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This study investigates the rheological behavior and microstructural characteristics of
Pb(Zr,T1)O, (PZT) fibers fabricated via extrusion. Using commercial soft PZT powder,
polymeric additives, and an organic solvent, paste formulations were optimized through a
Taguchi experimental design. The optimal composition, 5 wt.% PVB, 0.5 wt.% DBF, 0.8
wt.% SA, and 70 wt.% solid loading, achieved a viscosity of 15548 mPa's, enabling stable
extrusion. Increasing the DBF content to 2.5 wt.%, further enhanced flowability, reducing
the required force and yielding a microstructure with significantly reduced surface
porosity—from approximately 25% to 5.5%. After sintering at 1250 °C for 2 hours, the
fibers exhibited a crack-free, homogeneous microstructure with uniformly distributed
grains, as confirmed by SEM and EDAX analyses.

These findings demonstrate that precise control of paste formulation and processing
parameters enables the production of high-quality PZT fibers suitable for piezoelectric
applications, highlighting the industrial potential of the proposed method.

© Shiraz University, Shiraz, Iran, 2025

1. Introduction

ceramics are particularly valued for their ability to

Ceramic materials possess a unique combination of
mechanical strength, chemical stability, and functional
properties, making them indispensable in modern
technologies across electronics, energy, biomedical, and

aerospace sectors [1, 2]. Among these, piezoelectric
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convert mechanical energy into electrical signals and
vice versa. Lead zirconate titanate (Pb(Zr,T1)O,, PZT)
remains one of the most widely used piezoelectric
materials due to its high piezoelectric coefficient,

thermal stability, and versatility in device integration [3-5].
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Recent advances have highlighted the potential of
PZT fibers as a promising form factor for miniaturized
and flexible piezoelectric devices. Compared to bulk
ceramics, PZT fibers offer a higher surface-to-volume
ratio, enhanced mechanical responsiveness, and
compatibility with non-planar geometries, features that
are critical for applications in wearable sensors,
biomedical implants, and energy harvesting systems [6-
9].

Various fabrication techniques have been explored
for producing PZT fibers, including sol-gel processing,
melt spinning, additive manufacturing, and extrusion.
While sol-gel methods provide compositional precision,
they are often limited by scalability and cost. Melt
spinning enables mass production but suffers from
microstructural inconsistencies [10, 11]. Among these,
extrusion stands out as a cost-effective and scalable
method capable of producing long, flexible fibers with
controlled geometry. However, achieving optimal
microstructure and piezoelectric performance via
extrusion requires precise control over paste formulation
and processing parameters [12, 13]. Despite extensive
research, several challenges remain unaddressed. Prior
studies have focused on individual parameters such as
binder type or extrusion pressure, often lacking a
systematic approach to paste optimization. Moreover,
issues such as microstructural defects, poor
homogeneity, and limited reproducibility continue to
hinder the performance of extruded PZT fibers [14-18].
In our previous work, PZT fibers were successfully
fabricated via extrusion using a conventional solvent
system comprising PVA, glycerol, and deionized water.
While that study demonstrated the feasibility of fiber
formation and achieved promising microstructural
results, it lacked a systematic approach to paste
optimization and rheological control. Building on that
foundation, the present research employs a Taguchi
experimental design to investigate the influence of
polymeric additives and solid loading on the rheological
behavior of PZT pastes. This approach enables the
formulation of an optimized paste for extrusion, aiming
to produce crack-free, homogeneous fibers with

enhanced structural integrity and suitability for

piezoelectric applications [19].

Commercially available PZT powder was used as the
solid load, and polymeric additives, namely polyvinyl
butyral (PVB), dibutyl phthalate (DBF), and stearic acid
(SA), were incorporated during the attrition milling
process. A Taguchi L9 orthogonal array was employed
to systematically evaluate the effects of additive
concentrations and solid loading on the rheological
properties of the paste. The optimized pastes were
processed via extrusion, and the influence of each
parameter on viscosity and flowability was analyzed.
Subsequently, PZT fibers were fabricated and sintered
under controlled thermal conditions. Unlike previous
studies that lacked systematic formulation strategies or
resulted in microstructural defects, this work
demonstrates a reproducible method for producing
crack-free, homogeneous PZT fibers with tailored
rheological properties. The novelty of this research lies
in the integration of statistical design with extrusion-
based fabrication to achieve structurally robust fibers

suitable for piezoelectric applications.

