the substrate and conductivity of the
circuit.

4 Conclusions

In this study, the LAOS protocol of casting slurry with
different additives was explored for the first time. The
scheme enabled the characterization of all rheological
properties of complex fluids in a single test. The main
purpose of this study was to demonstrate that the internal
structure of casting slurry with the plasticizer content
could be inferred from rheological test results. It could
also be confirmed by product performances.

The deviation from the sine shape in the output stress
signal indicated the beginning of transition from linear to
non-linear, which was also an indication of the beginning
of microstructural decay in the casting slurry. At the plas-
ticizer content of P/B = 0.5, the casting slurry had a longer
LVE region. This can be attributed to the fact that the
optimal plasticizer content improved the uniformity of
polymer long chains, which was a clear sign of more flex-
ible and stable structure. Additionally, the elastic Lissajous
curves from the LAOS tests indicated that the slurry with
this content exhibited a more sustained narrow elliptical
trajectory within the linear zone. The internal network
structure of the slurry was more stable under the domi-
nance of elastic behavior. In the transition region, intra-
cycle strain-softening indicated a uniformly distributed
polymer network, consistent with the intended effect of
the added additives. The nonlinear parameters were quan-
titatively determined using the LAOS theory, providing
data to supplement the qualitative analysis of Lissajous
curves. Furthermore, in order to confirm the conclusions
obtained from the LAOS tests, this study combined the
rheological data with the product properties to test the
tensile mechanical properties of green tapes. As a result,
the tensile strength and flexibility of green tapes were
balanced at the content P/B = 0.5, with a high tensile
strength of 4.39107 MPa and an excellent yield elongation
of 13.36527%. Then, the good co-firing matching character-
istics with conductor silver paste also ensured its wide
application foundation. To summarize, the results of this
study could to a certain extent help qualitatively select the
content of additives from theory, saving the experimental

time and reducing the production costs. On this basis, it
also provided a new strategy for the development of other
casting slurries in the future.
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Appendix A: Supplementary LAOS
tests at longer rest times

In the supplementary experiments, we employed the 3ITT
test in oscillation mode to observe the recovery process of
the casting slurry over an extended period. This allowed us
to calculate the structural recovery ratio of the slurry after
pre-shearing. The details of the 3ITT test and the corre-
sponding results are illustrated in Figure A1. “The struc-
tural recovery ratio at a given time” and “the time required
to achieve a specific recovery ratio” are presented in the
supplementary table (Table A1).

We selected the casting slurry with P/B = 0.5 for the
supplementary experiments. The temperature was kept
constant at 20 ± 0.1°C using the Peltier system. During the
initial measurement section and the final recovery section,
a small strain amplitude of 0.2% was applied to ensure that
the slurry remained within the linear viscoelastic region. In
between, a rotational shear test of 5 s−1 applied for 30 s was
used to simulate the pre-shear condition. As shown in Figure
A1, after rotational shear, the viscosity of the casting slurry
gradually recovered over time, indicating an increasing struc-
tural recovery ratio. The structure recovery ratio of the slurry
reached 50% after 15.113 s. Within the given 60 s, the struc-
tural recovery ratio reached 55.976%. With further time
extension, the recovery ratio of the slurry increased to
65.024% at 240 s and to 69.446% at 440 s. These results sug-
gested that the structural recovery capacity of the slurry

diminished over time. Therefore, in order to further investi-
gate the effect of rest time on the LAOS tests, we conducted
supplementary experiments using the same casting slurry
with P/B = 0.5. The results are shown in Figure A2.

By comparing the elastic Lissajous curves for two dif-
ferent rest times, it was clear that the results of experiments
conducted with 60 s rest timewere in trendwith the results of
experiments with a longer rest time. This indicated that the
rest time of the slurry did not significantly affect the qualita-
tive analysis results of the LAOS tests. However, the 60 s rest
time might result in slightly lower complex viscosity com-
pared to the true equilibrium state, potentially affecting the
accuracy of quantitative analysis in LAOS tests. On the other
hand, this study focused on comparing the effects of different
plasticizer contents on the performance of casting slurry.
Therefore, it was essential to ensure that all tests were con-
ducted under consistent experimental conditions.

In summary, although the rest time of 60 s did not
allow for full recovery to equilibrium, supplementary
experiments conducted over longer rest times demon-
strated that the original testing protocol had no significant
effect on the conclusions of this study. Considering the
volatile nature of the casting slurry (even with the use of
a solvent trap), the choice of 60 s as the rest time remained
a reasonable experimental choice without compromising
the reliability of the results. But, in future studies, we will
give priority to longer rest times to enhance the accuracy
of experimental data and the rigor of our conclusions.

Table A1: Structural recovery ratio at a given time and the time required to achieve a specific recovery ratio of the 3ITT test

Given recovery
ratio (25%)

Given recovery
ratio (50%)

Given recovery
time (60 s)

Given recovery
time (240 s)

Given recovery
time (440 s)

P/B = 0.5 — 15.113 s 55.976% 65.024% 69.446%

Figure A1: (a) The details and (b) corresponding results of the 3ITT test for casting slurry with P/B = 0.5.
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Figure A2: Supplementary experiments of (a) the elastic Lissajous curves and (b) the normalized elastic Lissajous curves of the same casting slurry
with P/B = 0.5.
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