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ARTICLE INFO ABSTRACT

Piezoelectric ceramics are extensively used in several engineering applications in the field of sensors, actuators,

Keywords: energy harvesting, biomedical, and many more. Traditional ways of manufacturing piezoelectric devices result in
Additive manufacturing better piezoelectric/ferroelectric performance. However, they are restricted to only simple shapes. With the
Piezoelectric ceramics widespread influence of additive manufacturing (AM), it is now possible to fabricate complex structures which
BaTiO3

were not possible by conventional technologies. In order to fabricate such complex structures with precision, it is

PDiZin din necessary to understand in detail the factors influencing the feedstock preparation and the challenges associated
Sinteringg with different AM technologies. With an emphasis on the most commonly used AM techniques (direct ink
Dielectric writing, fused filament fabrication, vat photopolymerization, binder jetting, and selective laser sintering) for
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fabricating ceramic parts, this review paper intends to provide a deep insight into the factors affecting the
feedstock preparation as well as post-processing conditions required to develop a high-performance piezoelectric

device. The summarized tables detailing the various piezoelectric ceramic compositions and additives or in-
gredients used in formulating a printable feedstock, along with the optimum printing and post-processing con-
ditions, will aid the readers in developing their own printable formulations and determining the best post-
processing parameters to achieve the best performance out of the fabricated piezoelectric device. The advan-
tages and disadvantages of the AM technologies are analyzed with specific reference to piezoceramic materials
and the remaining challenges that require further research are emphasized. Furthermore, with the ongoing and
continuous developments in additive manufacturing of piezoelectric materials, it is expected that such ad-
vancements will progressively transition towards commercialization, with the ultimate goal of widely incorpo-
rating additively manufactured devices into practical applications.

1. Introduction

Global energy consumption expanded considerably during the last
half-century due to industrialization, technological advancements and
population growth. It approximately doubled between 1971 and 2019,
reaching 14,421 Mtoe (million tons of oil equivalent) in 2019 [1]. This
rising demand highlights the critical need for long-term energy solutions
based on materials that can efficiently harness, store, and transform
energy. A wide range of functional materials including ceramics, poly-
mers and composite materials can be used to meet such requirements
[2]. However, among these options, piezoelectric ceramics stand out due
to their intrinsic properties, such as high permittivity, robust mechanical
strength, high-temperature stability and excellent electromechanical
coupling coefficients [3].

When subjected to mechanical stress, piezoelectric ceramics
generate an electric charge, directly converting mechanical energy into
electrical energy and vice versa. The most common and traditionally
used piezoelectric material belongs to the family of lead zirconate tita-
nate (PZT) due to its superior piezoelectric coefficient (ds3) [4]. How-
ever, the use of lead is considered dangerous due to health and
environmental hazards as well as concerns regarding recycling and
disposal [5]. Following this, in the year 2002 legislations were intro-
duced in the European Union, governing the use of lead and other
harmful elements in commercial products [6,7]. The restriction on using
such hazardous substances has emphasized the urgency to eliminate
lead from these ceramics. Environmental concerns associated with lead
have driven research towards lead-free alternatives [8-11]. Materials
such as barium titanate (BaTiO3 or BT), BT-based solid solutions such as
BT doped with calcium and zirconium (BCZT), potassium sodium
niobate (KNN) and bismuth ferrite (BiFeOs) etc., are being researched
intensively as a potential alternative to PZT [12]. Although there have
been advancements in lead-free compositions, it is important to note
that these ceramics still do not possess the same level of high piezo-
electric characteristics as PZT ceramics.

Subsequently, further research efforts were aimed at enhancing the
piezoelectric characteristics of lead-free compositions. The strategies to
achieve better piezoelectric properties include microstructure optimi-
zation, texturing and addition of suitable dopants [12]. The dielectric
and piezoelectric characteristics are significantly influenced by the grain
size [13-16] as well as the domain size [17]. A ferroelectric domain is a
region of a ferroelectric material in which the spontaneous electric po-
larization is oriented in a specific direction [18]. For example, BT ex-
hibits optimum piezoelectric properties when the grain size is in the
order of 1 — 2 um with domain sizes of around 100 nm [16,19-22]. In
contrast, decreasing the grain size below 100 nm induces a paraelectric
state [23,24]. In addition, texturing also helps in enhancing the piezo-
electric and dielectric characteristics by increasing the proportion of
domains aligned in the direction of the electric field [25]. Ceramics with
templated-grain growth along certain directions such as [001], [110]
and [111] have been reported to exhibit better piezoelectric properties
than randomly oriented polycrystalline materials [26-28]. One of the
most widely exploited techniques to enhance the piezoelectric proper-
ties to date is the addition of dopants which substitute the A— or B-site

cations [12]. A summary of promising doped BT compositions with ds3
more than 200 pC/N has been reported in the literature [12].

A wide range of conventional ceramic processing technologies such
as slip casting [29], tape casting [30], die pressing [31], injection
molding [32], etc. have been utilized to fabricate piezoceramics. How-
ever, these conventional techniques have certain limitations. These
include time-consuming manufacturing processes, extremely high wear
rates of expensive machining tools, difficulties in producing complex
geometries with high accuracy, and related high labour costs[33].
Additionally, the mechanical stress applied during the conventional
processing techniques often leads to grain loss, strength degradation and
depolarization of the near-surface area in piezoelectric elements [34].
This deterioration significantly impacts the overall performance of the
fabricated component. A solution to these problems came with the
evolution of innovative three-dimensional (3D) printing technologies or
additive manufacturing (AM) that enables the manufacture of complex
structures with high accuracy and increased production costs. Perhaps
the most important reason for resorting to AM techniques is the promise
of creating shapes that may increase the functional value beyond what is
currently possible with conventional ceramic fabrication methods [35].

The AM technologies for metallic and polymeric components have
grown and developed significantly in the last several years. In fact, these
technologies have now been commercialized and are ready to be used in
industrial applications. On the contrary, the use of AM technologies in
the field of ceramics has been sluggish [36]. The present technical delay
may be attributed to the intricate nature of ceramics processing rather
than a lack of technological enthusiasm. Indeed, one might argue that
AM has particular advantages for the fabrication of ceramics compared
to any other material families. When considering ceramics, justifications
for using AM are particularly compelling due to the challenges posed by
their inherent hardness and brittleness. These challenges limit the
feasibility of subtractive manufacturing methods, making 3D printing a
viable alternative for enhancing and broadening the range of applica-
tions for functional ceramics.

Fig. 1(a) reports the most widely used AM technologies concerning
piezoelectric ceramics over the past 20 years. This includes vat photo-
polymerization (VP), direct ink writing (DIW), fused filament fabrica-
tion (FFF), binder jetting (BJ), and selective laser sintering (SLS) [35].
Fig. 1(b) illustrates the distribution of research publications that have
been published to date, categorizing them according to the various AM
techniques. The distribution of research publications demonstrates how
widely in particular VP and DIW are being used, which highlights their
importance in pushing the boundaries of AM for piezoelectric ceramics.
In terms of materials, there has been a progressive shift from lead-based
compositions to lead-free compositions including pure BT, doped BT,
KNN, BCZT, etc., as depicted in Fig. 1(c). One can also clearly notice in
Fig. 1(a) that SLS is a single-step process, eliminating the need for an
additional debinding step before sintering, unlike the other techniques
reviewed here.

Several review articles have been published to date on the additive
manufacturing (AM) of piezoceramics, as reported in Table 1. These
papers primarily focus on various AM technologies related to piezocer-
amics and discuss the piezoelectric and ferroelectric properties of the
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fabricated components. However, an essential aspect of additive
manufacturing — the preparation of the feedstock and the factors influ-
encing it, has not been adequately addressed in any of the existing re-
view papers. Additionally, the different factors influencing the
functional properties of these materials are also missing. Further, there
have been significant developments and achievements in the past couple
of years involving AM of piezoceramic materials that need to be high-
lighted to the research community.

In this aspect, this review paper aims to summarize the latest state of
the art of research concerning AM of piezoelectric ceramics, with a
major focus on the feedstock development, which is a key parameter for
the success of the fabrication process. In fact, the structural integrity and
the quality of the final fabricated component mostly depends on the
preparation of the feedstock, hence plays a vital role in the complete
fabrication process chain. Additionally, we discuss the piezoelectric and
ferroelectric characteristics of the sintered components and analyze how
these characteristics are influenced by variations in density, micro-
structure, and design. A comprehensive analysis of the additive
manufacturing techniques specifically applied to the fabrication of
piezoceramic components has also been carried out. It is important to
mention that this review study only focuses on research papers that
include debinding and sintering of piezoelectric ceramics after the
fabrication. However, recent studies on FFF technology lacks sufficient
investigation into pure ceramics (Tables 3, 9), resulting in the inclusion
of polymer-ceramic composites in the review.

(a)
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Table 1
Review papers published on AM of piezoceramic materials.
SL Year of Title Reference
No. publication
1 2020 Additive Manufacturing of Piezoelectric [35]
Materials
2 2020 Progress and challenges of 3D-printing [2]
technologies in the manufacturing of
piezoceramics
3 2022 A Review on Additive Manufacturing of [37]
Functional Gradient Piezoceramic
4 2023 A Review on Recent Advances in [38]
Piezoelectric Ceramic 3D Printing
5 2023 Review of the applications of 3D printing [39]

technology in the field of piezoelectric
ceramics

2. Additive manufacturing (AM)
2.1. Direct ink writing (DIW) / Robocasting (RC)

2.1.1. Basics of the technology

Direct ink writing (DIW) or robocasting (RC) is an extrusion-based
AM technique in which a non-newtonian viscous ceramic ink with
suitable viscoelastic properties is extruded through a nozzle and
deposited on the print bed following the printing path at room tem-
perature. It is one of the most widely used AM technology, thanks to its
flexibility, simplicity, and cost-effectiveness in fabricating relatively

Widely used piezoelectric compositions used for additive manufacturing
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Fig. 1. (a) Overview of the piezoelectric compositions and the additive manufacturing techniques used to fabricate them. Graphical representation of: (b) Research
papers reviewed in this study, categorized by the most widely used AM technologies, and (c) Various piezoelectric materials used with different AM technologies.
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simple geometries and larger structures, without the need of ultraviolet
(UV) curing or laser radiation [33,40]. These features significantly
broaden the versatility in the range of powders that can be utilised as it is
independent on the optical properties of the starting powder or the laser
power required for consolidation. Additionally, DIW allows preparation
of small amounts of ink, thereby minimizing the waste and making it
more efficient. However, this comes at the expense of poor accuracy and
surface finish, as it is constrained by the nozzle diameter (mostly > 400
um as evidenced in Table 2) which limits the resolution of the printed
components. Ceramic inks for such extrusion-based processes demand
high ceramic loading (> 50 vol%) with a suitable solvent and appro-
priate amount of additives such as dispersant, coagulant, binder and
humectant (solvent trap) [41]. High ceramic loadings in the ink are
often associated with nozzle clogging and rapid drying of the ink,
therefore limiting the upscaling of this technology.

One of the primary prerequisites for having a smooth flow of ink
through the nozzle is the use of ink with optimized rheological proper-
ties [41,42]. The ink should possess a suitable viscoelastic behaviour;
viscous when stress is applied so that it can easily exit from the nozzle
without employing high pressure and, once the ink is extruded, it should
have sufficient viscosity to keep the integrity of the fabricated structure
without deformation or sagging, linked to the elastic part.

Maintaining tight control over the rheology of DIW pastes is crucial
in order to manufacture printed ceramics of superior quality. It is thus of
the utmost importance to review the factors that influence the rheology
of the prepared ceramic ink.

2.1.2. Effect of zetapotential and pH

Most of the lead-free and lead-containing piezoceramics are highly
sensitive to water, usually undergoes hydrolysis and dissolution
[43-46]. This leads to: 1) leaching of metallic ions into the solution, and
2) reprecipitation of the leached metallic ions thereby affecting the
stoichiometry. The concept of ion leaching is somewhat related to the
ionic field strength (FS), which considers the charge and size of the
concerned ion, defined as [47]:

ionic charge

FS = (€9)

ionic radius(A)

The lower FS, the easier is the dissolution due to weak bonding and
vice versa. These solid-liquid interactions impose restrictions on the
maximum solid loading that can be achieved and result in unstable
suspensions that are unsuitable for further ink production and storage.
All of these issues can be easily solved by either adjusting the pH value or
by the addition of surfactants.

The stability of colloidal suspensions is dictated by the zeta potential
of the solid particles in the solution. This parameter serves as an indi-
cator of the magnitude of electrostatic forces, either repulsive or
attractive, that exist between particles within a dispersion. A common
way to figure out the stability of a colloidal solution is to look at how the
zeta potential changes with pH. Generally speaking, a high zeta poten-
tial indicates that particles are highly charged (positive, 30 mV or
negative, —30 mV) and repel each other, thereby stabilizing the
dispersion [48]. It is interesting to note that the plot passes through a
value of 0 zeta potential (as shown in Fig. 2(a, c¢)) known as the iso-
electric point (IEP), indicating that in those conditions the suspension is
least stable with a high possibility of aggregation or flocculation. Lower
zeta potential values (in between 30 mV to —30 mV) may also cause
such instabilities.

When employing a ceramic ink for robocasting, which requires a
stable and smooth flow of ink with high solid loading through the
nozzle, it is important to understand the correlation between zeta po-
tential and pH in order to achieve and maintain the stability of colloidal
suspensions. In order to accomplish a homogeneous dispersion of the
pure BT and polyacrylic acid (PAA)-coated BT nanoparticles, Li et al.
studied the variation of zetapotential as a function of the pH [49]. The
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zeta potential measurement revealed that the BT particles are positively
charged and PAA-coated BT particles are negatively charged at pH 9
(Fig. 2(a)). Electrostatic interaction between opposing charges causes
PAA to adsorb onto BT particles, thereby stabilizing the suspension. In
addition, the isoelectric point also shifts to lower pH after addition of
PAA; similar behaviour has been also reported for BT powder coated
with ammonium polyacrylate (APA) [50] and BCZT powder coated with
aluminium dihydrogen phosphate (Alo(HoPOy4)3)) [51]. Such shift in the
isoelectric point indicates that the surface modifiers are effective in
promoting stability within the suspension.

The stability of the surface treated powder as a function of time was
further investigated by Nan et al. [51]. The untreated and treated BCZT
powders were subjected to an aging period of 64 h, during which pH
values were measured. It was observed that the pH values of the treated
powder remain almost constant with highly homogeneous dispersion
(left image in Fig. 2(b)). In contrast, the untreated powders demon-
strated inadequate wetting (caking) and significant agglomeration with
increasing pH value with aging period (right image in Fig. 2(b)). The
untreated powder in contact with water undergoes dissolution reaction
and the rate of ion leaching is determined by the ionic field strength
values which follows the order: Ba?">Ca?">Zr*">Ti*". This means
that, for every divalent ion leached into the water, there is a simulta-
neous uptake of H' ions to maintain the electroneutrality. So, the
increasing pH is due to the absorption of H' ions from the solution in
order to maintain electro-neutrality, leading to an imbalance between
H'/OH ions.

In contrast to BT and BCZT, PIN-PMN-PT (Pb(In; ,2Nb; /2)O3-Pb(Mg1,
3Nby/3)03-PbTiO3) exhibits a dual IEP characteristic, as shown in Fig. 2
(c) [52]. Such duality imposes complexity in the system. The complex
metal oxides involved in PIN-PMN-PT are incongruent as a function of
pH [53]. The addition of an acrylic-based binder causes the particles to
lose their dual isoelectric point and the suspension is stabilized at a pH of
5 (~ —25 mV). At pH 12, the zeta potential value is no longer affected by
the presence of PAA chains and the value is almost same for the pure
powder and the powder with the acrylic binder.

Several studies have reported the variation of the rheological prop-
erties as a function of pH. For instance, Li et al. observed that for PZT ink
lower pH led to suitable viscoelastic properties for a smooth extrusion
process [54]. In another study, the effect of the pH on rheological and
extrusion behaviour was also reported for PIN-PMN-PT ink [52]. The ink
prepared at pH 1 and 13 were found to be almost identical, characterized
by a high storage modulus, yield stress and inconsistent flow of the ink
through the nozzle (Fig. 3(a)). It has been claimed that PAA exists in
many configurations and has varying net charges depending on the pH
[55]. At a lower pH, PAA is reported to exist in globular configuration
without possessing any overall charge and the PIN-PMN-PT powder has
positive zeta potential values. As a result, the PAA does not interact with
the powder, thereby leading to flocculation. However, at higher pH
levels, PAA chains are unfolded with negative charges on it and the
powder has negative zeta potential values. Repulsion between ceramic
particles and PAA chains create a homogenous dispersion. At the same
time, the hydrogen bonding between the ionized PAA chains dominate
[55], resulting in enhanced rheological properties. In contrast to the ink
formulated at pH 1 (Fig. 3(b)) and 13, the ink prepared at pH 5
demonstrated the capability of being extruded into filaments with a
uniform width (Fig. 3(c)). While the inks at pH 1 and 13 exhibited a
gradual decrease in storage modulus, the pH 5 ink showed a sharp
decrease, suggesting more effective interactions of PAA with the powder
at pH 5. This is evident from the analysis in Fig. 3(a), where the yield
stress decreased from over 1400 Pa to 530 Pa.