2. Materials and Methods

In this study, piezoelectric fibers were fabricated using
commercially available lead zirconate titanate powder
(PZT-5A) as the functional ceramic phase. Polyvinyl
butyral (PVB) was employed as a binder to enhance the
green body strength, while dibutyl phthalate (DBF)
served as a plasticizer to improve flexibility during
shaping. Stearic acid (SA) was added as a dispersing
agent to promote homogeneous particle distribution, and
ethanol was used as the solvent to facilitate slurry
preparation. This formulation builds upon previous
studies that demonstrated the effectiveness of similar
compositions in achieving uniform and defect-free
ceramic fibers [19-21]. The detailed specifications of the
raw materials are presented in Table 1.

The Taguchi method was employed to optimize the
extrusion-based fabrication of PZT fibers. By selecting
an appropriate orthogonal array (OA) based on the
number of variables and their respective levels,
researchers can efficiently conduct experiments and

identify optimal process conditions.
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Table 1. Specifications of the raw materials used in this
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Table 2. The factors and their levels studied in the PZT

research paste of this research
Material themlcal Pl:,nty Company/Country Processing variables
sl (%) Solid in
- ~ Levels PVB DBF SA
PZT Commercial >99 Chi paste
PZT-5A 1na (Wt.%) wWt.%)  (wt.%) (WE%)
DBF Cefl 1.2 =99 Sigma-Aldrich Level 1 5 0.5 0.8 70
[COx(CH2);CHs]»
PVB (CsH140,), >99 Sigma-Aldrich Level 2 7.5 1 1.25 75
SA Ci5H360, >99 Merck Level 3 10 1.5 1.66 80

The results are analyzed statistically, and signal-to-
noise (S/N) ratio graphs are utilized to determine the
most favorable parameter settings, as well as to assess
the influence of each individual factor on the response
variable [22]. Specifically, an L9 OA was used to
systematically vary four key parameters in the paste
formulation: the concentrations of dibutyl phthalate
(DBF), stearic acid (SA), polyvinyl butyral (PVB), and
solid content. Each factor was assigned three levels, as
detailed in Table 2. While a full factorial design would
require 81 experimental runs, the Taguchi approach
reduced this number to just 9, significantly minimizing
resource consumption while maintaining statistical
robustness. The use of Taguchi design in ceramic
processing has been shown to significantly reduce
experimental workload while maximizing insight into
factor interactions and process optimization [23]. The
specific quantities of each component used in the nine
formulations are presented in Table 3, which served as
the basis for paste preparation. This structured approach
enabled efficient evaluation of the influence of each
variable on the rheological behavior, extrusion quality,
and final microstructure of the PZT fibers.

It should be noted that this study relies solely on the
Taguchi experimental design method rather than
theoretical or computational modeling. While it
effectively analyzes the impact of additive
concentrations on rheological behavior with minimal
experiments, its predictive power is limited to the tested
conditions. Due to assumptions of linearity and minimal
interaction effects, the method may not be suitable for
highly nonlinear or complex systems. Therefore, the
results should be interpreted within the boundaries of the
specific experimental setup and material system.

The paste was prepared by mixing PZT-5A powder

with the designated additives in an attrition mill.

Table 3. The data of PZT paste including the variables and
the number of experiments that were conducted based on
the L9 orthogonal array of Taguchi method

Sample PV‘F DB.,F S‘% S[(;ngt;n

(wt.%) (wt.%) (wt.%) (Wt.%)
1 5 0.5 0.8 70
2 5 1 1.25 75
3 7.5 1.5 0.8 75
4 10 1 0.8 80
5 5 1.5 1.66 80
6 10 0.5 1.66 75
7 10 1.5 1.25 70
8 7.5 1.66 1 70
9 7.5 0.5 1.25 80

Specifically, PZT powder and additives were placed
in polymer containers with ethanol, the amount
calculated according to the desired solid loading (wt.%).
The mixture was subjected to attrition milling at 250 rpm
for 2 hours. During milling, the process was paused
twice to scrape paste from the container walls using a
spatula, ensuring uniform dispersion and preventing
material buildup. This procedure yielded a homogeneous
paste suitable for extrusion. To stabilize the rheological
behavior, the paste was aged for 24 hours before
viscosity measurement. Rheological characterization
was performed using an Anton Paar rotational rheometer
(Austria).