A study on the shape retention ability of a calibration (V-shaped)
structure with spanning elements was carried out by Smay et al. [56].
The authors observed that the rheological properties were strongly
affected by the change in pH. The ink with a pH of 8.05 (G/eq =27 kPa, 7,
= 3 Pa) showed significant deformation even at small spanning lengths



Table 2
Feedstock preparation and optimized printing parameters for Direct ink writing (DIW).
Feedstock Particle size and Solvent Additives Ceramic Ink type Printing parameters Reference
morphology loading Nozzle size Speed Layer Additional information
(mm) (mm/s) height
(mm)
PIN-PMN-PT Monomodal, dsp = Distilled water WB4101,PL008, DS001, DF002, CuO 28 - 35 vol% Colloidal 5 Extrusion pressure: 880 — i
280 nm (< 50 nm), HNO3/NH4,OH 1250 kPa, Samples dried in (52]
BaTiO; platelet Width:2 - 40 pm, 1-10 vol% 95 % R.H for 4 days
Thickness: 0.5 — 1 relative to PIN-
pm PMN-PT
powder
Hard PZT dsp ~ 0.60 pm Distilled water DISPERBYK—180, Glycerol, PVA 50 - 55 vol% Colloidal 0.15-0.90 0-10 h Extrusion pressure:0 — 0.20
Sl A [74]2
D MPa, Samples dried in 80 °C
h for12h
o~ 0.8
Barium acetate, Isopropyl, Triple BaTiO3 (> 3 pm) 30 - 80 wt% Sol-gel 1.5 5-30 0.3 Heated bed: 50 °C [78]
TTIP distilled water, Acetic
acid, Isopropanol
BaTiO3 Nano particles DMF PVDF 65 — 80 wt% Colloidal 0.26, 0.41 ~ 2.7 Extrusion pressure: 0.8 - 1 [69]
Hydrothermally MPa, Samples dried in 80 °C
synthesized for 6h, Printed on PET film
BCZT Bi-modal, dso = Deionized water Al(H,PO,)3, Dispex A40, HPMC, PEL 40 - 44 vol% Colloidal 0.41 Samples dried in 40 °C for
. . L [51,84]
0.17 pm, dgo = 8h, Printed in glycerin oil
0.38 pm
BaTiO3 dsp = 1.2 pm Distilled water Bermocol E 320 FQ, Darvan 821-A, 50, 52 vol% Colloidal Square 1.5 5 1.35 Printed in oil bath, Samples (701
PEI dried at RT °C for 24 h
BaTiO3; 100 nm, 300 nm, Deionized water PVA 28.5 vol% Colloidal 1 10 0.6 Printed on aluminum plate [58]
500 nm at —40 °C, Samples dried in
—60 °C for 2h, Samples
dried in 40 °C for 24 h
BaTiO3 100 nm, 300 nm Deionized water PVA 70 wt% Colloidal 0.8-1.6 10-20 Printed on frozen plate at [59]
—40°C, Samples dried in
—60 °C for 2h, Samples
dried in 40 °C for 24 h
BaTiO; doped La, Deionized water Darvan 821-A, HPMC 33, 43 vol% Colloidal 0.56 5 0.40 Print bed 20 - 80 °C, PTFE [71]
Mn PTC spray on print bed
PZT Deionized water PVA, Trisodium citrate, 86.21 wt% Colloidal 0.5 8 Extrusion pressure: 0.2 MPa [85]
Polyacrylamide, glycerol
BaTiO3 15 - 60 nm Nano Deionized water PAA, Cellulose, NH4Cl, Zn(CHsCOx)2, 50 vol% Colloidal 0.03-0.1 1 0.9D Printed in oil bath [49]
particles NH4OH/ HNO3
BaTiO3 APS = 1.02 pm Deionized water NH,OH/ HNOj3, BaCl,,APA, HPMC, 49 vol% Colloidal 0.1-0.5 Printed in oil bath, Samples [50]
PEI dried at RT for 12 h
Bi;M0,09 APS < 10 pm Distilled water Ethylene glycol diacetate, 85 wt% Colloidal 0.5 5 0.2 SamplesdriedatRT for24h  [60]
Propylenecarbonate, Ethyl cellulose,
Diisononyl phthalate, Ammonium
lauryl sulphate
BaTiO3 100 nm, 400 nm Distilled water PVA, PAA 28.5 vol% Colloidal 0.6 Extrusion pressure: 58 MPa, [61]
Samples dried at —5 °C for
24 h and 40 °C for 24 h
PZT Spherical Deionized water PVA 86 — 89 wt% Colloidal 1.5 10 0.8 Print bed 40 °C, Samples [771
agglomerates of dried in 40 °C for 8 h
0.5 pm particles
PZT APS = 0.225 pm, Xylene, Ethanol Triethyl phosphate, PEG, PVB 79 - 80.5 wt% Colloidal 0.21 - 0.26 Samples dried at 60 °C for [72]
spherical 1h
PIN-PMN-PT Monomodal, dsg = Distilled water WB4101, PL008, DS001, DF002 28 vol% Colloidal Customized 5, 10, Extrusion pressure: 275 — (017>
280 nm nozzles 20 1100 kPa

(continued on next page)
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Table 2 (continued)

Feedstock Particle size and Solvent Additives Ceramic Ink type Printing parameters Reference
morphology loading Nozzle size Speed Layer Additional information
(mm) (mm/s)  height
(mm)
BaTiO; platelet Width = 2 - 40 pm, 2.6 vol% of total
Thickness =0.5-1 paste
pm
BaTiO3, SrTiOs, Deionized water APA, HPMC, PEI 47 vol% Colloidal [92]
BaZrO3, Ni
Nb, Ca, Co- doped Mean diameter = Terpineol BEEA, PEG, PVB 80 wt% Colloidal 1 2-3 Print bed 60 °C, Samples [80]
BaTiO3 0.5 ym dried at 60 °C for 3 h
TTIP, MDEA, BaTiO3 30 — 40 vol% Sol-gel 0.41 5 Extrusion pressure: 40 kPa [73]
Glycerol, Water,
BaO
BaTiO3 dsp ~ 1.05 pm, Paraffin oil, mineral Sucrose solution 31 vol% Capillary 0.15 10 0.12 Extrusion pressure: 480
spherical spirits, Stearin wax suspension kPa, Printed on porous [88]
alumina plate, Samples
dried at RT for 5 days
PZT dso = 523 nm Ethanol Trisodium citrate, PVA, PAA-NH, or Colloidal 0.6 8 0.3 Extrusion pressure: 0.2 MPa
PAAS, Glycerin (831
BaCO3, TiO, H,0 PVA, PEG 400, Solsperse 20000 ~ 75.1 wt% Colloidal 5 0.5 [93]
PZT APS = 0.5 pm Deionized water AG 165, Methylcellulose 52 vol% Colloidal 0.26 8 Extrusion pressure: 0.3 MPa  [54]
PZT95/5 dsp = 1.25 pm, Deionized water PVP Colloidal 0.30 Samples dried at 60 °C for [94]
dmax = 4.50 pm 24 h
PNZT Bimodal size Terpineol Polyenoic acid, Phosphate ester, 35 vol% Colloidal 8 mils [75]
distribution of 1.8 Fatty acid, Fatty acid ester, Ethyl
and 4.5 pm cellulose
Li, Sb, and Ta- APS = 0.5 ym Methyl methacrylate, 56 wt% Colloidal 0.25-0.40 [95]
doped KNN Pentaerythritol three
acrylate
BaTiO3 500 nm DMF PVDF 25.85 Colloidal 0.60 1 0.4 Printed on heat bed, [86]
-35.45 vol% Samples dried at 120 °C for
2h
BST and p-TCP Water PVA Colloidal 0.2 11-13 Extrusion pressure: 3.8 — [96]
4 bar
BCTZ 50 dsp =1 pm Water Dispex®AA4040, HPMC, PEL 41 vol% Colloidal 0.25 Samples dried at RT for 24 h [97]
PZT Deionized water Polyacrylate, Cellulose, HNO3 32 vol% Colloidal 0.41 5 Printing bed cooled below [98]
—25 °C, Freeze dried in
vacuum chamber for 24 h
PZT APS = 0.64 pm Deionized water PAA, Cellulose, NH4OH and HNO3 47 vol% Colloidal 0.1-1 2-8 0.82D Printed in oil bath, Sample [56]
dried at 30 % R.H at 23 °C
BaTiO3 Distilled water Na-PAA, Na-alginate, Glycerol 80 wt% Colloidal 0.41 Extrusion pressure: 2-3 bar, [79]

Samples dried at RT for 4 h

‘1o 32 LpDpuDyqg 'S

%h is the strut hight and D is the nozzle diameter. *The nozzles were 24 mm long and had 6 mm diameter circular inlets which taper to elliptical outlet cross-sections of 580 pm x 580 pm (aspect ratio 1), 870 pm x 430 pm
(aspect ratio 2), 750 pm x 250 pm (aspect ratio 3), and 1560 pm x 300 pm (aspect ratio 5). Tapered nozzles were used to reduce the printing pressure necessary to print continuous filaments. Nozzles with aspect ratios
greater than 1 were custom made via stereolithography (3DSystems, State College, PA).
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Fig. 2. Effect of the zeta potential and pH on the formulated ceramic ink. (a) Zeta potential variation of pure BT and PAA-coated BT as a function of different pH
levels [49]. (b) The effect of surface treatment on the dispersibility of 40 vol% BCZT powders in the presence of 1.0 wt% dispersant made from the surface-treated
powder (left) and the untreated powder (right) under the identical mixing conditions [51]. (c) Zeta potential as a function of pH for 0.08 vol% PIN-PMN-PT sus-

pensions, with and without an acrylic binder [52].

Reproduced from Ref.: (a) [49], (b) [51], and (c) [52] with permission from John Wiley and Sons.

(Fig. 3(d)). With decreasing pH, the shape retention ability increased
due to increasing viscosity, storage modulus and the yield stress, with
the least deformation values being reported at a pH of 6.15 (G’eq =150
kPa, 7, = 25 Pa).

The pH of the ink has a significant impact on the surface charge of
particles and the conformation of organic molecules. Consequently,
depending on the interaction between the additives (surface modifier,
dispersant, binder) and the ceramic powder, this may lead to a sub-
stantial deterioration of the properties such as increase/decrease in the
viscosity, storage modulus and yield stress of the formulated ink,
thereby affecting the shape retention capability of the ink. Regardless of
the specific powder being used, it is important to determine the IEP and
study the variation of the zeta potential, particularly for perovskite-
structured powders that are susceptible to hydrolysis. The situation
becomes further challenging when there is more than one IEP, as in the
case of PIN-PMN-PT powders.

2.1.3. Effect of salt solution

In DIW, salt solutions have been sometimes used to induce gelation
by cross-linking with the polymers used in the ink. Despite its effec-
tiveness, this approach is no longer used by researchers because of post-

processing challenges that include removal of residues from the salt
solution after the printing.

Li et al. used two distinct salt solutions, each containing either a
monovalent (NHZ) or divalent (Zn?h) salt species, that facilitated the
transition from fluid to gel with the desired viscoelastic response for a
highly loaded BT suspension, as shown in Fig. 4(a) [49]. A noticeable
discrepancy was observed in the elastic modulus, with a substantial
increasing modulus by orders of magnitude in the presence of divalent
ions as opposed to monovalent ions (Fig. 4(b)). Monovalent counterions
such as NHj can only neutralize the negative charge of COO-groups of
PAA; on the other hand, divalent counterions like Zn®* have the ability
to facilitate aggregation by means of “ion-bridging” interactions be-
tween charged PAA chains that are adsorbed on the BT nanoparticles.
Such increase in elastic behaviour on additions of the ions (monovalent
or divalent) can also be related to the inter-particle bonding using a
power law scaling relation [57]:

y:k(‘a —1) @

where y is the desired elastic property (such as yield stress or elastic
modulus), k is a system specific constant, @, is the minimum particle
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Fig. 3. Effect of the pH on the structural stability of the extruded ceramic ink. (a) Storage modulus (filled points) and loss modulus (hollow points) of 28 vol% PIN-
PMN-PT pastes as a function of applied stress, formulated at various pH levels using a PAA binder system. Printing tests conducted with the same pastes prepared at
(b) pH 1, and (c) pH 5 [52]. (d) Specific height profiles of test structures extruded from PZT colloidal gels for spans of approximately 3 mm (@), 5 mm (), 7 mm
(@), and 9 mm (a), at pH levels: 8.05, 7.60, 6.85, and 6.15. The colour scale indicates height between 1.8 and 2 mm [56].

Reproduced from Ref.: (a-c) [52], with permission from John Wiley and Sons. (d) [56], with permission from American Chemical Society.

loading necessary for gelation and @ is the solid volume fraction. The
inter-particle interactions become more intense with increasing salt
concentration, as a result @, decreases (for a fixed @) resulting in
increased elastic properties. Further, addition of divalent salt solutions
([Zn?*] = 0.06 M) promotes the fluid to gel transformation with opti-
mum elastic behaviour (G > 10* Pa) necessary for shape retention. Such
concentration of Zn?" ions help in the transformation of long-range van

der Waals interactions to ion bridging effects, which in turn promotes
stronger particle interaction leading to an increasing yield stress and
elastic modulus of the ink. Nadkarni et al. observed similar results on
addition of NaCl and BaCly solution to APA-stabilized BT [50]. The
magnitude of the rise in modulus was reported to be amplified in the
presence of bivalent ions.



S. Bhandari et al.

—
O
S

Elastic Modulus (Pa)

-
<

—
(=
”n

Materials Science & Engineering R 162 (2025) 100877

T T T T T T T T T T T

T
L iuul

vl

PR S T T ST ST ST S NN TN T W W N T ST S SN A T ST S

01 02 03 04 05
Salt Concentration (M)

Fig. 4. Effect of the salt solution on the modulus. (a) Schematic illustration showing the transformation from fluid to gel state with the introduction of a salt solution.
(b) Variation of the equilibrium elastic modulus for a 50 vol% BT ink, comparing the effects of adding monovalent vs. divalent salts [49].

Reproduced from Ref.: (a-b) [49], with permission from John Wiley and Sons.

2.1.4. Particle size, distribution and morphology

The viscoelastic behaviour of the ink is determined by the physical
characteristics of the powder particles, which include their size, size
distribution, shape and morphology. These characteristics play a sig-
nificant role in determining the ink performance.

Several studies suggest that the particle size has a profound effect on
the rheological properties of the prepared ink, which in turn affects the
final density and the piezoelectric properties of the sintered components
[58-61]. In this regard, Renteria et al. investigated the effect of various
particle sizes of BT (100 nm, 300 nm, 500 nm) on the viscosity and the
stress behaviour of the prepared ink using PVA in distilled water [58,
59]. Finer particles exhibited a greater initial viscosity at low shear
rates, which subsequently decreased at high shear rates (Fig. 5(a-b)).
This is a typical behaviour of pseudoplastic inks which exhibit shear
thinning behaviour. As the size of particles decreases, there is an
increasing total surface area of the particles that are dispersed and a
corresponding reduction in the distance between the particles [62].
Reducing the inter-particle distance leads to an increase in both the
frequency of particle contacts and the intensity of particle-particle in-
teractions (mainly Van der Walls forces), resulting in high viscosity and
yield stress [63]. At lower shear rates, ceramic particles in the ink have
more opportunity to interact and create networks or structures within
the solvent with other additives, obstructing the flow and thereby
increasing viscosity. However, at higher shear rates, the interactions
between the particles and the solvent or additives are disrupted, thereby
reducing the viscosity. Conversely, the stress required to make the ink
flow also decreases at higher shear. The viscosity difference between
small and large particles is diminished at higher shear rates as particles
are favourably rearranged with respect to the flow direction.

In addition to the particle size, particle size distribution (PSD) also
plays an important role in dictating the rheological behaviour. For an
ink formulation, finer powders are more favourable due to their
enhanced sinterability. Conversely, coarser particles offer improved
flowability but are more susceptible to sedimentation, which can result
in unstable inks. Most of the researchers prefer having a narrow size or
unimodal distribution of the ceramic particles as it ensures a uniform
and consistent interaction with the solvent. On the other hand, bimodal
distribution ensures good packing of the powder particles in the ink, as
depicted in Fig. 5(c). Recent evidence suggests that using bimodal dis-
tribution of powders (replacing 100 nm by 400 nm of BT) helps in
reducing the viscosity and the yield stress of the suspension, provided

the volume content of the ceramic particles is kept constant (Fig. 5(d))
[61]. So, when the fine particles are replaced by the coarser ones, the
inter-particle distance increases. As a result, there is more space for the
finer particles to move around freely [64]. It is widely accepted that the
maximum packing fraction of solids increase with increasing poly-
dispersity [65]. In this context, some researchers have intentionally used
bismuth molybdate (BizMo0209) powders with a multi-modal particle
size distribution [60].

Ceramic particles of various morphologies, such as sphere-like and
platelet-like particles have been successfully used in preparing a print-
able ink [42]. In general, spherical particles are reported to exhibit
greater flowability due to decreased inter-particle interactions and
friction when flowing across each other. In contrast, platelet-like parti-
cles possess larger ellipsoids of rotation in contrast to spherical particles
at a given constant volume, leading to increased inter-particle in-
teractions [63,67,68]. Furthermore, these highly anisotropic particles
tend to interlock owing to their irregular edges, thereby leading to
agglomeration and high viscosity even at low solid loadings [67].
However, if the applied shear stress is capable of aligning the platelets in
a single direction, the viscosity drops. Furthermore, using anisotropic
templates leads to templated grain growth after sintering, which is re-
ported to provide high piezoelectric properties along the growth
direction.