After paste preparation, fiber formation was
performed via extrusion using a uniaxial pressing
machine, a method widely employed in ceramic fiber
fabrication for its scalability and geometric control [23,
24]. The extruded samples were dried at ambient
conditions and subsequently sintered at 1250 °C, based
on prior optimization studies that identified this
temperature as suitable for achieving dense, crack-free
PZT microstructures [19].

Following paste preparation, fiber formation was
carried out via extrusion using a uniaxial pressing
machine, a method widely employed in ceramic fiber

fabrication due to its scalability and geometric control
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[23, 24]. Uniaxial pressing also enhances the texturing
and piezoelectric response of ceramic microfibers [25].
The extrusion was performed using a steel die with a 300
pm outlet diameter. Pressure was applied gradually
through a piston under a manual press. Given the die size
and paste consistency, the flow rate was approximately
0.5—1 mm/s, ensuring smooth shaping without structural
defects. The extruded fibers were dried at 100 °C for 12
hours, followed by binder burnout and sintering at
1250 °C for 2 hours. Bulk density was measured using
the Archimedes method, calculated from the weight
difference according to Archimedes’ principle. The
particle size distribution of the initial powder was
analyzed using field emission scanning electron
microscope (FE-SEM, TESCAN, Czech Rep.).
Micrographs processed with Image] software.
Microstructural analysis was conducted with a VEGA3
TESCAN SEM, and elemental mapping was performed
via energy-dispersive X-ray spectroscopy (EDAX) using
an Oxford Instruments system. These techniques
enabled detailed evaluation of grain morphology,
porosity, and phase distribution, which are critical for
assessing the quality and functionality of sintered PZT
fibers. Surface porosity of the fiber samples was
evaluated based on SEM image analysis. High-
resolution SEM micrographs of raw and sintered fibers
were analyzed in ImageJ. Images were converted to
binary format, and thresholding distinguished pore
regions from solid areas. Porosity was calculated as the
percentage of black (pore) pixels relative to the total
image area, providing a comparative estimate of surface

porosities.

3. Results and Discussion

Fig. 1 shows the Taguchi analysis used for process
optimization based on the constituent components.
According to the figure, the highest mean signal-to-noise
(S/N) ratios for PVB were observed at 5 wt.% and 10
wt.%. For DBF, the optimal value was found to be 0.5
wt.%, while for stearic acid, it was 0.8 wt.%. The optimal
solid content was 70 wt.% and 80 wt.%. In the Taguchi
method, the signal-to-noise (S/N) ratio measures system

response variability caused by noise factors or external

disturbances. The optimal region included combinations
with 5-10 wt.% PVB, 0.5-1 wt.% DBF, 0.8 wt.% SA,
and 70-80 wt.% solid loading. Because multiple S/N
maxima occurred at different levels for certain factors, a
single optimal value could not be assigned to each
parameter. Sample 1 (5§ wt.% PVB, 0.5 wt.% DBF, 0.8
wt.% SA, 70 wt.% solids) was chosen as the optimal
formulation because it matched the S/N-optimal levels
for all four factors, providing the most consistent and
balanced rheological performance.

Variations in the S/N ratio directly affect process
parameter optimization. A higher S/N ratio indicates
greater robustness against noise, leading to reduced
variability in the system's response. This improvement
reflects enhanced process stability and reliability. Thus,
a higher S/N ratio indicated lower sensitivity to external

factors and better performance, a key objective of the
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Fig. 1. Taguchi analysis of process parameter optimization
based on constituent components; (a) main effects plots for
means, and (b) the Box-Cox plot.
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Taguchi method, which minimizes variability and
improves final product quality [26, 27]. The Box-Cox
plot is a statistical tool used to improve data normality
and reduce variance heterogeneity. In this plot, the
horizontal axis represents the lambda (A) parameter,
while the vertical axis displays the log-likelihood value
or another optimization criterion, such as the signal-to-
noise (S/N) ratio. The primary objective of the Box-Cox
plot is to identify the optimal A value that yields the most
effective data transformation. The plot peak corresponds
to the optimal A value, indicating the transformation that
should be applied to improve normality or stabilize
variance.