Walton et al. studied the effect of the addition of BT (5 — 40 um)
platelets to a lead-based piezoceramic ink (dsp = 0.28 um) [52]. It was
discovered that, on adding the platelets, the modulus decreased and was
further enhanced by increasing the amount from 0.3 vol% to 1.4 vol%.
(Fig. 5(e)) This decrease can be attributed to the incorporation of large
particles in a matrix constituted of fine powders. Once the dispersity
index of the system changed from mono to poly, the viscosity and the
modulus of the ink decreased. The modulus decreased gradually with
applied shear stress in the ink containing templates, showing that the
transition from solid-like to liquid-like behaviour is progressive
throughout the range of applied shear stress. Additionally, the yield
stress was almost constant (~1200 Pa) regardless of the volume fraction
of the platelets, which was higher than the yield stress (~530 Pa) of the
ink without the platelets. Anisotropic particles such as in the case of
platelets tends to have particular directions in which they can align more
easily when subjected to a shear stress, in contrast to the spherical
particles which lack directionality. As a result, the presence of platelets
increases the amount of stress required to overcome their resistance in
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Fig. 5. Impact of particle size, shape and distribution on the rheological behavior. (a-b) Evolution of the viscosity as a function of particle size and binder content for
BT inks [59]. (c) Schematic depiction of particle arrangements in unimodal and bimodal particle size distributions [66]. (d) Viscosity as a function of shear rate for
monodispersed slurries and bimodal particle distributions with different BT particle size mixing ratios [61]. (e) Storage modulus (solid markers) and loss modulus
(open markers) as a function of applied stress for 28 vol% PIN-PMN-PT ink at pH 5, comparing compositions with 0.3 vol% and 1.4 vol% of 2 — 40 um anisotropic BT
platelet particles [52]. (f) Storage modulus vs. applied stress for 28 vol% PIN-PMN-PT ink at pH 5 with varying amount and size fractions of BT platelets [52].
Reproduced from Ref.: (a-b) [59], with permission from IOP publishing. (c) [66], and (d) [61], with permission from Elsevier. (e-f) [52], with permission from John
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changing from a random orientation to a particular direction. This is the
reason for the presence of a gradual decrease in the modulus as well as
increased yield stress in case of an ink which contains platelets. While
the volume fraction of the platelets remained constant (1.4 vol%),
altering the size of the platelets from small (5 — 20 um) to large (20 — 40
um) resulted in a significant reduction in modulus and a slight increase
in yield stress (Fig. 5(f)).
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2.1.5. Effect of ceramic loading, binder, coagulant/dispersant
concentration

Formulating an ink with high solid loadings (> 50 vol% or 80 wt%,
please refer to Table 2) that display pseudoplastic and viscoelastic
behaviour with a low concentration of additives is one of the main
challenges in robocasting. The DIW technique is best suited for inks that
have extremely high solid loadings for reasons such as high green
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Fig. 6. Effect of ceramic loading on rheological properties and shape retention ability. (a) Viscosity, and (b) Shear stress vs. shear rate for PZT inks with varying solid
loadings and dispersant concentrations [74]. (c) Yield stress of BT inks with different solid loadings, with insets illustrating the typical yield behaviour of printed
objects using inks containing 70 wt% (lower inset) and 75 wt% (upper inset) ceramic particles [78]. (d) Photographs of various ink formulations shown in (c)
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The three-interval thixotropy test (3iTT) for measuring the time-dependent recovery of viscosity. The inset depicts the change in shear strain over time [79]. (f) SEM
image of the fracture surface of the sample, fabricated using the ink characterized by the 3iTT test shown in (e), highlighting suspended struts within the printed

porous lattice [79].

Reproduced from Ref.: (a-b) [74], with permission from Elsevier. (c-d) [78], and (e-f) [79], with permission from John Wiley and Sons.
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density of the printed component, minimal shrinkage/warping during
the drying process, excellent mechanical properties, and high density
following high-temperature sintering process.

Numerous studies have been conducted to study the impact of solid
loadings on the rheological characteristics of an ink [52,69-75]. It is
widely acknowledged that an increasing solid loading leads to an
increasing viscosity, yield stress, flow stress and the modulus of the ink
due to more inter-particle interaction. Fig. 6(a-b) depicts the variation of
viscosity and shear stress with shear rate. This is a typical example of
shear-thinning behaviour, where the viscosity of the material decreases
as the shear rate increases, resulting in an increased shear stress. Often
the flow curves are fitted according to the Herschel-Bulkley model with
the following equation [76]:

o= o, +k/" 3)
where ¢ is the shear stress (Pa), o, is the yield stress of the ink, k is the
consistency index, n is the flow index and y is the applied shear rate (s 1)
on the ink. The most important feature to observe is that the ink should
exhibit shear-thinning behaviour (when 0<n<1), unlike shear-
thickening (n >1) where the viscosity increases with shear rate, mak-
ing it difficult to extrude through a nozzle. Such shear thickening
behaviour has been reported while preparing BCZT ink (44 vol%) and
hybrid sol-gel BT ink (40 vol%) [51,73]. This is due to a non-optimal
powder dispersion or enhanced powder agglomeration with high solid
loading. It is worth noting that the viscosity of the ink can also be
influenced by the ageing process, mostly due to the spatial redistribution
of the solvent in the ceramic paste [77].

Rosental et al. studied the rheological properties with varying
amount of BT particles (30 — 80 wt%) [78]. The authors reported that
with high loadings (> 75 wt%), the ink was not extrudable even with a
nozzle diameter of 1.5 mm, as validated by the sharp increasing yield
stress value showed in Fig. 6(c) [78]. Even though the inks with low
solid loadings were extrudable, this did not guarantee that the printed
parts were able to retain its shape (Fig. 6(d)). This leads to an important
conclusion: All printable inks are extrudable but not all extrudable inks are
printable. The ability of an extruded filament to retain its shape after the
printing process is dictated by the yield stress, storage modulus and the
elastic recovery of the ink, which depends on the solid loading.

It is important to note that the recovery time also determines the
shape retention, space filling and the roughness of the external surfaces.
In this context, Rowland et al. studied the effect of different solid load-
ings on the ink flowability behaviour [71]. Because of the lower water
content in high solid loading ink, the ink dried up quickly indicating a
short recovery time, leading to distinct noticeable interfaces as observed
by optical microscope. On the other hand, an ink with low solid content
had a better flowability owing to the slumping effect, leading to a better
surface finish without any noticeable interfaces. Similarly, Walton et al.
studied the effect of recovery time on the space filling behaviour of an
ink with BT platelets [52]. The authors reported that the ink with the
quick recovery time was not able to fill the space completely, thereby
leaving behind residual porosity. Conversely, the ink with larger re-
covery time was able to completely fill the volume (Fig. 3(b-c)). Indeed,
it is clear that the space filling behaviour is related to the recovery time
of the ink. Nevertheless, in designs where geometrical porosity or
intricate designs or overhanging are desired, the ink with quick recovery
time would be better suited. The recovery time of the formulated ink can
be easily quantified with the help of a three-interval thixotropy test [41,
79]. The first interval mimics the ink is at rest, the second interval de-
notes the extrusion process where the viscosity decreases abruptly, and
the third interval mimics the condition of the ink after being extruded.
One can clearly observe from Fig. 6(e) that almost 90 % of the initial
viscosity is achieved within 5 s, ensuring the shape retaining capacity of
the overhanging filaments as depicted in Fig. 6(f).

The yield stress defines the resistance to flow of the ink under
pressure. The higher the yield stress of the ink, the more pressure is
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required for extrusion. In general, the yield stress increases with solid
loading [71,78]. An ink with moderate to high yield stress (higher solid
loading) is often desired for printing, as it is capable of retaining the
structure after extrusion. On the contrary, an ink with low yield stress
(lower solid loading) exhibits less resistance to deformation and hence
typically deforms/collapses under its own weight before the elastic re-
covery (Fig. 6(d)). Interestingly, the yield-stress of the ink can also be
increased by heating the print bed, which promotes solvent evaporation
from the ink and helps the ink to retain the extruded shape [71,80].
Renteria et al. intentionally aged the ceramic paste at low temperatures
to re-activate the elastic properties of PVA, ensuring enhanced elastic
response of the ink after being extruded [58]. A recent study by Li et al.
reported that by using volatile components such as ethanol in the ink
composition leads to rapid drying of the ink, leading to an increasing
solid content thus enhancing the modulus/yield stress and the shape
retention capacity [72]. Gadea et al. also emphasized that the yield stress
is strongly related to the solid loading of the sol-gel ink [73]. The hybrid
sol-gel BT ink showed relatively consistent yield stress values for solid
loadings ranging from 30 to 35vol%. However, the yield stress
increased significantly when the solid loading was increased to 40 vol%.
The yield stress of the ink also plays a significant role in determining
the maximum height of the printable object, which is given by [81]:

OYyield
P8

h~ 4

where h is the maximum height of the printed object (mm), oy;.q is the
yield stress (Pa), g is the acceleration due to gravity (¢ = 9.81 m-s~2) and
p is the density of the ink (kg-m™>). One can easily observe from Eq. 4
that inks with higher solid loadings possess higher yield stress, enabling
fabrication of large components [73,78].

To facilitate, high solid loadings in the ink, it is necessary to have a
homogeneous dispersion of the ceramic powder in the solvent. This is
where dispersants play a important role in imparting stability (either
through electrostatic, steric or electro steric mechanisms) to the ceramic
particles, which otherwise would tend to flocculate or sediment. Hossain
et al. carried out a thorough investigation to study the effect of disper-
sant content on the rheological property of a PZT ink [74]. The storage
modulus and yield stress (in addition to the viscosity and the stress) as
depicted in Fig. 7(a-b) decreased significantly when dispersant con-
centration increased from 1 to 2 wt%. This is due to the fact that the
polymeric chains of the dispersant adhere more strongly to the surfaces
of the particles, which reduces frictional and electrosteric forces and
keeps the particles separated, thereby freeing the trapped solvent.
However, increasing the dispersant concentration beyond the optimum
value negatively affected the rheological properties. The prepared PZT
ink slumped due to a comparatively low elastic modulus and yield stress.
In addition, excess dispersant creates a disbalance of electroneutrality in
the ink [82]. As a result, the attractive forces can dominate over the
repulsive forces leading to agglomeration and nozzle clogging during
the extrusion. Similar observations were made by Rowlands et al. [71].
The authors pointed out that using less than 0.5 wt% of dispersant led to
agglomeration and nozzle clogging. A maximum of 1.5 wt% of disper-
sant was necessary to achieve a stable suspension with homogeneous
dispersion of the ceramic particles. However, the dispersant should be
carefully selected for a particular binder system. Liu et al. reported that
in situ polymerization of PAA in presence of PVA led to the formation of a
gel [83]. In this case, the gelation phenomenon was intensified leading
to an increase in viscosity when the PAA concentration exceeded
1.75 wt%.

In contrast to dispersants, coagulants help to achieve the desired
rheology by promoting particle agglomeration. Several studies reported
the use of polyethyleneimine (PEI) as a coagulant [50,51,84]. The
addition of PEI is reported to increase the viscosity and storage modulus
by orders of magnitude [51]. Furthermore, the linear viscoelastic region
(LVR) on adding PEI extends up to higher stress/strain values,
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Fig. 7. Effect of dispersant, binder, and coagulant concentration on the rheological behaviour. (a-b) Rheological analysis of PZT inks, showing the relationship
between storage modulus (G’) and loss modulus (G"’) with shear strain for inks with varying dispersant and solid loadings [74]. (c) Variation of elastic modulus (G')
with shear stress at different binder (HPMC) and coagulant (PEI) concentrations in BCZT pastes [51].

Reproduced from Ref.: (a-b) [74], with permission from Elsevier. (¢) [51], with permission from John Wiley and Sons.

suggesting that the ink possesses higher elastic properties which are
necessary for shape retention (Fig. 7(c)). The coagulation phenomenon
can be explained by charge neutralization, which occurs when the
positively charged secondary and tertiary amino groups in the PEI
readily interact with the negatively charged functional groups in the
dispersant (Dispex® A40). Nan et al. reported that the shape retention
capacity of vertical free-standing pillars was enhanced by using
0.032 wt% PEI [84]. Although an excessive amount of PEI (0.068 wt%)
improved the ability to form flocs, resulting in an increasing storage
modulus, it also led to a reduction in electrostatic interactions between
cationic-anionic couples due to multibody effects [84]. Furthermore, the
concentration of PEI was maintained below the threshold required for
monolayer formation, allowing it to function as a bridging flocculant.
Such concentration keeps the PEI molecules more dispersed rather than
completely encapsulating the ceramic particles providing more flexi-
bility to interact with multiple particles or creating bridges/connections
among the particles. Indeed, the steric hindrance (from the additives)
will impose a restriction on the quantity of PEI chains capable of
bridging. However, the probability of a PEI molecule forming complexes
is expected to increase with the size of the PEI molecule. A similar
interaction behaviour of PEI with APA-stabilized BT has also been re-
ported elsewhere [50].

The binder used in formulating the ink also plays an important role in
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dictating the adhesion between the layers. In addition, it helps in
binding the particles together so that the printed samples have enough
strength to be handled during post processing. Liu et al. investigated the
role of binder (PVA) concentration on the ink viscosity (keeping the
solid content fixed at 86.21 wt% of PZT) and found that a binder con-
centration in the range of 6 — 12 wt% was suitable for easy extrusion and
subsequent shape retention [85]. The viscosity was also reported to in-
crease with the PVA concentration. As the amount of PVA increases, the
hydrogen bonding among the PVA chains increases correspondingly,
leading to an increasing viscosity. The ink with the highest amount of
binder exhibited the least dimensional deviation. This is in good
agreement with another study where PVA of 9 wt% and 13 wt% was
successfully used in preparing BT inks [59]. Similar variation in the
viscosity was also reported for BCZT inks prepared with different con-
tents of hydroxypropyl methylcellulose (HPMC) binder [51]. Kim et al.
reported phase separation and undesired flow rates during the printing
process when the binder (PVDF) to solvent ratio (DMF) was maintained
at 1:14 due to low viscosity of the paste on using excessive DMF [86]. On
further increasing the ratio to 1:8.8, an ink with better rheology,
controlled flow-rate and shape retention was achieved.

2.1.6. Novel ink formulations: capillary suspension and sol-gel
Significant progress has been made in the field of DIW, particularly
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with the introduction of unconventional ink formulations that differ
from the traditional compositions. Some of these innovative formula-
tions employ capillary and sol-gel based suspensions, offering a new
perspective in the field of robocasting.

Unlike colloidal suspensions, where particle stability is determined
by electrostatic repulsion or steric hindrance, the stability of particles in
capillary suspensions (CapS) is maintained by the capillary forces arising
by the addition of an immiscible secondary phase in the bulk phase [87].
Using CapS of BT, researchers in Germany successfully managed to
fabricate log-pile structures with 150 um nozzle diameter [88]. For the
preparation of such inks, first a mixture of low viscosity paraffin oil,
mineral spirits and stearin wax was heated up to 70°C with constant
stirring and then homogenized using a high-speed mixer (2400 rpm).
This constituted the bulk phase of the CapS ink. Subsequently, the
addition of the secondary phase, i.e. aqueous sucrose solution led to the
formation of capillary bridges between the particles with a coherent
particle network spanning in the bulk phase. These capillary bridges are
known to exist in two forms: pendular bridges, characterized by a con-
tact angle sz < 90° and capillary bridges, characterized by a contact
angle 0sg > 90°. The contact angle 0sp is defined as the angle between
the secondary phase and the ceramic particles, when surrounded by the
bulk phase [89]. In this case, sz was calculated to be 31.6° + 5.4°
which implies that the secondary phase was able to wet the ceramic
particles, resulting in a stable suspension without any phase-separation.
The secondary phase is believed to induce the transition from a fluid
(low viscosity) to a highly elastic behaviour, necessary for shape
retention. These suspensions are specifically designed for the fabrication
of microstructurally porous ceramics. As a result, the ceramic loading
was limited to only 31 vol%.

A recent study reported the use of a hybrid sol-gel ink containing BT
particles [73]. The ink was prepared by mixing titanium isopropoxide
(TTIP) and N-methyl diethanolamine (MDEA) in an argon-filled bottle
and subsequently water and glycerol were added in drops. Finally,
barium oxide (BaO) was added in stoichiometric concentrations to
obtain a gel. In order to maintain the stoichiometry (Ba:Ti = 1:1), it was
possible to only have a solid loading of 8 vol%. Such an ink is not
suitable for robocasting as it lacks yield stress or shear thinning
behaviour. Subsequently, commercial BT powder was added to the ink
to increase the solid loading to 30 — 40 vol% and achieve suitable
rheological parameters for printing.

One of the advantages of DIW is that it enables the use of a low
amount of organic content, and it would be even more beneficial to
eliminate the use of organics altogether, since they are one of the most
challenging aspects in the thermal treatment (debinding) process.
Rosental et al. proposed a solution by replacing the organic additives by
a sol-gel precursor [78]. The sol-gel precursor was chosen in such a way
that it yielded the same composition as the dispersed particles after the
heat treatment. This precursor actually acted as a binder for the BT
particles and was synthesized via a sol-gel technique using barium ac-
etate and titanium isopropoxide (TTIP) as starting materials, with water
and acetic acid as solvents.

2.1.7. Ink formulation steps

To guarantee that the ink formulation for DIW is appropriate for the
printing process, it is essential to introduce the processing additives in
the correct order, since an incorrect order of addition can significantly
impact the quality of the final ink. At first, the dispersant is usually
mixed well with the solvent before the ceramic powder is added. Sub-
sequently, the binder, coagulant and other processing additivities are
added to the system. Although some of the researchers prefer mixing the
solvent and all of the processing additives before adding the ceramic
powder, in any approach the additives should be added in the following
sequence: dispersant — binder — humectant (solvent trap) — coagulant.
To guarantee a homogeneous mixing, a mixing step should be performed
after each component is added. One of the most efficient methods of
mixing is adding the ceramic powder in batches and providing a gap of a
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few minutes between two successive mixing steps to avoid heat gener-
ation during the mixing process. This can lead to solvent evaporation or
initiate some unwanted reaction among the additives. The ink is then
transferred to a syringe and then defoamed to remove the entrapped air
bubbles.

Instead of adding the dispersant to the solvent, the dispersant can
also be mixed well with the powder using an agate mortar or a ball mill
before adding it to the solvent. However, while preparing bigger
batches, it can be difficult to maintain the homogeneity. Inhomogeneity
can also arise due to use of certain additives such as PVA, which does not
completely dissolve in deionized water at room temperature. In order to
promote dissolution, a certain temperature with constant stirring is
required to ensure homogeneous mixing of the binder. It might happen
that some of the water evaporates during the process, thereby deviating
from the target ink composition. A similar observation was made by Kim
et al. while mixing PVDF in DMF solvent [86]. After the mixing process,
an additional amount of DMF was added to maintain the ratio of the
binder to solvent. Using such combination of solvent and binder, Wang
et al. formulated a stable ink with nanoparticles just by stirring with a
glass rod [69].

When formulating the ink composition, it is important to take into
account that the amount of added dispersant, binder and coagulant is
directly related to the ceramic powder content. The finer the ceramic
particles, the more processing additives are required. On the contrary,
the humectant (solvent trap) concentration depends on the overall
liquid volume. This keeps the ink from drying out too quickly, which
otherwise might lead to nozzle clogging.

It might also happen that the prepared ink cannot be completely used
immediately after it has been prepared. In this situation, it is necessary
to subject the ink to a secondary mixing process to counteract the effects
of ageing. Otherwise, an undesirable increase in the viscosity of the ink
may occur.