A sharper and more pronounced peak suggests a
stronger and more reliable transformation, reinforcing
the effectiveness of the chosen A in optimizing the
dataset [28, 29]. Analysis of Fig. 1 reveals an optimal
lambda (A) value of -0.5, indicating that an inverse
transformation is the most suitable approach for this
dataset. Furthermore, based on the Taguchi experimental
design, it can be concluded that samples 1-6 were

processed under optimal conditions.

3.1. Investigation of additive interactions on paste
viscosity

To systematically evaluate the combined effects of
additive concentrations on rheological behavior, Fig. 2
presents a binary analysis of additive interactions on
paste viscosity. As shown in Fig. 2(a), when PVB
content is held constant, formulations containing 0.8
wt.% stearic acid (SA) exhibit maximum viscosity
values. Conversely, at fixed SA concentrations, the
highest viscosity is observed in samples with 5 wt.%
polyvinyl butyral (PVB). The observed viscosity
increases with reduced PVB and SA concentrations can
be attributed to their dual roles as plasticizers and
lubricants in ceramic processing. PVB serves as both a
polymeric binder and a plasticizer, enhancing particle
cohesion through polymer bridging, improving paste
flow characteristics via network formation, and reducing
interparticle friction through lubrication effects. The
viscosity modulation mechanism therefore operates

through polymer network formation that maintains

S. Abedini Nia et al.

particle dispersion, flow enhancement by lowering
internal friction between PZT particle dispersion, and
prevention of particle agglomeration. When PVB
concentrations decrease below optimal levels, the
polymer network becomes insufficient to maintain
particle separation, and the resulting paste exhibits
significantly higher viscosity. This analysis underscores
the critical balance between binder content and
lubrication effects required to achieve optimal paste
rheology for ceramic processing applications [30].

Stearic acid also functions as a lubricant in PZT
manufacturing, reducing interparticle friction by
forming a protective coating on powder surfaces. This
action enhances the flowability of the ceramic paste,
facilitating smoother processing. However, when SA
content decreases, friction between particles intensifies,
promoting aggregation and stiffening of the paste.
Consequently, diminished flowability and increased
resistance to deformation lead to higher viscosity [31].
From a colloidal stability perspective, stearic acid
adsorbs onto PZT particle surfaces via its polar head
group, forming a steric barrier that prevents close
particle approach. This mechanism aligns with DLVO
theory, where steric and electrostatic repulsion
counteract van der Waals attraction, thereby enhancing
dispersion and reducing agglomeration [32]. A
simultaneous reduction in both PVB and SA amplifies
their individual effects, leading to a significant increase
in paste viscosity.

As illustrated in Fig. 2(b), reducing the amount of
DBEF leads to an increase in viscosity. This reduction
significantly influences the rheological behavior of the
PZT ceramic paste. DBF, a liquid plasticizer, functions
as a softener and lubricant, mitigating interparticle
friction through surface adsorption and enhancing paste
flowability. By reducing internal resistance, DBF lowers
viscosity, facilitating easier shaping and extrusion [33].

Fig. 2(c) confirms that solid content governs paste
viscosity by modulating the balance between particulate
solids and the liquid phase. Elevated solid loading
increases viscosity through three key effects: (1) reduced
interparticle distance, which strengthens van der Waals

and electrostatic forces, enhancing particle aggregation
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Fig. 2. Diagrams of binary effects of process parameters obtained from DOE software: (a) PVB versus SA, (b) DBF versus SA, (c)
Solid content in paste versus SA, (d) Solid content versus PVB, (e) Solid content versus DBF, and (f) PVB versus DBF.

and flow resistance; (2) decreased liquid-phase
availability which limits particle lubrication and
increases friction; and (3) potential network formation at
high concentrations, where particles interconnect to
restrict deformation and amplify viscous response [34].
The increase in viscosity follows a nonlinear relationship
with solid loading, which can quantitatively be described
by modified Krieger-Dougherty or Mooney equations
for concentrated suspensions [35, 36].

Fig. 2(d), demonstrates the simultaneous effect of
solid load and PVB concentrations in the paste. The
results show that solid fraction and binder content do not

act independently, but cooperatively or competitively

determine viscosity through mechanisms of particle
packing, friction, and lubrication. The non-monotonic
trend (70% — 75% dip — 80% peak) reveals a packing
efficiency window at 75% solids, while the inverse
relationship between binder and viscosity at 70% solids
highlights that additional binder is not always beneficial.
This analysis provides critical insights into the
rheological behavior of ceramic pastes, emphasizing the
interplay between formulation parameters and flow
characteristics. It further suggests a roadmap for
formulating: (1) target 75% solids for the best
extrudability, (2) use moderate-to-high binder (7.5-10%
PVB) at 75% solids, (3) Avoid 10% PVB at 70% solids,
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10

it backfires, and (4) 80% solids is likely too ambitious
without advanced processing aids.

Another set of interactions is illustrated in Fig. 2(e),
combining solid load fraction with DBF content. Solid
fraction and plasticizer concentration interact to govern
viscosity through particle packing efficiency and
interparticle friction [37]. The non-monotonic solid
fraction trend is universal, while DBF’s effect is
straightforward: higher content consistently reduces
viscosity by acting as a lubricant. Unlike PVB, DBF
does not exhibit an over-lubrication penalty at low
solids, making it a robust tool for viscosity reduction.
The optimal formulation for extrudability combines the
packing efficiency of 75% solids with the maximum
lubrication effect of 1.5% DBF.

The last graph shows the variations of viscosity with
PVB and DBF weight percentages (Fig. 2(f)). The data
reveal that the viscosity of PZT pastes is strongly
influenced by the synergistic interaction between PVB
(binder) and DBF (plasticizer), with a non-monotonic
relationship for both additives. The lowest viscosity
occurs at 7.5 wt.% PVB and 1.5 wt.% DBF, where PVB
provides sufficient binding without excessive
thickening, and DBF optimally lubricates particle
surfaces. At 5 wt.% PVB, viscosity is high due to
insufficient binder, while at 10 wt.% PVB, viscosity
increases again because of polymer entanglements.
Similarly, 1.5 wt.% DBF consistently reduces viscosity
more effectively than lower concentrations (0.5-1
wt.%), which fail to fully lubricate the system. The
results indicate that 7.5 wt.% PVB combined with + 1.5
wt.% DBEF is the optimal formulation for balancing low
viscosity and structural integrity, while higher PVB or
lower DBF concentrations result in suboptimal
rheological behavior [38]. This wunderscores the
importance of precise additive ratios to achieve
processable pastes with minimal defects.

These findings are in agreement with previous
studies. Wu et al. [31] reported that stearic acid reduces
interparticle friction and improves flowability in PLZT
ceramics via surface modification. Similarly, Nie et al.
[33] demonstrated that DBF significantly lowers

viscosity and facilitates shaping in ceramic pastes

S. Abedini Nia et al.

designed for additive manufacturing. These comparisons
confirm that the rheological behavior observed in the
present formulations is consistent with established

mechanisms reported in the literature.

3.2.  Rheological considerations in PZT fiber
processing

To determine the optimal additive composition for
subsequent processing, the influence of varying additive
concentrations on paste rheological behavior was
systematically evaluated. Fig. 3 presents the viscosity
profiles as a function of shear rate, while Fig. 4 provides
a comparative analysis of average viscosity values
across different formulations. The rheological
characterization revealed distinct viscosity trends among
the samples: sample 1 exhibited the highest viscosity
(15548 mPa-s), sample 4 demonstrated the second
highest viscosity (14937 mPa-s), sample 3 showed
intermediate viscosity values, and the remaining samples
displayed significantly lower viscosities ranging
between 2300-4100 mPa-s.

The formulation yielding maximum viscosity
(Sample 1) was characterized by 5 wt.% polyvinyl
butyral (PVB), 0.5 wt.% dibutyl phthalate (DBF), 0.8
wt.% stearic acid (SA), and 70 wt.% solid loading. This
optimized  composition  demonstrates  superior
rheological properties suitable for subsequent processing
requirements.