2.1.8. Printing parameters: optimization

The nozzle diameter, printing speed and extrusion pressure plays an
important role in determining the quality of the printed component.
Understanding the relation between the parameters not only ensures a
smooth printing but also higher resolution in the printed component.

The nozzle diameter determines the resolution that is achievable
during the printing. As a rule of thumb, the nozzle diameter should be at
least 15 times the size of the largest particle size to ensure a smooth flow
[40]. Particle agglomerates may compromise this simple rule. The
minimum extrusion pressure required by the ink to flow out of the
nozzle is governed by the equation [90]:

(5)

where 6,4 is the yield stress of the ink, L is the length and D is the
diameter of the nozzle. One can easily observe from the Eq. 5 that the
value of P, is strongly affected by the ink rheology (ceramic loading)
and the nozzle diameter. It increases with increasing the ceramic loading
or by decreasing the nozzle size. Hossain et al. carried out a thorough
study and reported the variation of the minimum extrusion pressure
with the nozzle size [74]. The authors reported that finer nozzle sizes
certainly lead to a high resolution, but at the expense of really high
extrusion pressure (Fig. 8(a)). On the other hand, using a large nozzle
size reduces the printing accuracy. To balance these trade-offs, most of
the publications to date, have used nozzle diameters larger than 400 um
(see Table 2), which provides a best compromise between the resolution
achievable and the extrusion pressure employed.

Moreover, the extrusion width is also related to the extrusion pres-
sure. It is quite evident from Fig. 8(b), that the strut width increases with
increasing the extrusion pressure, while keeping the printing speed
constant. Furthermore, as illustrated in Fig. 8(c), the extrusion pressure
of the ink with a constant nozzle size is highly dependent on the printing
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speed. This indicates that a higher extrusion pressure is required to
maintain a constant ratio between the diameter of the nozzle (D) and the
width of the extrusion (L), with increasing printing speed. Ideally, a ratio
of 1 ensures a defect-free deposition of the ink. On the contrary, de-
viations lead to defects, as shown in Fig. 8(c).

In addition, the height of the extrusion or the layer height influences
the surface finish and the presence of inter-strut porosity. If the layer
height is too low, the nozzle has to traverse through the already
deposited layer, which leads to build up of material along the printing
direction. On the contrary, higher layer height leads to misalignment
and improper stacking of struts. This can lead to residual porosity
entrapment. The effect of the layer height (H) on the formation of the
inter-strut porosity has been shown in Fig. 8(d).

A lower H/D ratio (where, H is the layer height) is always preferred
as it increases the curvature length (r) of the deposited strut, thereby
minimizing the probability for generating inter-strut porosity. This
defect is most prominent when printing dense structures, such as cyl-
inders or bars. This problem could be minimized by using square nozzles
instead of circular ones, which theoretically has the highest possible
value of r [70]. However, it was discovered that the inter-strut pores
were still present. This was due to the entrapment of oil during the
movement of the nozzle in oil bath which prevents the ink from drying
up at the nozzle leading to nozzle clogging. At the same time, it ensures a
homogeneous drying rate after printing. Therefore, printing dense
monoliths in oil is not a suitable option. To mitigate these issues, most of

()
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the authors, have used the layer height as 40 — 80 % of the nozzle
diameter during printing (please refer to Table 2). This ensures better
precision and minimizes the defects related to porosity entrapment.

The ability of particles with a high aspect ratio (e.g., platelets) to self-
align along the extrusion path is a key feature of the direct ink writing
process. The benefit of such alignment for piezoelectric ceramics lies is
the exploitation of the texture-sensitive properties. The material after
texturing exhibits enhanced piezoelectric properties along the oriented
direction. Nevertheless, textured piezoelectric ceramics are still in the
research and development stage, since it is quite difficult to manufacture
piezoelectric platelets in bulk quantity. Walton et al. carried out a
detailed investigation into the alignment process of BT templates in a
PIN-PMN-PT matrix [91]. A unique aspect of this study was the imple-
mentation of a customized nozzle that incorporated a baffle wall to
generate a lateral shear force in addition to the inherent shear effect of
the nozzle (Fig. 9(a)). The authors found that the degree of alignment
(measured by lotgering factor, explained more in Section 3.2) depends
on the nozzle aspect ratio and the printing rate. An increase in both the
factors are required to achieve the desired outcome (Fig. 9(b)). Addi-
tionally, the platelets were more aligned on the surface compared to the
bulk as depicted in Fig. 9(c). In general, the shear rate experienced by
the ink depends on the printing rate, according to [81]:
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Reproduced from Ref.: (a-c) [91], with permission from Elsevier.
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where 7 denotes the maximum printing shear rate experienced by ink
during the extrusion, S denotes the printing speed (mm/s) and r denotes
the inner diameter of the nozzle opening (mm). Eq. 6 suggests that using
a finer nozzle and higher printing speed will generate more shear stress,
thereby enhancing the alignment process more efficiently.

2.2. Fused filament fabrication (FFF) / Fused deposition of ceramics
(FDC)

2.2.1. Basics of the technology

In a typical FFF process, the feedstock is composed of ceramic par-
ticles embedded in a thermoplastic binder in the form of composite fil-
aments. The binder is usually heated to a molten state and then extruded
onto the print bed through a fine nozzle. The slicing software controls
the nozzle motion in the X-Y plane, whereas the print bed only moves in
the Z direction.

To achieve a high density in the sintered stage, the composite fila-
ments must contain a high loading of ceramic powder. However, this
results in increased stiffness, brittleness, and reduced spooling effi-
ciency, which may lead to frequent filament breakages during printing.
It is therefore necessary to maintain some degree of flexibility in the
filament, as well as low viscosity after melting, to ensure successful
printing. In principle, the extrusion mechanism is similar to DIW, which
uses a ceramic paste instead of a filament as a feedstock. Two major
benefits of using DIW are energy savings, as there is no need to heat the
paste for extrusion, and the ability to achieve higher solid loading due to
the low organic content. However, the precise control of the rheological
behaviour of the paste, which is crucial for the success or failure of the
printing process, is not always easy to achieve. In the case of FFF, the
ability of the extruded filaments to retain their shape is related to the
thermoplastic nature of the binder. It solidifies immediately as it is
deposited on the print bed. In such a scenario, FFF offers more shaping
flexibility when compared to DIW especially where unsupported or
overhangs or structures with numerous retractions are desired. The
resolution of the printed components is often dictated by the nozzle
diameter which is usually > 400 um (for ceramic-containing filaments,
please refer to the Table 3). As a result, this often leads to an uneven
surface finish of the components. The green samples can be post-
processed to achieve a better surface finish through mechanical pro-
cessing methods such as milling. In contrast, samples fabricated with
DIW are typically more fragile and cannot withstand mechanical pro-
cessing in the green stage.

The success of the printing process depends entirely on the rheo-
logical properties of the feedstock. The following sections will discuss in
detail the important factors affecting the filament fabrication process.

2.2.2. Choice of base binder

One of the most important variables that significantly affects the FFF
process is the formulation of the binder. In the FFF process, the term
binder usually refers to a blend of various polymeric components. This
usually consists of a base binder, tackifier, surfactant, wax and plasti-
cizer [99]. Most importantly, the binder and the ceramic powders
should be compatible with each other, otherwise it may lead to phase
separation during the extrusion process.

In 1998, a team of researchers proposed a four-component binder
system for fabricating composite filaments [99]. This binder system,
termed ECG9, was extensively used in early studies for fabricating PZT
filaments [100-103]. McNulty et al successfully formulated an opti-
mized binder composition with 100 parts of base binder, 20 parts of
tackifier, 15 parts of wax and 5 parts of plasticizer to produce PZT fil-
aments [99]. The flexibility of the binder was found to be mostly
influenced by the tackifier rather than wax or plasticizer. On the other
hand, addition of a tackifier to the base binder resulted in a considerable
rise in viscosity and a drastic reduction in the strength. Bandyopadhyay
et al. reported a similar binder composition to ECG9, but with 6
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components [104].

In recent years, several commercial thermoplastic polymers such as
acrylonitrile butadiene styrene (ABS), polyvinylidene fluoride (PVDF),
polyvinyl alcohol (PVA), thermoplastic polyurethane (TPU), polylactic
acid (PLA) and polycaprolactone (PCL) have been widely used as a base
binder for incorporating piezoceramic powders [105-113]. Indeed, ABS
is considered to be one of the most widely used binder matrices for
filament fabrication [114]. This binder is characterized by a relatively
low glass transition temperature (Tg) and excellent processing proper-
ties, that makes it suitable for the extrusion process. In addition, because
of its amorphous nature, the shrinkage associated after the printing
process is comparatively small, thereby maintaining a tight dimensional
accuracy. In addition, PVDF is becoming increasingly recognized in the
field of filament production because of its inherent piezoelectric char-
acteristics [108,115]. The inherent nature of this property makes it a
perfect option for further enhancing the properties of the 3D printed
composite by using ceramic fillers such as BT (in this case, without
sintering the filament after printing). Considering environmental con-
cerns, there has been a recent trend towards the use of biodegradable
polymers; PCL stands out to be a better choice concerning environ-
mental challenges [111,113].

Researchers have more recently reported the use of ethyl vinyl ace-
tate copolymer (EVA) as the backbone polymer for fabricating BT and
PZT filaments [116,117]. This binder was modified slightly to replace
with paraffin wax [118]. The use of a dual-binder system has gradually
become important, as the low molecular weight of paraffin wax leads to
low viscosity at the shaping conditions and the high-temperature
backbone polymer provides sufficient green strength after the shaping
and during the debinding process. In addition, paraffin wax usually has a
lower melting point and decomposition temperature than the backbone
polymer. This paves the path for chemically extracting the wax from the
thermoplastic blend (better known as chemical debinding) before car-
rying out the thermal debinding.

2.2.3. Effect of surfactant, plasticizer

The use of a suitable surfactant ensures that the ceramic particles are
homogenously dispersed in the binder matrix. The dispersion is usually
accomplished via steric stabilization [119]. Inhomogeneity can lead to
drastic changes in the rheological properties, resulting in a filament
unsuitable for the FFF process.

McNulty et al. studied the adsorption behaviour of different surfac-
tants, such as oleyl alcohol, stearyl alcohol, oleic acid and stearic acid on
PZT-5H powder [120]. It was observed that under similar experimental
conditions, adsorption of stearic acid was found to be highest with a
value of 8.14 mg/m2 While a small quantity of stearyl alcohol (0.811
mg/m2) was adsorbed, the other surfactants did not adhere to the
powder at all. This could be attributed to the limited solubility of the
surfactant in toluene, which was used as a milling medium in this study.
At similar concentrations of surfactants, stearic acid and stearyl alcohol
reached the saturation point and started precipitating. These pre-
cipitates easily adsorb onto the powder surface due to electrostatic in-
teractions. In contrast, oleyl alcohol and oleic acid do not reach the
saturation point, therefore tend to remain in solution. Moreover, the
presence of the COOH group enhances the functionality (better
hydrogen-bonding and multiple bonding sites) of the stearic acid in
comparison to the OH group in stearyl acid. This is the reason for
preferential adsorption of stearic acid over stearyl alcohol. The
adsorption process was found to approach saturation when the con-
centration of stearic acid in toluene reached 30 g/L. Allahverdi et al.
reported that stearic acid outperforms all other surfactants used for
bismuth titanate (Bi4Ti3O;2) powders and the saturation level was found
to be 70 g/L [102]. Due to its superior adsorption capabilities, stearic
acid has been widely studied as a surfactant [100,101,103,106,
116-118,121-123].

Venkataraman et al. observed that the relative viscosity of a PZT-ECG
9 composite decreased on addition of surfactants such as KRTTS and
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Table 3
Feedstock preparation and optimized printing parameters for fused filament fabrication.
Feedstock Particle size Binder Additives Ceramic Printing parameters Reference
and loading Nozzle Nozzle Layer Additional
morphology . 3 . .
temperature size height information
Q) (mm) (mm)
PZT ECG9 55 vol% 165 -170 Build envelope [99]
temperature: 40
°C
PZT-5H 0.5-0.7 pm ECG9 Stearic acid 52 - 60 vol% 145 - 160 0.355, 0.2 - [121]
0.5 0.25
PZT-5H 0.5-0.7 pm Proprietary binder 60 vol% 145 0.5 [130]
PZT SSA = Oleyl alcohol, 55 vol% [120]
2.58 m%/g Stearyl alcohol,
Oleic acid, Stearic
acid
PZT 1.2 pm ECG9 Stearic acid 52.6 vol% 140 0.254, Filaments [100]
0.381, stored in
0.508 controlled
humidity
PZT ECG2 Stearic acid 60 vol% 0.508 0.254 [122]
PZT 0.73 pm ECG9 Stearic acid 52.6 vol% 0.508 [101]
BiT powder 0.5-1 pm ECG9 Stearic acid, KD3, 48 — 50 vol% 0.250 [102]
BiT platelets Solsperse 13940 5 wt%
PZT ECG9 Stearic acid 52 - 60 vol% 140 - 150 0.25 — 0.025 - Build envelope [103]
0.50 0.25 temperature: 20
-40°C
PZT—5H Spray Proprietary from 50-55vol% 140 - 200 0.3 Print area temp: [104]
dried Strstasys 30°C-40°C
BaTiO3 < 3 pm ABS (in acetone) 0-70 wt% 230 Print bed: 110 [127]
°C
BaTiO3 PVDF (in DMF) 3-15wt% [108]
BaTiO3 Micro- ABS (in acetone) Octyl gallate, 32.7 - 210 - 225 0.1,0.2 [105]
particles Dibutyl phthalate 33.2 vol%
PZT dsp = 1.1 pm EVA, Paraffin wax Stearic acid 60 vol% (18]
BaTiO3 2 pm EVA Stearic acid 52 vol% 150 - 180 0.8 0.2 Print bed: 60 °C [131]
PZT 2.77 pm 49 vol%
BaTiO3 2 pm EVA Stearic acid 52 vol% 170 0.8 0.25 Print bed: 60 °C [116]
PZT 2.77 pm 49 vol%
BaTiO3 3 pm ABS Stearic acid 10 - 50 vol% 230 0.3 Print bed: 110 [106]
°C
PZT 0.73 pm ECG9 Stearic acid (in 52.6 vol% Filaments [129]
toluene) stored at 50 %
R.H
PZT 1.2 pm ECG9 Stearic acid, 0 - 60 vol% [124]
KRTTS (both in
toluene)
SrTiO3 500 nm, ABS 67.89 wt% 240 0.4 0.1-0.3 Print bed: 110 [107]
spherical °C, Speed: 80
mm/s
PZT 50 pm Vestoplast V2103, Stearic acid (in 60 vol% 160 0.5, 1.0, Speed: 10 - 100 [123]
spherical Vestowax SH112, toluene) 1.2 mm/s
granules Indopol H—1900,
crushed Escorez 1304
BaSrTiO3 APS < 0.5 pm ABS (in acetone) 0-50.27 wt 250 0.55 0.1 Print speed: 40 [126]
% mm/s, Print
bed: 100 °C
PZT 500 nm, TPU/carbon black 30 vol% 230 0.6 0.2 Speed: 20 mm/ [109]
spherical s, Filament
dried at 60 °C
for 1 day
BaTiO3 < 2pm PCL (in 25 vol%, 45 130 0.4 0.2 Print bed: 30 °C, [111]
dichloromethane) vol%, 65 vol Speed: 30 mm/s
%
BaTiO3, CaTiO3, < 3 pm ABS, PP 30 vol% 0.4 0.1 [132]
Bay 64S10.36Ti03
BaTiO3 PLA 17.5 vol% [110]
BaTiO3, SrTiO3, < 800 nm ABS (in acetone) Dibutyl 15 - 30 vol% [112]
Bag ¢7S10.33TiO3 phthalateoctyl
gallate
BaTiO3 dsp ~ 2 pm PVA, PCL 24 - 54.5 vol 210 - 230 0.3,0.4 0.2 Speed:10 mm/s,

%

18

Filament dried
at 60 °C before
use

[113]

(continued on next page)
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Feedstock Particle size Binder Additives Ceramic Printing parameters Reference
loadi
and oading Nozzle Nozzle Layer Additional
morphology . . . .
temperature size height information
Q) (mm) (mm)
PZT5H Multi component 50-55vol% 150 - 200 0.3 Build envelope [133]
binder temperature: 38
-42°C
BaTiO3, CNT 700 nm PVDF (in DMF) 6 — 75 wt% 220 0.34 Print speed: 5 [115]

mm/s, Print
bed: 120 °C

stearic acid [124]. However, the one treated with stearic acid displayed
the lowest relative viscosity. The mechanism behind the decrease in the
viscosity was understood with the help of the Krieger-Dougherty model.
The model is best described with the equation [125]:

B > ~Kg@m

Effect of surfactant
Filament cross-section

P

500 ym

where, 1, is the relative viscosity, @ is the solid loading, @, is an
empirical constant known as the maximum packing factor and Kg is an
empirical constant called the generalized Einstein coefficient. One can
observe from Eq. 7, that the viscosity decreases with increasing packing
efficiency. The packing efficiency can be enhanced by the addition of
surfactants by decreasing the inter-particle interactions. The greater
value of @,, = 0.73 for the treated group, as opposed to 0.66 for the

Filament cross-s

Fig. 10. Effect of the surfactant and plasticizer on the extruded filament. Overview scanning electron microscopy (SEM) images of the cross-section of 30 vol% BT/
acrylonitrile butadiene styrene (ABS) filaments with different amounts of surfactant (octyl gallate) [105]: (a-c) 0 wt%, (d-f) 1.0 wt%, (g-i) 1.5 wt%, and (j-1) with
1 wt% surfactant + 5 wt% of plasticizer (dibutyl phthalate), along with the corresponding optical images showing surface roughness.

(a-]) [105], Open access article distributed under the terms of the Creative Commons CC BY license.

19



S. Bhandari et al.

untreated group, provided further evidence of better dispersion and
packing. The empirical Einstein constant has a maximum value of 2.5 for
equiaxed particles and this value can either increase if the particles are
not equiaxed or decrease in case of slippage at the ceramic particle/
polymer interface. The powder treated with stearic acid had a Kg value
of 1.49 as opposed to a value of 2.5 for the untreated and treated with
KRTTS, suggesting slippage at the interface. Although the exact reason
behind such phenomenon was not clear, slippage may have resulted
from the local presence of stearic acid in the polymer matrix, which may
locally lower the viscosity. It also implies that stearic acid has also
lubricating properties in addition to dispersing properties.

Wu et al. systematically studied the effect of different concentration
of surfactant (octyl gallate) and plasticizer (dibutyl phthalate) on the
extruded BT filament [105]. The addition of 1 wt% of the surfactant
(octyl gallate) resulted in a reduction in porosity, as it enhanced the
interaction between the ceramic particles and the polymer matrix
(Fig. 10(d-e)). An excessive amount of surfactant results in the reap-
pearance of porosity in the filament, as shown in Fig. 10(g-h), which is
similar to the one reported in Fig. 10(a-b) without the use of any sur-
factant. However, there is still some residual porosity left in the filament
even after using the optimized amount of surfactant. The residual
porosity and the surface roughness can be further decreased using 5 wt%
of plasticizers (dibutyl phthalate), as shown in Fig. 10(j-k). The plasti-
cizer acts as lubricant enhancing the mobility of the polymer chains and
occupying the free space. This effect is also realized in the form of
decreased extrusion pressure. The coarse texture (or high roughness) of
the filaments with insufficient or excess surfactant is a result of the ag-
gregation of the powder, as demonstrated in Fig. 10(c, i) with high R,
values. With sufficient amount of surfactant (1 wt%), the R, value
decreased to 0.72 um Fig. 10(f). Conversely, the filament with the op-
timum surfactant (1 wt%) and plasticizer (5 wt%) exhibited a smooth
surface with a further decrease in the R, value to 0.57 ym as depicted in
Fig. 10(1). In addition, the flexibility of the filaments was measured by a
two-point filament test device. The curvature of the bending filaments
was noted just before the fracture, which revealed that the filament with
1 wt% of surfactant and 5 wt% of plasticizers had similar curvature of
radius as the pure ABS filament (4.5 cm) before failure. The lower the
curvature value at the fracture, the more flexible is the filament.

In a recent study, Goulas et al. reported the impact of not employing
surfactant or plasticizer in the filament fabrication process employing
(Ba,Sr)TiO3 (BST) powder [126]. It was found that the printed com-
posite exhibited agglomerated microstructure of the BST powder as
shown in Fig. 11, which suggests that the ceramic fillers were not ho-
mogeneously distributed in the thermoplastic binder matrix. When
submicron solid particles are dispersed into binder matrix without using
the surfactant, they often form agglomerates due to strong electrostatic
attraction. As a result, the ceramic loading in this experiment was
limited to 50.25 wt% (15.26 vol%). Any composition exceeding this
limit caused the filament to become brittle and challenging to extrude.

2.2.4. Effect of ceramic loading, flexibility

Usually, a filament with high ceramic loading (> 50 - 55 vol% or >
70 wt%), refer to Table 3) is preferred to minimize the shrinkage,
thereby reducing the probability of warping or cracking during the
binder burn out process. Nevertheless, increasing the ceramic loading in
the filaments induces brittleness (in other words, the compressive or
elastic modulus also increases), which in turn causes filament fracture at
the gears during the unspooling of the filaments or nozzle clogging
during the extrusion.

According to Castles et al., printing filaments with more than 70 wt%
(29 vol%) of BT powder was impossible due to their excessive brittleness
[127]. It is widely acknowledged that increasing the solid loadings in the
filaments increases the viscosity, resulting in the filament being more
fragile. Khatri et al. carried out a thorough characterization of the fila-
ments with different weight fractions of BT [106]. The torque mea-
surements obtained at the end of the kneading process indicated that the
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Fig. 11. Consequences of excluding surfactant and plasticizer. (a) Overview,
and (b-d) Magnified SEM images of the cross-section of BST/ABS 3D-printed
test samples at 50.27 wt% ceramic loadings (15.26 vol%). Arrows indicate
defects that adversely affect the dielectric and physical properties of the sam-
ples [126].

Reproduced from Ref.: (a-d) [126], with permission from Elsevier.

torque value increased with the ceramic content. However, when the
temperature was increased to 210 °C, the torque value dropped, as re-
ported for the filament containing 35 % by volume of the ceramic
powder. Since viscosity is a temperature dependent property, it de-
creases with increasing temperature, resulting in reduced resistance to
flow during the kneading process. In addition, the composites up to
35 vol% of BT, exhibited shear-thinning behaviour (Fig. 12(a)). Further
increasing the ceramic content to 40 vol% lead to a brittle filament, with
filament breakage at the gripping motors. The composite with 45 and
50 vol% of ceramics, exhibited a stick-slip phenomenon (Fig. 12(b)).
Consequently, the filaments containing high ceramic loadings (> 40 vol
%) were challenging to extrude, resulting in substantial dimensional
imperfections in the printed component. In a recent study, authors have
reported that a maximum of 80 wt% of BT powder (45.8 vol%) could be
incorporated in the thermoplastic matrix for a smooth printing and the
shear thinning behaviour became more pronounced (n decreases from
~0.61 to ~0.34) with increase in the ceramic content [113]. The au-
thors also reported an innovative way of measuring the elastic modulus
and the maximum stress before buckling in compression mode to
simulate similar conditions during FFF printing (Fig. 12(c-d)). The
typical force-displacement curves reported in Fig. 12(e) suggest that
with increasing ceramic loadings in the filament, the elastic modulus
and the maximum stress before buckling increases. However, with lower
solid loadings, the filament buckle and then deform plastically. In
contrast, filaments with higher solid loadings exhibited a fracture as
denoted by a sudden drop in the force values. The fracture behaviour of
the filaments is clearly evidenced in Fig. 12(c-d). The filaments exhibi-
ted elastic modulus and critical stress before failure in the range of
approximately 102 — 556 MPa and 3.5 — 9.6 MPa, respectively, with the
highest values recorded for filaments with the highest ceramic loading
and the lowest values for those with lower ceramic loading.

2.2.5. Process maps to avoid buckling

In the FFF process, the filament acts as a piston ensuring smooth
extrusion during the printing process. This means that the filament
should be able to generate and maintain the necessary pressure for
facilitating the extrusion process. Failing to do so, results in buckling.
The critical stress value required for buckling is denoted by [128]:
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Fig. 12. Effect of the ceramic loading on the rheological and mechanical property of the filament. Rheological analysis of ABS-BT composites with varying solid
loadings (a) suitable, and (b) unsuitable for printing. The 45 vol% and 50 vol% samples exhibit stick-slip-like behaviour [106]. Compression test setup for the
composite filaments illustrating the buckling/fracture behaviour for filaments with: (c) 60 wt%, and 70 wt% of BT powder denoted as F60 and F70, respectively and
(d) 80 wt% of powder, denoted as F80 [113]. (e) Typical force vs. displacement curves for the filaments carried out using the setup show in (c-d), with curves
representing the maximum and minimum slopes for each filament type [113].

(a-b) [106], Open access article distributed under the terms of the Creative Commons CC BY license. Reproduced from Ref.: (c-e) [113], with permission
from Elsevier.

m°E Venkataraman et al. developed a process map to predict conditions

Or = 2 ®) that might lead to buckling of the filament [100]. The map relies on two
4 (%) crucial factors: the pressure necessary for extrusion and the compressive

elastic modulus of the filament. The pressure drop was found to increase

where o, is the critical buckling stress, E is the compressive elastic with the flow rate and the aspect ratio of the nozzle. The extrusion
modulus and L/R is the aspect ratio of the filament above liquefier, process was simulated and the results indicated that the maximum
where the solid filament is heated and melted into a molten form before pressure (90 %) drop takes place above the nozzle. This indicates that
being extruded. It is quite evident from Eq. 8 that the critical stress alterations to the nozzle geometry will have an impact on both the
required for buckling is directly proportional to the compressive elastic pressure drop and the buckling process. The conditions for buckling was
modulus of the filament. A filament with a higher ceramic loading tends determined by plotting P/E as a function of nozzle geometry and flow
to have a higher elastic modulus, thereby minimizing the risk of buck- rate. In general, buckling should occur is the P/E value is greater than
ling. However, there needs to be a balance between the ceramic loading the Pc,/E value, as denoted by the shaded region above the horizontal
and the modulus, to ensure that the filament is flexible enough to be straight line in Fig. 13. The process map suggests that the tendency to
spooled/de-spooled. The ratio (L/R), also known as slenderness ratio, is buckling increases with increasing flow rate and decreasing the nozzle
a parameter specific to each printer. A printer with a direct drive is diameter. Moreover, the aspect ratio of the nozzle plays an important
preferred over one with a Bowden tube, in order to minimize this ratio. role. One can easily observe that on increasing the L/D ratio from 2 to 5
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Fig. 13. Process map for predicting buckling in PZT ECG9 filament, illustrating
the variation of the dimensionless quantity AP/E with fused deposition ceramic
(FDC) nozzle diameter, aspect ratio and volumetric flow rate, measured at 140
°C. The dimensionless quantity represents the ratio of pressure drop (AP) to the
elastic modulus (E) of the material, both measured in pascals (Pa) [100].

and keeping the nozzle diameter fixed at 0.254 mm, buckling occurs at
relatively low volumetric flow rate. It is also clear that the buckling does
not occur even at high flow rates with nozzle diameters of 0.508 mm and
0.381 mm. Such findings suggest that printing parameters must be
carefully selected to ensure trouble-free printing when using finer nozzle
sizes. These predictions have been further confirmed by carrying out
independent extrusion measurements. It is important to note that this
process map provides only a qualitative analysis, as it does consider the
thermal effects or the rate dependence which might also affect the
elastic modulus.

Venkataraman et al. proposed a new methodology to assess the
filament buckling which was based on the ratio of compressive modulus
(E) to the apparent viscosity (n,) of the extruded filament [101]. The
conditions derived for buckling can be written as [101]:

2
0
— <

w5 ek ©
where Q is volumetric flow rate, R is the filament radius, L is the length
between the extrusion mechanism and the printing head and [ and r are
length and radius of the nozzle respectively. One can easily observe from
Eq. 9 that, for a particular printer configuration and flow rate, if the E/n,
value of the filament exceeds a critical threshold, it will buckle. In other
words, the ratio has to be maximized to decrease the probability for
buckling. It was reported that the critical value of E/n, to avoid buckling
is around 3-5 x 10° in a shear rate range of 100 — 200 s L. The authors
claimed that this can serve only as a tool for selecting filaments based on
the basic mechanical and rheological characterization of the filaments.

2.2.6. Filament production process

The first step in the filament fabrication process is the selection of the
suitable binder. Thereafter, comes the powder coating step in which the
ceramic particles are coated with the suitable surfactant. Now, there can
be two different approaches for extruding the filaments: (i) solvent
casting, and (ii) dry mixing.

In solvent casting, first the binder is completely dissolved in a solvent
at a certain temperature with constant stirring to ensure homogeneous
dispersion. The ceramic powder is then introduced to the binder solution
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and mixed well. This solution is now dispersed on a glass substrate/
polytetrafluoroethylene (PTFE) plate and heated at a certain tempera-
ture to completely remove the solvent. This results into thin sheets of a
polymer-ceramic composite, which can be further sliced down to small
pieces for easy extrusion with the extruder.

In the dry mixing process, the binder is added to a shear mixer or
torque rheometer where it is melted. To this molten binder, the ceramic
powder is added in batches. This is basically done to de-agglomerate the
powder and ensure a homogeneous mixing. The feedstock is then
granulated into small pieces to be used as a feedstock for the final
extrusion process. The granulates are fed to the extruder, where the
second mixing happens and then extruded into filaments of desired
diameter. In case the ceramic powder has not been coated before, the
surfactant can also be added during the first extrusion.

It is important to note that, prior to the compounding process, the
binders, additives and ceramic powder should be dried. Failure to do so
might lead to rough/uneven surface of the extruded filaments due to
moisture or residual solvent evaporation during the extrusion process
[113]. Castles et al. reported that the composite mixture of ABS and BT
particles was left in the oven at 70 °C for a week to ensure the complete
removal of acetone, which was used as a solvent to dissolve the binder
[127]. Residual acetone, if present, could have produced defects in form
of bubbling on the extruded filaments.

It is also important to keep in mind the aging effects after the fila-
ment has been fabricated. Venkataraman et al. reported that the fila-
ments tend to become more flexible with time, indicating that the
modulus decreases with time. Such a phenomenon is undesirable for the
printing process [129]. In addition, some of the most commonly used
thermoplastic binders are hygroscopic in nature. In such a scenario, the
filaments should be kept in a desiccator to prevent moisture absorption
or dried in an oven before using it.

2.2.7. Printing dynamics

There are several important parameters that play a important role in
determining the success or failure of the printing job. The printability of
the filaments can be easily assessed by examining the external surface of
the filaments after it passes through the feeder gears, as depicted in
Fig. 14 [113]. In case of a printable filament, regular and distinct gear
tooth marks can be observed (Fig. 14(a-b)). On the other hand, the
non-printable filament exhibits irregular gear tooth marks with exten-
sive surface grinding (Fig. 14(c-d)).

Fig. 14. Overview SEM images highlighting the clear difference between (a-b)
a printable and (c-d) a non-printable filament. The images show in (b, d) are
magnified version of (a, ¢) [113].

Reproduced from Ref.: (a-d) [113], with permission from Elsevier.
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During the printing process, the nozzle is heated to a certain tem-
perature (usually above the glass transition temperature (T,) of ther-
moplastic binder) to provide a shear-thinning behaviour that allows the
filament to get deposited on the print bed. Higher nozzle temperatures
lead to better bonding between the layers. On the other hand, extremely
high temperatures might lead to polymer decomposition. The threshold
temperature can be easily assessed by performing a differential scanning
calorimetry (DSC) analysis on the composite system.

In this regard, Goulas et al. analysed the DSC thermographs of a
commercial filament with ABS matrix and strontium titanate (SrTiO3) as
ceramic filler in it [107]. The DSC analysis revealed two T, at 68 °C and
105 °C and the thermal decomposition temperature at 285 °C. So, in this
case the limiting extrusion temperature was 285 °C, beyond which the
polymer starts to decompose. Accordingly, the nozzle temperature was
chosen to be 240 °C. The print bed temperature is also important when
adhesion to the print bed can be an issue. The bed temperature is sug-
gested to be kept above Ty so that it forms a strong foundation for the 3D
printed component. In cases where there is a strong affinity between the
printed composite and a build plate, a tape can be used on the print bed
for easy removal of the sample [116]. On the other hand, adhesive spray
can also be used on the print bed to enhance the binding between the
extruded filament and the print bed. The build chamber in the FFF
printer can be sometimes heated to ensure that no thermal fluctuations
would occur during the printing process.

The nozzle diameter determines the resolution of the printed
component. A smaller orifice would enable deposition of thinner lines or
layers, which can be particularly advantageous when printing intricate
designs or small-scale objects. A better compromise between the reso-
lution and the printability is achieved when printed using nozzles > 400
um as reported by several studies (refer to Table 3). However, there is a
practical limit which is determined by the viscosity or the ceramic
loading in the composite. Umarji et al. observed that by reducing the
solid loadings from 60 vol% to 52.5 vol%, it was possible to employ a
smaller nozzle size of 355 um instead of 500 pm for fabricating tube
actuators [121]. Bhandari et al reported that filaments with lower
ceramic content (60 — 70 wt%) could be printed with a 0.3 mm nozzle,
although a higher temperature was required compared to using a
0.4 mm nozzle [113]. In contrast, filaments with 80 wt% of ceramic
loading could not be extruded due to nozzle clogging. Increasing the
nozzle temperature (viscosity decreases with temperature) can be an
option which might help in easy extrusion. However, the limiting tem-
peratures have to be kept in mind. As discussed in the Section 2.2.5, the

(b)
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probability of buckling and nozzle clogging also increases with
decreasing nozzle diameter. In order to extrude through a fine nozzle,
there has to be a compromise on the ceramic loading.

The thickness of each layer significantly affects the total time and
expenses involved in fabricating the printed part. This is because a
thicker layer will need less time to finish in contrast to a thin layer. In
addition, it also determines the resolution along the z-axis and the
aesthetics in terms of smooth or rough surface finishes. Goulas et al
discovered that a layer height of 200 pm is optimal for producing dense
components with minimal porosity between the printed struts (Fig. 15
(c)), using commercially available filaments based on an ABS matrix
containing stronium titanate (SrTiOs) ceramics of high relative permit-
tivity (&) [107]. This is particularly important for dielectric measure-
ments since the functional characteristics are negatively affected by the
presence of porosity. The presence of air gaps (Fig. 15(a-b, d-e)) was
observed as a consequence of deviations from the optimal layer height
(100, 150, 250, 300). To address this issue, it is generally advisable to
maintain the layer height between 30 % and 75 % of the nozzle diameter
(refer to Table 3). This strategy facilitates a larger contact surface area
between the filament and the print bed during extrusion, which en-
hances adhesion and lowers the likelihood of pore entrapment in sub-
sequent layers.

The layer height is of utmost importance when it comes to aligning
platelets for inducing templated grain development. Allahverdi et al.
studied the degree of texturing using platelets in the fabricated bismuth
titanate filament and the printed component, to find out the optimum
deposition parameters [102]. The results indicate that platelet align-
ment on the filament surface was parallel to the direction of extrusion,
while platelet orientation within the filament was predominantly
random. This is similar to what has been observed during DIW of
platelet-based inks (Fig. 9(b-c)). To optimize the alignment of the
platelets, a printing layer height of 250 ym was used. Depositing thin
layers instead of thick layers results in the application of a significantly
higher shear stress acting on the platelets, forcing them to align along
the printing direction.

It is important to note that circularity and filament diameter play a
crucial role in the printing process. A circularity of 1 and the desired
filament diameter are always preferred. Any deviation from these values
can result in over- or under-extrusion, leading to defects in the printed
sample.