Viscosity represents a critical parameter in both the
fabrication and functional performance of piezoelectric
ceramics such as lead zirconate titanate (PZT). During
PZT manufacturing, elevated viscosity imparts
enhanced flow resistance to the material system, which
proves particularly advantageous in forming operations.
This increased resistance to deformation enables
superior shape retention during extrusion processes,
facilitating the production of components with precise
dimensional control and structural integrity [39, 40].

The variations in shear stress as a function of shear
strain for different PZT pastes in this study are
demonstrated in Fig. 5. The fluctuations in shear stress
values in samples 4 and 6, accompanied by lower viscosity

values at elevated shear rates, confirm the shear thining
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Fig. 5. The variations in shear stress versus shear strain in
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behavior. Other samples showed approximately similar
trends, while the non-linear increase in shear stress

values of pastes 1 and 3 indicates a different rheological

behavior.

The non-linear increase in shear stress versus shear
rate in some pastes can be interpreted through the
behavior of agglomerates and their structural changes
under shear. The mechanism of breakage involves the
stretching of agglomerate structures rather than
compression, which contributes to the non-linear
correlation observed in stress-time curves [41]. The
rheological behavior of ceramic suspensions during
extrusion significantly impacts the quality of the
produced parts. Understanding these behaviors is crucial
for optimizing the extrusion process ensuring high-
quality ceramic products. By analyzing the data from
Figs. 1-4, sample 1, also predicted by the Taguchi
method, was selected as the optimal paste, with the
following formulation: 5 wt.% PVB, 0.5 wt.% DBF, 0.8
wt.% SA, and 70 wt.% solid loading. This optimized
composition  demonstrates

superior  rheological

properties  suitable for subsequent processing
requirements.

Previous studies on ceramic paste extrusion have
primarily focused on empirical shaping outcomes, often
without providing quantitative rheological analysis or
predictive modeling of viscosity behavior. To address
this gap, the Krieger—Dougherty equation was employed
to model the viscosity of ceramic suspensions as a
function of particle volume fraction [42], which relates
relative viscosity (7,) to the particle volume fraction (¢)

as follows:

= @1)—"”’"1] (1)
m

Where ¢,, is the maximum packing fraction and 7 is
the intrinsic viscosity. The observed peak in viscosity at
0.8 wt.% stearic acid corresponds to a state where
interparticle repulsion is maximized, -effectively
increasing the hydrodynamic volume and approaching
¢m. Beyond this concentration, excess SA may lead to
particle surface saturation or phase separation, reducing
effective volume fraction and thus lowering viscosity.
This trend aligns well with the theoretical prediction of
the Krieger-Dougherty model.

Although the Krieger-Dougherty equation was
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introduced to conceptually describe the influence of
solid loading on paste viscosity, its quantitative
application was not pursued due to the multifactorial
nature of the experimental design. The Taguchi L9 array
involved simultaneous variation of four parameters,
including polymer and plasticizer content, which
significantly influenced the rheological behavior. As a
result, the viscosity trends did not follow a monotonic
pattern with respect to solid volume fraction, and the
model was used solely as a qualitative framework.

The observed peak in viscosity at 0.8 wt.% stearic
acid corresponds to a state of maximized interparticle
repulsion, effectively increasing the hydrodynamic
volume and approaching the maximum packing fraction
(¢n). Beyond this concentration, excess SA may lead to
particle surface saturation or phase separation, reducing
effective volume fraction and thereby lowering
viscosity. This behavior aligns well with the theoretical
prediction of the Krieger—Dougherty model. Integrating
rheological modeling with experimental extrusion data
provides a predictive framework for optimizing ceramic
paste formulation—an approach not previously reported
in the context of PZT fiber fabrication.

Although most prior studies on PZT fiber extrusion
do not report explicit viscosity values, successful fiber
formation and defect-free sintering suggest that low-to-
moderate viscosity ranges are preferable [13, 16, 18, 43].
Based on reported performance and comparable ceramic
paste studies, an inferred optimal range of 10-30 Pa‘s
appears reasonable [18]. In our study, the optimized
viscosity of ~15 Pa-s falls within this range and is
supported by the successful fabrication of uniform,
crack-free PZT fibers.