150 ym

Fig. 15. Impact of layer height variation on the entrapped porosity. (a-e) Overview of SEM micrographs, depicting printing defects that occur at various layer
thicknesses, ranging from 100 to 300 um [107]. The optimal layer height has been marked in red dotted lines. (a-e) [107], Open access article distributed under the

terms of the Creative Commons CC BY license.

(a-e) [107]1, Open access article distributed under the terms of the Creative Commons CC BY license.
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2.3. Vat photopolymerization (VP)

2.3.1. Basics of the technology

Vat photopolymerization (VP) is an AM technique where a photoc-
urable material in a vat is cured selectively by using a light source in the
UV range. In the VP process, components are created layer-by-layer
using stereolithography (SLA) or by projecting each complete layer
using digital processing (DLP). This technique can be further classified
according to the building direction of the fabricated component. In the
top-down approach, the light source is positioned above the vat and the
platform descends down to form the new layer. On the other hand, in the
bottom-up approach, the light source is positioned below the vat and the
platform ascends upward. A wiper blade is sometimes necessary to level
the liquid surface before printing the subsequent layers, when using
highly loaded ceramic slurries.

Among ceramic AM technologies, VP is known for its dimensional
precision (mostly in the order of 10 — 50 pm, refer to Table 4), surface
quality and ability to create intricate structures in miniature sizes. The
success of printing using this technique heavily relies on the preparation
of the slurry, which typically consists of a monomer or a mixture of
different monomers, ceramic powder, dispersant, photo-initiators and
photo-absorbers. In addition, it may also contain certain additives in
form of diluents or pore-formers. Since ceramic particles are inert to
light, polymerization only occurs in the organic monomer when exposed
to light of certain frequency (usually 405 nm). So, the cross-linked
monomers during the polymerization process uniformly surround the
ceramic particles in each layer until the complete part is fabricated. The
green components are then further processed by a high temperature
treatment to completely remove the organics and obtain a high-density
ceramic body.

There are certain requirements that need to be satisfied when using
ceramic powders for such process. The ceramic suspension should have
high solid loading (> 50 vol%) along with low viscosity (3000 mPa-s).
Higher solid loading lowers the possibility of generating defects during
the binder burn out process, thereby leading to high densities and better
mechanical properties. On the other hand, low viscosities ensure that the
ink can be spread easily and uniformly. So, there has to be a balance in
terms of ceramic loading in the suspensions and the viscosity. An
additional problem is related to the density of the ceramic powders.
High-density powders (such as those of most piezoceramics) tend to
sediment within the slurry, leading to the formation of layers of inho-
mogeneous ceramic content and defects in the parts after sintering.
Another important issue that concerns piezoceramic powders is their
high refractive index (RI) when compared to the base resin, as shown in
Fig. 16. The difference in the RI affects the curing depth (C4) and the
resolution of the final component, due to scattering phenomena. For
example, Song et al. compared the curing depth of ceramic suspensions
involving three different powders, i.e. PZT, Zirconia (ZrO5) and Alumina
(Al,03) with 65 wt% of ceramic loading and found out that ceramic
suspensions with PZT powders exhibited the least curing depth of 39 pm
when exposed for 10 s [134]. In contrast, suspensions with ZrOy and
Al,O3 exhibited curing depths of 82 ym and 340 pm, respectively.

Considering the challenges related to VP of ceramic suspensions
involving high RI powders such as piezoceramics, this section will re-
view the important parameters that one needs to consider for preparing
a printable ceramic suspension.

2.3.2. Effect of monomer

The monomer is the key component in the ceramic suspension that
gives most photocurable resins their characteristic properties. Usually,
monomers based on acrylates and methacrylates are most widely used
[136] as evident from monomers reported in Table 4. Such monomers
are activated only by free radicals from the photo-initiator [137]. In
order to improve the adhesion between layers in the green body, it is
crucial for the ceramic suspension to exhibit sufficient curing ability (at
least greater than the slicing thickness). The curing depth (C;) of the
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photosensitive ceramic resin can be described by the equation [138]:
2dso no? <E0>
—= —In{ —
3Q An E,

where dsq is the average particle size of ceramic particles, Q is the

Cq= 10

scattering efficiency term, An? is the square of the difference between
the ceramic refractive index (n,) and medium refractive index (ng)
[An? = (n, —no )2], E, is the energy density and E, is the critical
energy density (the minimum energy density required for photo-
polymerization). One can clearly observe from Eq. 10 that the curing
depth is directly proportional to the intrinsic RI of the monomer and
inversely proportional to the difference in the RI between the monomer
and the piezoceramic particles. This suggests that a small increase in RI
of the monomer can significantly increase the curing depth. For
example, the RI of BT/PZT powders (n, ~ 2.4) is significantly higher
than that of the most commonly used acrylate resins (np ~ 1.4 — 1.6) as

shown in Fig. 16. As a result, An? is higher for suspensions containing
such powders. In contrast, Al;03 with a RI of 1.7 will possess a lower
An?, hence denoting its strong curing ability.

To address this issue, Liu et al. compared the rheological and curing
properties of 4 different monomers in a slurry containing 80 wt% of BT
powders [139]. Among the monomers chosen for this investigation,
acryloyl morpholine (ACMO) had the highest refractive index of 1.508,
followed by polyethylene glycol diacrylate (PEGDA-1.466), 1,6-hexane-
diol diacrylate (HDDA-1.457) and tripropylene glycol diacrylate
(TPGDA-1.450). The results indicate that the ACMO had the best curing
capability among all the monomers used, followed by PEGDA (Fig. 17
(a)), while HDDA and TPGDA with almost similar values of RI exhibited
poor curing characteristics. This can be clearly correlated to Eq. 10. The
An and ny for suspension containing ACMO is the least, hence resulting
in enhanced curing performance. In a recent study, authors prepared a
photocurable resin 40 vol% of BT with different monomers (4-hydrox-
ybutyl acrylate (HBA), PEGDA, HDDA, TMPTA) and reported that
TMPTA exhibited better curing capability (Fig. 17(b)) [140]. This is
related to the number of functional groups present in the monomer;
TMPTA has 3 acrylic groups with most carbon-carbon double bond and
the highest RI among the other monomers. For similar reasons, Ma et al.
selected PPTTA along with a combination of other monomers due to its
higher functionality of 4 and refractive index [141].

In addition, rheological properties of the monomers should also be
considered. Liu et al. found that PEGDA, with an inherent viscosity of 30
— 70 cps at 25 °C, exhibited the highest viscosity and shear thickening
behaviour at high shear rates [139]. High viscosity can drastically
decrease the printing efficiency. On the other hand, the other monomers
exhibited shear-thinning behaviour, which is desired for such a printing
process (Fig. 17(c)). However, ACMO was chosen considering the curing
depth and the viscosity. In another study, HDDA was found to be the best
monomer, outperforming others like TMPTA with a higher function-
ality, primarily because the suspension with HDDA had the lowest vis-
cosity, allowing for easier and faster levelling (Fig. 17(d)) [140]. Dufaud
et al. studied the stereolithography of PZT components using a mixture
of two different photo-sensitive resins using DuPont Somos 6100 and
HDDA [142]. Despite its higher refractive index of 1.52, Somos 6100
exhibited relatively high viscosity. Therefore, a blend containing Somos
6100 and HDDA was used to enhance photopolymerization, most likely
with the goal of optimizing the viscosity for improved handling and
printing while retaining ideal optical properties.

In recent years, there has been a trend toward developing ceramic
suspensions that use several monomers in specified ratios to achieve
highest performance [139,140,142-152]. However, with the exception
of a couple of studies [144,146,151], no one has truly specified the
precise ratios and the reason behind such formulations to the scientific
community. There might be several reasons for this, but the most sig-
nificant ones could be:
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Table 4
Feedstock preparation and optimized printing parameters for vat photopolymerization.
Feedstock Particle size ~ Photocurable Additives Ceramic Printing parameters Reference
and monomer loading N
morphology uv E.xposure Layer Miscellaneous
wavelength time (s) height
(nm) (pm)
BaTiO3 dmean = 1.27 HDDA 1- 0- 350 Cured parts were dried [154]
pm hydroxycyclohexyl 55 vol% for 24 h under UV light -
phenyl ketone,
Hypermer LP1,
stearic acid, Triton
X100, Zephrym
1000
PZT dso =5 pm Diacryl 101, HDDA, DMPA, Phosphoric 40 - 10, 25 .
Somos 6100, ester, Irgacure 651 83 wt% [142]
Dupont, RPCure
200, RPC
PZT-5H Diacrylate 2-propanol > 40 vol 260 - 550 20-40  Overnightdryingat50  [176]
% °C
PMNT HDDA, DPPHA Triton X—114, 40 vol% 628, 519, 50 [177]
Irgacure 784 462
PZT S H HDODA, Diacrylate 38 - [178]
40 vol%
BaTiO3 100 nm Photocurable resin Triton x—100 70 wt% [179]
SIS00
BaTiO3 APS =1 pm Photocurable resin Phospholan 25 vol% 1-16 20 [168]
SIS00 PS—131, Triton
x—100
KNN Acrylamide Triton x—100,TPO 65 wt% 405 20 Inert film of [180]
monomer (31.9 vol Polydimethylsiloxane
%) (PDMS) was coated on
the vat surface to
reduce the separation
force
BaTiOs 500 nm 70 - [181]
86 wt%
PZT—5A HDDA BYK—-142, TPO 341 - 385 [164]
48.7 vol
%
BaTiO3 500 nm HDDA, PEG(400)DA BYK, TPO 40 vol% 405 Monomers in equal [146]
volume fraction
BaTiO3 dso = PEGDA, HDDA BYK, TPO 40 vol% 10
[147]
200 nm,
500 nm,
600 nm
BaTiO3 dspo=993nm  ACMO, PEG(400) Omnirad TPO, 65 — 405 10-180 30 [139]
DA, HDDA, TPGDA  MEHQ, Triton 82 wt% -
x—100
PZT 1.5 pm TMPTA Triton X—100, TPO 405 10 - 60 20 [171]
PMMA 20 pm 535 wt
%
BaTiO3 Micron, dsg SG15 resin 70.1 wt 405 5-120 25, 50 Washed in absolute [150]
= 3.4 pym, % (30 vol ethyl alcohol, Post
Submicron, %). curing 5 min in UV
dso = 1.02 dryer
pm,
Nanoscale,
dso =50 -
70 nm
BaTiO3 dso = 600 nm OPPEOA, HDDA, TPO, Solsperse 30 - 405 25 [148]
TPGDA, ETPTA 41000 40 vol%
PZT dsp = 0.452 PEGDA BAPO, BYK-142, 80 wt% 385 10 -100 [170]
pm
BaTiO3 dso = 136 ACMO Triton X—100, 80 wt% 405 10-30 30
nm, 197 nm, Acrylic block (1571
355 nm, 993 copolymer, TPO,
nm, 1486 nm MEHQ
BCZT dsop = 1.7 pm OPPEOA, HDDA, Solsperse 41000, 40 vol% 25
TPGDA, ETPTA TPO (1491
BaTiO3 DYSPERBYK—100 37.14 - 465 10 [182]
51.82 vol
%
KNNLN-Er BYK 9077, TPO 72 wt% [183]
PZT dso= 0.8 pm ETPTA, OPPEOA, Solsperse 41000, 40 vol%
Soluble starch TPGDA, HDDA TPO 20 - (150]
50 vol%

25

(continued on next page)
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Feedstock Particle size Photocurable Additives Ceramic Printing parameters Reference
and monomer loading )
morphology uv E.xposure Layer Miscellaneous
wavelength time (s) height
(nm) (pm)
PMN-PT 500 — 77 wWt% [162]
800 nm
BT templates Length: 5 — 5 wt%
15 pm,
Thickness:
0.5-1pum
BaTiO3 APS = PEG(400)DA, HDDA Triton X—-100, TPO 62 — 405 40 Monomers mixed in [151]
100 nm 77 wt% same volume ratio
PZT dsg = 0.452 PEGDA BAPO, BYK—-142; 70 wt% 385 5-25 [174]
pm PMMA
BaTiO3 Fine, dsp = ACMO TPO, MEHQ, Triton 80 wt% 405 10-90 30 [158]
149 nm, X-100, UNIQ N
Coarse, dsp = FLOW 6057, UNIQ
879 nm FOAM 7032
PZT dsp = 0.8 pm OPPEOA, HDDA, Solsperse 41000, 405 25 [152]
Polystyrene 3 pm, 8 pm, TPGDA, ETPTA TPO, PEG—200, PS
16 pm
BCZT Solsperse 41000, 40 vol% 25 [184]
TPO
BaTiO3 Micro Acrylate-based Triton X—100, TPO 20 - 405 25 - [135]
powder, photosensitive 50 wt% 100
Nano powder  commercial resin
BaTiO3 600 nm OPPEOA, TPGDA, Solsperse 41000, 40 vol% 405 [163]
HDDA, ETPTA TPO
BT platelets Width: 5 - 5 mol%
20 pm,
Thickness: 1
—2um
PZT dsp = 0.8 pm OPPEOA, HDDA, Solsperse 41000, 405
Polyethylene TPGDA, ETPTA TPO, PEG—200, 30 - [172]
Polyethylene 60 vol%
BaTiO3 dso =200 nm  PUA, Acrylic ester, DISPERBYK—-111, 65— 5-35 20
ACMO TPO 80 wt% [143]
KNN dso = 1.86 HDDA, TMPTA PEG200, Solsperse 38 - 405 25 Monomers mixed in
pm 41000, TPO 44 vol% the mass ratio 5:4 [144]
BaTiOs- 1.99-3.4 ym OPPEOA, HDDA, TPO, Solsperse 40 vol% 25 [167]
xBaSnO3 TPGDA, ETPTA 41000
PZT dso = 3 pm SI500 65 wt% 10 20 [134]
BaTiO3 SI500 50 — 405 37 30 [185]
70 wt%
Barium Ethoxylated TPO, Sudan Orange 385 2 200 Samples washed with [175]
acetate, trimethylolpropane G isoproponol
titanium (IV) triacrylate
isopropoxide,
acetic acid,
acrylic acid
PZTS5H HDDA, PEG, 78 — 10 20 [186]
Polyurethane 89 wt%
acrylate U600,
Capryl alcohol
BaTiO3 <1 pm Yellow dental clear DISPERBYK-100 10 - 465 100 [187]
55 vol%
PZT855 PEGDA Irg819 15 - 15 [188]
45 vol%
PZT HDDA, OPPEOA, Solsperse 41000, 25 [145]
Polystyrene APS = 3 pm ETPTA, TPGDA PEG-200, TPO
BaTiO3 dso =500 nm  HBA, PEGDA, TPO, KOS110 40 vol% 405 10, 80 [140]
HDDA, TMPTA
PZT dsg = 0.452 PEDGA BAPO, 70 wt% 405 10 10 [189]
Hm DISPERBYK—-142
PMMA dsp = 5.86
pm
BaTiO3 500 nm 75— 405 9-27 30 [190]
85 wt%
Sm-PMN-PT APS = 0.6 HDDA, ACMO, PPG, POE, TPO, 40 vol% 405 8, 30 25 [141]
pum, 1.5 pm, OPPEA, PPTTA DISPERBYK—180
2.5 ym
BCZT HDDA TPO, 45 - 25 [165]
DISPERBYK—110 55 vol%

26
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Fig. 16. Correlation between the energy bandgap and refractive index for
different ceramic materials. The materials highlighted in green are of particular
interest. The dashed line indicates the standard refractive index for a typical
commercial resin [135]. [135], Open access article distributed under the terms
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(i) increasing the functionality to reduce the exposure time or the
radiation energy required for curing,
(ii) decreasing the viscosity,
(iii) decreasing An by increasing the RI of the photocurable resin

Polyfunctional monomers such as dipentaerythritol penta/hexa-
acrylate (DPPHA), or ethoxylated trimethylolpropane triacrylate
(ETPTA) have multiple cross-linking sites when compared to HDDA or
PEGDA which possess only two active cross-linking sites [153]. Such
multiple-cross linking sites enable to form extensive and interconnected
polymer networks, leading to enhanced green strength. Monomers such
as HDDA can be used as a diluent because of their relatively low vis-
cosity. Monomers with considerably higher RI, such as ACMO and oligo
(propylene glycol) ethoxy triacrylate (OPPEOA), decrease the An of the
overall ceramic suspension and this leads to a higher curing depth.

2.3.3. Effect of particle size

The particle size has a strong influence on the curing depth and the
viscosity of the formulated suspension. It is quite evident from Eq. 10,
that the curing depth increases with dso. By maintaining a constant
volume of solid particles, replacing fine particles with coarse particles
reduces the scattering centres, leading to an increasing curing depth and
areduction in the over curing width. In this context, Jang et al. measured
the reflectance of BT particles of two different sizes (djeqn = 1.27 pm and
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Fig. 17. Effect of the functionality and viscosity of different monomers for choosing the optimal one for the printing process. Curing and rheological properties of
formulated with different monomers: Variation in curing depth as function of (a) Exposure time [139], and (b) Energy dose [140]. (c-d) Variation of viscosity with

shear rate [139,140].

Reproduced from Ref.: (a, ¢) [139], and (b, d) [140] with permission from Elsevier
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2.09 um) in HDDA suspensions at varying solid loadings (10 vol% and
30 vol%) and reported that suspension with higher ceramic content and
finer particle size exhibited increased reflectance due a large scattering
centres, as shown in Fig. 18(a) [154]. Further, the suspensions with
larger particle sizes exhibited a greater curing depth compared to sus-
pensions with smaller particle sizes [141]. This was additionally
corroborated by simulations conducted by Qin et al., which predicted
that finer particles would have greater scattering angles and lower
penetration depths [155]. Conversely, fine particles can result in weak
interfaces between layers, which becomes more pronounced after
debinding and sintering [141].

Chen et al. compared the rheological and curing characteristics of BT
suspensions (40 vol%) prepared with three different particles sizes (dso)
of 200, 500 and 600 nm [147]. The study revealed that the suspension
containing coarse powder had the lowest viscosity, which is

Materials Science & Engineering R 162 (2025) 100877

advantageous in terms of self-levelling and recoating during the printing
process. The suspensions with finer particles exhibited increased vis-
cosity, due to high van der Waals forces causing them to strongly attract
and clump together resulting in agglomeration (Fig. 18(b)). Neverthe-
less, all of the suspensions exhibited shear-thinning behaviour with
viscosities well below 3000 mPa-s. This value is usually considered as an
upper limit for a printable resin using conventional equipment [156].
Furthermore, the curing depth was analysed for all the suspensions and
fitted according to Jacob’s equation [136]:

Ey 2d
Ci= Dn(=2):D,= —— 11

d P n ( E:) P 3 > Q ( )
where D, is the attenuation length, d is the average particle size, @ is the

volume fraction of solids and Q is the scattering efficiency. It was found
that the curing depth increased with the applied energy dose (Fig. 18

Wave length (nm)

| 11 1
. N i(b) |
|
1 P'_}'}OM : : 400 —e— 200 nm . 200 nm R*=0.99) :
(S -—— - ;‘ I_UM vl c - 500 nm R*=0.99) 1
S U TS BIS10M EER +—3500 nm 60F | a 600 nm R?=0.99 I
1oy O wenenees BTS30M -1 —a— 600 nm | | i
' g @3S0 f = .
- e 2 1
2 - b=t !
B s 11 8 S 40+ |
' 112300 oy .
E ~a— g (a .
3 A - 1118 p i
IR N o o WO A Fh : |
! IR O N PPy O s o s R = o, O a0t |
1 LY PR M (N 9, Ssessene :
*
! s ls 1 ren: 1
| 3 1200} el 1
: 200 250 300 350 400 450 500 S50 600! ! A f N 2 N 0 !
1 . .
| . 0 10 30 40 50 10 100 |
i 1 1
I 1 1

Energy Dose (111I<:1112)

dg=993 nm 1
4,497 nm 154

(d\= 355 nm

dyy=1486 Am

Volume (%)
o

Viscosity (Pa-S)

—=— 136 nm 1004
—=— 197 nm
—=— 355nm 904
—=— 993 nm

*— 1486 nm

804

704

604

Curing depth  (pum)

504

04+ . vy 0.0 T

re—
404

Shear Rate (1/5)

T T T p
600 800 1000 136197 355 993 1486

Particle mean size (nm)

=100 dy =128 um)
82 dy=150mm

64 dyy =194 nm|
46 dyy=403 nm|
—28  dy= 591 am)
——0:10 dy =862 nm)

A=405 nm
~

Volume(%)
Viscosity(Pa-s)

(%}
T

|—a—10:0

—e—§:2
[|——64

|—e—4:6
so_+28
+—0:10

S
T

1
0 10 20 30 40 50 60 70 80 90
Exposure Time(s)

Fig. 18. Effect of the particle size and distribution on the viscosity and the curing behaviour. (a) Specular reflectance spectra of uncured BT-HDDA suspensions with
mean particle sizes of 1.27 um (denoted by BT) and 2.09 um (denoted by BTS), with 10 vol% and 30 vol% ceramic powder [154]. (b) Viscosity as a function of shear
rate, and (c) Dependence of curing depth and energy for different BT particle sizes [147]. (d) Particle size distribution, (e) Variation of viscosity, and (f) Curing
properties of slurries containing ceramic powders with mean particle sizes of 136 nm, 197 nm, 355 nm, 993 nm, and 1486 nm [157]. (g) Particle size distribution, (h)
Evolution of viscosity, and (i) Curing depth of BT ceramics in slurries at different particle size mass ratios [158].

Reproduced from Ref.: (a) [154], and (d-e) [157], with permission from John Wiley and Sons. (b-c) [147], and (f-h) [158], with permission from Elsevier.
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(c)), which in accordance with Eq. 11. As a rule of thumb, the applied
energy dose should be selected so that the cured thickness is at least
double the slicing thickness to ensure better bonding between the layers.

Additionally, other investigations have also shown a similar rela-
tionship between viscosity and particle size [135,157,158]. In a recent
study Liu et al. formulated inks with varying particle sizes (Fig. 18(d)),
showing that the viscosity of 80 wt% BT decreased as the particle size
increased to approximately 1 um [157]. Further increasing the particle
size to around 1.5 pm, the viscosity values almost saturated, indicating
that particle size beyond this threshold value has no influence on the
viscosity (Fig. 18(e)). Further, the relation between the curing depth and
particle size was investigated for different exposure times. The results
revealed that the curing depth increased with the exposure time. From
Eq. 12, it can be observed that the curing depth is dependent on the

median particle size and the scattering efficiency (Q), which is related to
the particle spacing S (nm) and the UV wavelength A (nm) using the
equation [138]:

(12)

The results were quite surprising. With increasing particle size, the
curing depth first decreased and then increased (Fig. 18(f)). However,
one would expect that the curing depth should increase with increasing
particle size. This is only valid for suspensions with relatively low solid
loadings [156]. For highly concentrated ceramic slurries, the curing
depth is strongly affected by the ratio of the inter-particle distance to the
wavelength of light used for curing. When the particle size is smaller
than the wavelength, typically A = 405 nm, the particles will tend to
agglomerate due to strong inter-particle forces. This suggests that the

value of Q decreases further with decreasing particle size and is inversely

related to the curing depth. In other words, Q increases with increasing
particle size and the curing depth decreases. On the other hand, when
the particle size is greater than 405 nm, the tendency to agglomeration
decreases. Hence the inter-particle spacing increases and the particle
characteristics become dominant compared to scattering. As a result, the
curing depth increases. However, despite the fact that the curing depth
improves as the particle size exceeds 405 nm, it does not exceed the
curing depth achieved with smaller particles under identical exposure
duration. For instance, the curing depth for suspensions containing 1.5
um particles was 80 um, whereas that with 136 nm particles was 100
um, with both suspensions being exposed for 60 s.

Liu et al. prepared ceramic suspensions by incorporating two distinct
BT powders with average particle sizes (dsp) of 149 and 879 nm in
different ratios (Fig. 18(g)), respectively, at a ceramic loading of 80 wt%
[158]. The curing depth (and viscosity) was strongly related to the
particle size; both of them decreased with increasing amount of coarser
particles (Fig. 18(h-i)). This is due to the fact that when the weight
proportion of the coarser particles increased, the proportion of particles
with sizes near the UV wavelength also increased, as marked in Fig. 18
(g). Consequently, this leads to an increase in scattering and a reduction
in the curing depth. The closer the particle size is to the UV wavelength,
the greater the scattering.

Sotov et al. prepared ceramic suspensions with 70.1 wt% of BT using
different particle sizes (micron-sized = 3.4 um, sub-micron = 1.02 pm,
nano-sized = 50 — 70 nm) [159]. The viscosity of the suspensions with
micron and sub-micron sized particles were well within the widely
accepted value of 3000 mPa-s. In contrast, the suspension with
nano-particles possessed extremely high viscosity values. Due to the
high viscosity, recoating of the slurry using the scraper blade resulted in
an uneven surface. As a result, such suspensions were ruled out for
further use. Moreover, the suspensions prepared with micron-sized
particles (dip = 0.1 um, dsp = 3.4 um, dgp = 25.4 pm) resulted in
delamination of the printed samples. This was attributed to the presence
of larger particles which lead to weak adhesion of the layers. The sus-
pensions with sub-micron sized particles were the best in terms of

29

Materials Science & Engineering R 162 (2025) 100877
printing accuracy.

2.3.4. Platelets orientation

Generally, textured piezoceramics exhibit better properties when
compared to the non-textured counterparts and are obtained by a pro-
cess called templated grain growth. It is to be noted that platelet
alignment and induced grain-growth by thermal treatment are the two
important factors that determine the final texture. However, the main
concern here is the alignment of these platelets during the printing
process.

The platelet alignment during the printing is a crucial step that in-
fluences the final degree of texture. Such texturing can be only obtained
with printers that employ a doctor blade to level-off the slurry after each
layer has been printed. The doctor blade aligns the platelets by exerting
sufficient shear forces. The extent to which texturing can be achieved in
the green bodies depends on the ratio of the pressure-driven forces to the
slurry-driven force and it can be written as [160,161]:

_ APH?  pressure — driven forces 13)
" 2utyaeU~ slurry — driven forces
AP = pxlunngSle}’ (14)

where AP is the pressure exerted by the slurry head, H is the blade gap, y
is the slurry viscosity, tyqq. is the thickness of the doctor blade, U is the
carrier velocity, pgy, is the density of the slurry, Hyyry is the height of
slurry. A lower value of this ratio (I7) yields a better alignment. One can
clearly observe from Eq. 13, that the alignment is completely dependent
on the printing parameters, provided that the platelets concentration is
sufficient.

Zhang et al. prepared ceramic suspensions using PMN-PT ceramics
with 5 wt% of (001)-BT platelets to provide sufficient evidence that
stereolithography is similar to the tape casting process, but with more
benefits associated [162]. In order to minimize the ratio as mentioned in
Eq. 13, a ceramic loading of 77 wt% with a blade gap of 30 ym was
chosen as the best parameter. The platelet alignment in the
polymer-ceramic matrix was confirmed by cross-sectional SEM obser-
vations which revealed an average deviation angle of 11.77°.

In a more recent study, Du et al. employed different amounts of
<001> oriented BT platelets in a BT slurry with solid loadings of 40 vol
%. 5 mol% of platelets were chosen as the optimal concentration [163].
Further increasing platelet concentration hindered the parallel align-
ment of the platelets. The height of the scraper blade was determined to
be 100 — 125 pym. Increasing the height of the scraper blade subsequently
decreased the shear forces acting on the platelets. It is important to
mention here that the optimized concentration was decided after ana-
lysing the X-ray diffraction (XRD) pattern of the sintered components
produced with different processing parameters.

2.3.5. Effect of ceramic loading

Higher ceramic loadings in the slurry ensures better properties in
terms of better density, minimized residual porosity and reduced defects
after the binder burn out and sintering process. In general, the viscosities
of ceramic suspensions increase with increasing ceramic loading and
their shear-thinning behaviour becomes more pronounced, as evidenced
by numerous studies [135,142,144,159,164,165].

In a recent study, Stefan et al. characterized the rheology of slurries
with different ceramic content of BT. Up to solid loadings of 40 vol%, the
viscosities remained unaffected by the shear rates (Fig. 19(a)), sug-
gesting a strong Newtonian behaviour (n = 1) [135]. This was further
confirmed by determining the power law parameter (n), which resulted
in the range of 0.95 - 1.08, which is close to 1. With further increasing
the solid loading to 45 vol%, the viscosity drastically increased by
around two folds and displayed a strong shear thinning behaviour.
However, since the viscosity of all the prepared ceramic suspensions
were well below the standard value of 3000 mPa-s [156], it was
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(a) [135], (c-d) [143] Open access article distributed under the terms of the Creative Commons CC BY license. Reproduced from Ref.: (b) [159], with permission

from Elsevier.

considered suitable for printing.

In addition to the viscosity, the stability of the slurry is important
which needs to be taken care of. In an ideal situation, the viscosity
should remain constant as a function of time. This is in good agreement
with the results reported by Sotov et al. (Fig. 19(b)) [159]. This means
that the ceramic particles are well dispersed and there is no sedimen-
tation in the prepared ink. However, the results reported in Fig. 19(b)
describe the stability only for a short period of time. For low-cost
printers, a scraper blade may not be present and, in that case, it is
advisable to assess the stability of the slurry over an extended duration
of time.

As indicated by Eq. 11, the curing depth is inversely proportional to
the volumetric ceramic content in the suspension. The greater the
ceramic content, the more the particles act as scattering centres for light.
This was also demonstrated by reflectance measurements conducted by
Jang et al. on suspensions containing 10 vol% and 30 vol% of piezo-
ceramic particles (Fig. 18(a)) [154]. Conversely, slurries with extremely
low ceramic content exhibit an increase in curing depth. However, this
comes at the expense of post-processing complexities, such as high
shrinkage and cracking after the thermal treatment. Note that the scat-
tering causes the UV radiation to propagate in a different direction. This
results in an increasing curing width perpendicular to the incident light
and in an decrease in the curing depth in the direction of the incident
light [166]. The best compromise is to optimize the balance between
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ceramic content and the curing time in order to reduce the over-curing
width. It is important to note that the curing depth determines the
vertical resolution, while the curing width determines the lateral reso-
lution. Moreover, the additions of dopants significantly affect the
physical properties of the ceramic powders such as the RI and density
[167]. So, it is necessary to understand the curing behaviour of such
doped powders for reliable printing.

In this context, Zhang et al. investigated the curing depth and over-
curing rate as a function of ceramic loading and exposure time [143].
It was found that curing depth increased with exposure time and with
prolonged exposure the over-curing width also increased (Fig. 19(c-d)).
The best compromise was achieved by using solid loadings of 75 wt%
with a curing time of 5 s. This resulted in the desired curing depth with
decreased width of over-curing. Similar reports on the effect of curing
depth by varying the ceramic loadings has been reported elsewhere
[135,144,168].

2.3.6. Effect of dispersant concentration

Dispersants are often used for several reasons, including the stabili-
zation of ceramic suspensions, breaking up of agglomerates and the
prevention of sedimentation. In general, the amount of dispersant
should be proportional to the surface area of the ceramic powders. This
is because adsorption is a surface effect. However, the concentration
should be adjusted when the volumetric fractions of ceramic powder
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increases.

In this regard, Wang et al. thoroughly investigated the viscosity of
15 vol% BT with concentration of dispersant ranging from 0.3 wt% to
8 wt% [146]. The optimal dispersant concentration was reported to be
1 wt% (Fig. 20(a)). There usually exists an optimum concentration of
the dispersant that leads to the lowest viscosity. Inadequate amount of
dispersant may result in insufficient covering of particle surfaces, hence
leading to agglomeration and high viscosity. On the contrary, excess
dispersant is reported to degrade the rheological characteristics of the
suspension. The excess dispersant moves freely inside the slurry and
leads to depletion flocculation, a condition in which the inter-particle
distance decreases, thereby enhancing the agglomeration and viscosity
of the suspension. Several researchers have optimized the dispersant
concentration by carefully observing the variation of viscosity at higher
shear rates (>40 s™!) [144,149,169].

Kim et al. reported a detailed investigation on the influence of
dispersant concentration (1 wt%, 2 wt%, 3 wt%) on the rheological
behaviour and the curing properties of a PZT suspension [170]. Initially,
Fourier transform infrared spectroscopy (FTIR) analysis revealed that
the optimum dispersant concentration was either 2 wt% or 3 wt% based
on the degree of adsorption of the dispersant to the ceramic particles.
The flow curves revealed that the suspension with 2 wt% of dispersants
had the least viscosity with strongest shear-thinning behaviour (n =
0.19217 compared to 0.46280 for 3 wt%. and 0.82873 for 1 wt%)
(Fig. 20(b)). Further, the dispersion stability of the suspension was
measured by a dispersion stability analyser. Since sedimentation is most
favoured for the particles in the upper part of the size scale, this region
was considered for the stability measurements. The backscattering in-
tensity as a function of time (72 h) decreased for all suspensions, indi-
cating that some sort of sedimentation occurred (Fig. 20(c)). The
suspensions with 1 and 3 wt% of dispersant exhibited almost similar
backscattered intensity (=~ —46), with the latter exhibiting a
non-linear/abrupt decrease. In contrast, the suspension with 1 wt% of
dispersant exhibited a value of —35. This lower value indicates that the
sedimentation rate was lower when compared to the others. The
dispersion stability was further quantified using the Turbiscan stability
index (TSI). These results emphasize that the suspension with 2 wt% of
dispersant was the best overall choice.

In further experiments, the curing ability was measured using a
photo-calorimetry and the results revealed that the suspension with 2 wt
% dispersant exhibited the highest polymerization rate of 0.085 s~ and
a maximum conversion of 43 % among all suspensions (Fig. 20(d)). In
order to analyse the effect of the dispersant on the curing depth, a circle
of 1000 pm was used as a reference. The curing depth increased with
applied energy. However, no correlation between dispersant concen-
tration and curing depth could be identified at this time. This can be due
to differently dispersed or flocculated states of the powder. The surface
of the printed circles was investigated with the help of SEM (Fig. 20(e))
and the suspension with 2 wt% of dispersants had the smallest average
particle size of 352 nm. In comparison, for the suspensions containing 1
and 3 wt% dispersants the smallest average particle size was 675 and
553 nm, respectively. This variation in the average particle size has a
considerable impact on the surface roughness of the printed component.
The samples were quantified by two roughness parameters namely, R,
and S,. Both parameters exhibited similar trends, even though some
difference existed in the numerical value. The most significant outcome
was that the solution containing 2 wt% of dispersants, regardless of the
curing parameters, showed the lowest levels of R, and S,, corresponding
to a better surface finish. By correlating both the curing depth and the
surface roughness, a revised curing depth parameter (C4) was plotted
(Fig. 20(f)). The findings indicate that suspensions containing 2 wt%
and 3 wt% of dispersants were suitable for achieving a high curing
depth, hence enhancing inter-layer adhesion. The revised curing depth
curve was fitted with the Jacobs equation (Eq. 11), in order to calculate
D, and E,. Interestingly, the suspension with 2 wt% of dispersants had
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the lowest D, and E, values. The decrease in the depth of curing may be
related to the comparable values of the wavelength of UV radiation used
for curing (385 nm) and the particle size (352 nm) of the suspension
with 2 wt% of dispersants. The scattering effect is prominent at such
conditions and can decrease the curing depth drastically. However,
having the smallest E, is desirable as it suppresses the scattering and
leads to a high printing accuracy, with decreased value of over-curing
width. Finally, the over-curing width measurements pointed out that
the suspension with 2 wt% of dispersants showed the lowest value
(Fig. 20(g)).

2.3.7. Effect of photo-initiator (PI) concentration

Low molecular weight organic photo-initiators are sensitive to the
UV light and produce free radicals that can attack the functional sites of
the photocurable resins or monomers. Most of the acrylate monomers
are activated using free radical photo-initiators (PI). The amount of PI
used should be in proportion to the total amount of monomer used in the
formulation. For the best curing properties, an optimum amount of PI is
desired; deviation from this amount leads to degradation in the curing
ability.