3.3. Microstructural evaluations

The morphology and particle size distribution of the PZT
powder were analyzed using scanning electron
microscopy (SEM) and Image] software. SEM
micrographs (Fig. 6) revealed that the particles exhibited
a predominantly irregular shape with slight
agglomeration. Quantitative analysis of particle size
distribution was performed on the SEM images using

ImageJ, indicating an average particle size of
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approximately 400 nm, with a distribution range from
100 to 750 nm. These characteristics are critical for
ensuring uniform dispersion and effective interaction
within the paste.

Following the selection of paste 1 as the optimal
formulation and its subsequent extrusion, the
microstructure of the PZT sample was examined using
scanning electron microscopy. Fig. 7 presents SEM
micrographs at different magnifications, revealing the
key morphological features. The microstructure of
extruded PZT is strongly process-dependent, being
influenced by extrusion parameters, drying conditions,
and post-forming treatments such as sintering. As shown
in the SEM images, the sample exhibits a dense
microstructure with minimal porosity, indicative of
effective processing. Porosity, observed as dispersed
cavities of varying sizes, can significantly affect both the

mechanical integrity and piezoelectric performance of

SEM MAG: 25.0 kx Det: inBeam [ 1

WD: 5.05 mm BI: 7.00 2pm

Count (%)

050 075 1.00
Length (um)
Fig. 6. (a) SEM micrographs of PZT powder, and (b) the
corresponding grain size distribution obtained using Image]
analysis.

0.00
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the material. The micrographs also display polygonal
PZT grains with a size distribution characteristic of
ceramic extrusion. Importantly, no evidence of
microcracks, fractures, or other structural defects was
detected. The observed porosity is mainly attributed to
air entrapment during extrusion, with additional
contributions from volatilization of processing aids
during thermal treatments.

Initial elemental analysis of the sample surface
confirmed the presence of oxygen, carbon, lead,
titanium, and zirconium, consistent with the PZT
composition and the residual organic additives. To
further evaluate the spatial distribution of these
elements, Fig. 8 presents the elemental mapping of the
fiber extruded from the optimize paste (sample 1). The
mapping reveals that oxygen (O), zirconium (Zr), lead
(Pb), and titanium (Ti) exhibit are uniformly distributed
across the microstructure. In contrast, carbon (C)
appears concentrated around pore regions, suggesting its
origin from residual organic compounds or processing
aids. Fig. 9 presents the SEM analysis of the extruded
fiber fabricated from paste 1 with increased DBF
content, revealing a notable reduction in porosity and a
significant enhancement in microstructural
homogeneity. The elevated DBF concentration
suppresses viscosity by promoting polymer chain
mobility and

interparticle  lubrication,

thereby

facilitating smoother extrusion. This rheological
optimization adjustment reduces die-wall friction,
lowers extrusion pressures, and alleviates internal shear
stresses, critical factors in minimizing defect formation
such as microcracks or warpage. This resulting
microstructural uniformity translates directly into
improved mechanical properties (e.g., fracture
toughness) and a more consistent electromechanical
response by mitigating property gradients and stress
concentrations [44]. Nevertheless, excessive DBF
content may introduce drawbacks, as residual organics
from incomplete burnout during sintering can increase
porosity and reduce final density, potentially impairing

Hence, DBF

concentration must be carefully optimized to balance

piezoelectric  performance  [45].

between enhanced flowability during extrusion and the
structural as well as functional integrity of the sintered
fibers.

EDS analysis of the sample surface after treatment
with 2.5 wt.% DBF (Fig. 9(c)) revealed that the
microstructure primarily composed of lead and oxygen,
trace amounts of titanium and zirconium also detected.
To further clarify these results, Fig. 9(d) presents the
elemental distribution maps. The mapping confirms that
Ti, Zr, Pb, and O are uniformly distributed across the

surface.

39.34 2920
33.08 3741
1.50 0557
4.22 0.84
21.86 1.91

Fig. 7. SEM micrographs of the surface of the raw fiber extruded from the optimized paste at two magnifications: (a) low and (b)
high, along with (c) EDS analysis of the sample surface.
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Fig. 8. Elemental analysis of the fiber extruded from paste 1.

Fig. 10 (a-b) presents a comparative SEM images of

green and sintered PZT fibers. A noticeable reduction in

S. Abedini Nia et al.

fiber diameter is observed after sintering at 1250 °C,
resulting from densification and shrinkage. This
dimensional change is typical of ceramic sintering and
confirms that the selected temperature produces
structurally stable, crack-free fibers with improved
packing density.

The SEM micrograph in Fig. 10(c) reveals
the optimized microstructure of PZT fibers sintered
at 1250 °C for 2 hours, highlighting the critical influence
of paste viscosity control on final ceramic properties.
The microstructure consists of well-defined, cuboid
grains with anarrow size distribution, indicating
controlled grain growth. Clean grain boundaries and the
absence of secondary phases or microcracks confirm the
effectiveness of the binder-plasticizer system in
preventing defects. EDS analysis (Fig. 10(d)) confirmed
the presence of titanium, zirconium, and lead oxides
within the microstructure.

Surface porosity of the raw and sintered fibers was

quantitatively evaluated using SEM micrographs analyzed

Sopm

Fig. 9. (a, b) SEM micrographs, (c) EDS spectrum and (d) Elemental mapping of the fiber surface extruded from the optimal paste
(sample 1) with increased DBF content (2.5 wt.%).
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Point C wt.%

0]
Ti
Zr
Sh
Ph

Fig. 10. SEM images of (a) the raw fiber’s surface and (b) the surface of the fiber sintered at 1250 °C for 2 h, (c) the corresponding
fracture surface, (d) the EDS analysis of the sample surface in (b).

via ImageJ, as shown in Fig. 11. The raw fibers (Fig.
11(a)) exhibited
approximately 25%, indicating a loosely packed

relatively  high porosity of

structure. In contrast, the sintered fibers (Fig. 11(b))
displayed significantly reduced porosity of about 5.5%,
reflecting  the  densification during sintering.
Archimedes-based density measurements revealed that
the bulk density of the raw fibers was 4.72 g/cm?, (62%
of the theoretical density). After sintering, the density
increased to 7.19 g/cm?, reaching 94.4% of the
theoretical density. This substantial densification, along

with the reduction in surface porosity from 25% to 5.5%,

confirms the improved structural compactness and
mechanical integrity of the final PZT product.

For further analysis, Fig. 12 presents the elemental
distribution on the surface of the sintered sample.
Titanium (Ti), zirconium (Zr), oxygen (O), lead (Pb),
and antimony (Sb) are uniformly distributed throughout
the microstructure. This homogeneous
distribution confirms the successful formation of the
perovskite PZT phase and indicates that the solid-state
reaction during sintering was complete, without
compositional segregation that could compromise

degrade piezoelectric performance.

Fig. 11. SEM micrographs of (a) raw fiber and (b) sintered fiber (1250 °C, 2 h), along with the corresponding binary images
processed using ImagelJ for surface porosity analysis. The estimated porosity is ~25% for the raw fiber and ~5.5% for the sintered
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Fig. 12. mapping of the PZT fiber surface after sintering at
1250 °C for 2 hours.

4. Conclusions
This  study

investigated the fabrication and
characterization of PZT fibers using an extrusion-based
method. PZT pastes were systematically prepared with
varying amounts of PVB, DBF, and SA additives,
guided by a Taguchi experimental design. The
formulation containing 5 wt.% PVB, 0.5 wt.% DBF, 0.8
wt.% SA, and 70 wt.% solid loading exhibited the most
favorable rheological behavior, with a final viscosity of
15548 mPa-s, consistent with predictions from the
Taguchi S/N analysis.

Subsequent adjustment of DBF content to 2.5 wt.%
reduced the extrusion force required resulting in fibers
with a more homogeneous microstructure and markedly
lower porosity. The optimized paste was sintered at
1250 °C for 2 hours, yielding dense, uniform PZT fibers
with well-developed grain structures. Surface porosity
decreased from approximately 25% in the green fibers to
~5.5% after sintering, confirming effective densification
and enhanced structural integrity.

Compared to previous studies that primarily focused
on synthesis routes or post-processing properties, this

work introduces a systematic, multiple additives

S. Abedini Nia et al.

formulation strategy coupled with rheological modeling.
The integration of Taguchi design enabled precise
optimization of paste composition, ensuring defect-free
extrusion and dense, uniform sintered fibers. This
methodology provides a framework for controlling
viscosity and microstructure, representing a significant
advancement in the extrusion processing of ceramic
fibers.
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