The inherent curing ability of the ceramic suspension is dictated by
the amount of PI present in the suspension. Liu et al. investigated the
effect of using different PI concentrations (TPO: 1 wt%, 2 wt%, 3 wt%,
4 wt%, 5 wt%) on the curing depth of suspensions containing 40 vol% of
BT [148]. An energy dose of 160 mJ/cm? was chosen since the curing
depth (50 um) was at least double the slicing thickness (25 um). Initially,
the curing depth increased with the TPO concentration up to 3 wt%.
However, beyond such optimum concentration, the cured depth
decreased (Fig. 21(a-b)). This is in good agreement with a recent study
[167]. The TPO absorbs the incident UV light and generates free radi-
cals. The higher the concentration of TPO, the more radicals are
generated, thereby increasing the curing depth until the optimum con-
centration is reached. On further increasing the concentration, the freely
moving TPO in the slurry can absorb the UV radiation, generating more
free radicals that can lead to a chain termination reaction between the
free radical and the acrylate monomer, or decrease the reactivity by
recombination of the free radicals. As a result, a decrease in the curing
depth was observed on using excessive PI.

Almost similar observations were reported by He et al. for a 40 vol%
BCZT suspension [149]. However, beyond the optimum concentration of
TPO (3 wt%), the curing depth did not exhibit any dependency on the
TPO content (Fig. 21(c)). The variation of the curing depth with the
applied energy dose was plotted to understand the D, and E. (Fig. 21
(d)). The slope of the curves is essentially identical, suggesting that the
photo-initiator concentration has little impact on the attenuation length,
D,. However, with the increasing concentration of TPO, E. decreased
from 5.58 to 5.10 mJ/cm?, suggesting a lower energy dose is required to
initiate polymerization. Finally, a TPO content of 3 wt% with an energy
dose of 40 mJ/cm? were chosen as the optimum values for a layer
thickness of 25 pm. In a recent study, Pan et al. reported that the opti-
mum TPO concentration for a suspension containing 42 vol% of KNN
was 1.5 wt% with an exposure energy of 29 mJ/cm? for fabricating
samples with a layer thickness of 25 um [144]. In conclusion, high PI
concentration can lead to an increasing over-curing width and low
printing accuracy.

2.3.8. Effect of using additives with low RI

It is clear that ceramic suspensions containing piezoceramic powders
suffer from low curing depth and severe scattering because of the higher
refractive index (RI) of the particles with respect to that of the most
commonly used acrylate monomers. One effective way to solve this issue
is the addition of materials with low RI and high UV absorptivity to the
suspensions. Replacing the piezoceramic powder by materials such as
polystyrene (PS), polyethylene (PE), polymethyl methacrylate (PMMA)
and soluble starch (SS) will decrease An? in Eq. 10, leading to enhanced
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Reproduced from Ref.: (a) [146], and (b-g) [170], with permission from Elsevier.
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curing depth. In contrast, a considerable amount of porosity prevails
after the thermal treatment. This potentially decreases the piezoelectric
characteristics of the sintered ceramic.

In this context, Hu et al. combined micro-stereolithography (uSL)
with the burnable plastic sphere (BURPS) technique to fabricate porous
PZT ceramics [171]. Spherical PMMA particles with an average size of
20 um were mixed in different weight fractions (5-35 wt%). The addi-
tion of the PMMA particles was found to increase the curing depth Cy4
(Fig. 22(a)). Similar variations of curing depths as a function PE content
were also reported by Liu et al. (Fig. 22(b)) [172]. The authors also
revealed that when the PE content was high (60 vol%), it can induce an
inhomogeneous distribution of the PE particles due to increased vis-
cosity. Therefore, an optimum concentration of these materials has to be
used to have a balance between the density, porosity and piezoelectric
properties.

Liu et al. studied the effect of incorporation of SS (20 — 50 vol%) to a
ceramic suspension containing 40 vol% of PZT powders [150]. The
authors reported that it was impossible to print without the use of the
starch and that its addition significantly increased the curing depth and
the printing accuracy. However, the inclusion of the starch granules led
to an irregular and uneven surface finish due to the presence of larger
particles. From the cross-sectional SEM image as shown in Fig. 22(c-f),
the individual layers after printing can be easily identifiable when the
starch content was at a volume fraction of just 20 %. With a subsequent
increasing starch concentration, the inter-layer bonding increased. This
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indicates the positive outcome of the addition of the starch, however at
the cost of the density and functional properties (as discussed later in
Section 3.2).

Liu et al. reported the effect of using various PS particles (3 pm, 8 um,
16 um) in a photocurable resin with PZT powder [173]. The curing
depth was found to be in proportion to the polystyrene particle size. This
is because of their relatively low RI and higher particle size compared to
PZT (dsp = 0.8 um). The surface morphology and the cross-section of the
printed samples exhibited some noticeable features. The roughness
increased with the particle size of the PS. The cross-section of the printed
samples with PS particles of 16 pm exhibited delamination and cracks,
probably due to inhomogeneous mixing (Fig. 22(h)). The sample pro-
duced using finer PS particles had a homogeneous distribution of the PS
particles, with better inter-layer bonding (Fig. 22(g)). A similar
conclusion was also reported elsewhere [145].

For ceramic suspensions containing both pore-forming agents and
ceramic particles, the scattering behaviour should also be affected by the
particle size and distribution of the ceramic particles (CPs) or PFAs (Pore
Forming Agents) and difference in dimensions of the PFAs and CPs. In
this regard, Kim et al. investigated the rheological and photocurable
characteristics of a 70 wt% PZT (dsp = 0.452 pm) suspension containing
3.5 wt% of PMMA (dsp = 5.86 um) [174]. Three ceramic suspensions
were prepared by using distinct ball milling procedures, resulting in
variations in the size of ceramic particles (fine, coarse, medium), as
reported in Fig. 23(a). In general, the viscosity of a suspension increases
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with a decrease in the particle size. This is valid for a monomodal par-
ticle size distribution. In this case, the ceramic suspensions were
bi-modal because of the size difference between the CPs and PFAs.
Therefore, the suspension exhibited quite unusual viscosity dependence
with the shear rate (Fig. 23(b)). The viscosity increased with an
increasing ceramic particle size. In the case of fine CPs, the particles can
easily fit into the voids generated by the packing of the PFAs and as a
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result the liquid resin can escape easily from those voids resulting in an
increased amount of mobile resin and enhancing the flow behaviour. As
the size of the CPs increase, it can no longer get into the voids and the
liquid resin is trapped in those voids. Hence, the viscosity increases as
the size of the CPs approaches the size of the PFAs. The curing behav-
iours of the suspensions were in good agreement with the previously
reported literature. C4 increases with increasing particle size, the energy
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dosage and the exposure time (Fig. 23(c)).

Furthermore, the scattering phenomenon induced by the ceramic
particles is always reflected in the form of over-curing width. This was
visualized by printing a circular pattern with all the ceramic suspensions
at different intensities and exposure times. The suspension with the fine
and medium sized ceramic particles exhibited uniform and isotropic
solidification around the periphery. In contrast, the suspension with the
coarse particles showed uneven and anisotropic solidification with
irregular protrusions. These topological differences point to a difference
in the light field distribution with particle size. Simulations performed
by Qian et al. revealed that the over-curing width increases with the
particle size [155]. However, in this study the observed trend was
somewhat different and according to the following order: Coarse > Fine
> Medium (Fig. 23(d)). For the fine and medium sized particles, the
authors tried to correlate the observed trend for over-curing with the

scattering efficiency Q (Eq. 12), however, no justification was found for
the coarse particles. It was also reported that the over-curing width
increased with increasing exposure time and energy. Further, circularity
measurements were carried out to quantify the deviation. Suspensions
with fine and coarse particles exhibited better circularity than the coarse
ones (Fig. 23(e)). However, with increasing light intensity, the circu-
larity values decreased. The surface roughness measurements revealed
that the suspension with the coarse ceramic particles exhibited the
roughest surface due to non-uniform packing density. Finally, it was
reported that the interfacial properties between the PFAs and the CPs
can be tailored easily by varying the particle size and the process pa-
rameters. The formation of a ceramic-polymer matrix with
well-incorporated PFAs was achieved by using fine ceramic particles
with a higher intensity of UV radiation. On the other hand, de-adhesion
of PFAs from ceramic-polymer matrix and aggregation of the PFAs were
observed for medium and coarse CPs respectively. The authors postulate
that the reduced inter-particle distance between the fine CPs and PFAs
makes the scattering process complicated, resulting in a strong adhesion
force between the particles.

2.3.9. Novel ink formulations based on the sol-gel process

One of the most recent novel developments in feedstock formulation
involves using the sol-gel technique to create UV-curable and particle-
free compositions, as a possible alternative to traditional particle-
based slurries. This means there are no particles suspended in the
formulated system, which can reduce the scattering effects to a large
extent and help in achieving a better resolution.

In this context, Rosental et al. developed a sol-gel formulation by
employing the following steps [175]: an appropriate amount of barium
acetate was dissolved in a solution composed of acetic acid and
double-distilled water in a polyethylene terephthalate (PET) vial at 65
°C. Thereafter, this solution was cooled down to room temperature (RT)
and poured in another PET vial containing appropriate amount of TTIP
solution (TTIP + acetic acid) followed by vigorous stirring and soni-
cation. After a few minutes, acrylic acid was added. In addition, acrylate
monomer and the photo-initiator were introduced, followed by soni-
cation. Sudan orange powder was used to control the penetration depth
of the radiation. The authors also reported that the formulated ink
exhibited no difference when printed using layer heights of 30 pm and
200 um, with an exposure time set to 2 s. This is quite remarkable and is
only possible because the ink contains no ceramic particles, thereby
avoiding scattering. In contrast, inks containing piezoceramic particles
typically require a longer exposure time, greater than 10 s, for layer
thicknesses in the range of 10-50 um (Table 4).

2.3.10. Steps to prepare the feedstock

The first step in the feedstock preparation process is the selection of
the best monomer on the basis of the curing capacity and the viscosity.
In situations when more than one monomer is being used, it is important
to thoroughly combine them. Then the diluent, dispersant and photo-
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initiator can be added to the prepared monomer system. One can also
modify the as-received powders with a dispersant and then use it as a
feedstock. The ceramic powder should be added in steps so that there is
homogeneous mixing. After each step, the composite system has to be
mixed well with the help of a planetary mill. To further homogenize and
break the agglomerates, often a ball-milling step is employed. The
duration and speed of the milling process depends on the nature of the
agglomerates: hard or soft. After the addition of the photo-initiator, one
needs to carefully handle the suspension: it should not be exposed to
light. To avoid unwanted photo-chemical reactions, the photo-initiator
can also be added after the ball milling step. In that case, the amount
needs to be adjusted accordingly, as there is always some mass loss after
the ball milling step during the feedstock transfer from the ball milling
container to the vat.

2.4. Binder Jetting (BJ)

2.4.1. Basics of the technology

Binder jetting is an AM process in which a binder is selectively
deposited using an inkjet print head on the powder-bed, in a layer-by-
layer fashion. The green-part is taken out from the powder-bed and
then de-powdered and is then cured, debinded and sintered to obtain the
final product. The binder jetting process is well-known for its high
volumetric output, thereby making it suitable for large scale pro-
ductions. However, the need to use flowable coarse particles to generate
the powder bed and the limited resolution of the technology (of the
order of a few hundred microns) all contribute to a significant reduction
in the density and the piezoelectric response of the printed parts de-
creases drastically.

The resolution of the printed components is dictated by the particle
size, shape and size distribution. Despite the layer height ranging from
15 to 135 pm, as reported in Table 5, the resulting samples often exhibit
low resolution due to factors such as binder spreading, limited powder
packing density, and insufficient precision in the binder deposition
process. A higher packing bed density is desired for high green and
sintered density of the printed components. Binder selection and quan-
tity (binder saturation) is another important parameter that greatly af-
fects the printing process.

2.4.2. Particle shape, size and distribution

The properties that are mostly affected by the powder characteristics
are the flowability, green density, powder-bed packing density and the
sinterability as well as the residual porosity of the printed components.
Bigger particles are often desired because of their increased flowability.
In contrast, finer particles exhibit better sintering and functional prop-
erties. Spherical particles are preferred because they have fewer contact
points and hence provide less resistance to flow, enabling the deposition
of defect-free powder layers. In addition, a multi-modal particle size is
often desired for better packing density as the smaller particles can fill in
the void generated by the packing of the coarser particles.

Mariani et al. reported the Hausner ratio (H) of synthesized KNN
powders to be 1.78 + 0.1, which was higher than the threshold value of
1.2 for powders with high flowability [191]. This higher value was
correlated to the low density and irregular shape of the particles, along
with the hygroscopic nature due to the presence of fine particles (dsyp =
310nm) and the formation of agglomerates due to high
inter-particle-forces among the fine particles. In contrast, Sufiiarov et al.
synthesized spherical BCZT powders (djo = 10.3 um, dso = 31.8 um, dgg
= 100.4 ym) by combining partial sintering of the initial powders fol-
lowed by plasma spheroidization [192]. Hall funnel flowability index
tests indicated a value of 50s/50g with an apparent density of 2.49
g/cm®. The relative density after sintering reached more than 90 % in
this case. On the other hand, the relative density values were compar-
atively low (~40 - 60 %) when a non-optimized feedstock was used.

Several investigations have used commercial powders, which may be
unimodal or poly-modal in size, with sphere-like or irregular
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Table 5
Feedstock preparation and optimized printing parameters for binder jetting.
Feedstock Particle size and Additives Binder fluid Binder Printing parameters Reference
hol turati
morpaoclogy :;);1 ration Feed to Layer Miscellaneous
build height
ratio (pm)
BaTiO3 1 pm powder particles 60, 75, 100 2:1 15, 30 Binder cured at 195 °C [196]
with agglomerates of and 120
10 pm
BaTiO3 dsp < 3 pm PEMA SOLUPOR, Hexane—1-ol, 2-eth- Samples stored in 197
Hydroxyapatite  dso ~ 40 pm Spray- ylhexyl acetate, Hexyl acetate drying cabinet 40 °C l !
dried for 24 h
BaTiO3 0.85 - 1.45 ym 60, 75, 120 2:1 30 [195]
KNN dip = 0.15 pm, dso = AquaFuse® 75, 90, 120 50 Powder bed cured at -
0.31 pm, dgo = 4.69 180 °C for 6 h in air l l
pm
BaTiO3 Micron multi-modal, CL001 ExOne BS004 40 - 140 100 A lot of parameters has 104
dip = 0.1 pm, dsp = cleaner (steps of 20) been disclosed, Cured l l
3.4 pm, dgo = 25.4 pm at 180 °C for 3 h
Submicron uni-modal, 50 - 200 35
djo = 0.6 pm, dsp = (steps of 50)
1.1 pm, dgo = 2.1 pm
BaTiO3 Non-spherical, djp = AquaFuse®consisting of water, 175 15 Target bed 108
0.67 pm, dsp = 2.04 10 — 30 % ethylene glycol, 10 — temperature 40 °C, (1981
pm, dso = 4.30 pm 30 % 2-butoxyethanol Cured at 200 °C for
10 h.
BCZT Spherical, djp = 10.3 80 100 192
pm, dso = 31.8 pm, dgo l l
=100.4 pm
PZT-N dip = 0.2 pm, dsp = AquaFuse®consisting of water, 75, 90, 105 50 Curing at 180 °C for 199
1.6 pm, dgy = 5.0 pm, 10 - 30 % ethylene glycol, 10 — 6h l l
30 % 2-butoxyethanol
BaTiO3 Max 45 pm BS004 solvent, CLOO1 cleaner 100 1.75 135 Curing at 200 °C for [200]
2h
morphology, which is not an ideal scenario for creating a powder bed for . .
5
the binder jetting process. In order to achieve spherical powders, addi-
tional experimental steps such as spray-drying are often required. - 56
However, these techniques may not be feasible for all researchers due to =
limitations in equipment or resources. S 2 S
K o 2
5 54 @
2.4.3. Binder saturation Q25 3
The interaction between the binder and the ceramic powder is g 533
QL
essential to achieve high accuracy printing and better green mechanical g2 5 3
strength. The term binder saturation refers to the amount of binder o
dispensed as a function of powder-bed porosity. A value of 100 % binder 2 51
saturation means all the empty voids have been filled by the binder. ’ “
Chavez et al. reported that with increasing the binder saturation 85 115 145 175 205 235 265 295
content, the relative green density showed an upward trend [193]. This Saturation (%)
Green Body Density (%) Sintered Density (%)

could be due to the incorporation of the binder in the powder bed pores
and re-arrangement of particles with better packing density induced by
the spreading action of the roller. However, an excessive amount of
binder can limit the density of the green parts, as shown in Fig. 24. In
another study, Sufiiarov et al. optimized the binder saturation content by
evaluating the deviation of the printed object from the CAD model
[194]. It is important to note that at extremely low levels of binder
saturation, green bodies are not strong enough to prevent delamination
during either the curing, debinding and sintering processes. On the other
hand, high saturation of the binder yields distorted parts.

2.4.4. Printing dynamics

The printing parameters determine the resolution of the printed parts
to a great extent. Apart from the powder characteristics and binder
saturation, the parameters that influence the printing accuracy are the
layer height and the feed-to-build ratio.

The resolution in the z-direction is dictated by the layer height but is
strongly dependent on the particle size of the initial feedstock. For
instance, a layer thickness of 100 pm was chosen for a coarse barium
titanate powder (dip = 0.1 um, dsp = 3.4 pm, dgp = 25.4 um).
Conversely, a layer height of 35 ym was chosen for the finer feedstock
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Fig. 24. Effect of binder saturation on the green body density and final sintered
density of binder jet (BJ) printed BT ceramics [193]. [193], Open access article
distributed under the terms of the Creative Commons CC BY license.

(d1p = 0.6 um, dsp = 1.1 um, dgo = 2.1 um) [194]. In general, for finer
powders the minimum layer height should be at least thrice the diameter
of the maximum particle size. This ratio can be decreased to one if the
particles are spherical agglomerates. Nevertheless, the layer height
obviously cannot be less than the particle size to avoid the formation of
macroscopic defects when depositing the powders.

The feed-to-build ratio parameter controls the amount of powder
transferred from the feeder to be utilized in the printing process. This
helps in achieving a better powder packing ratio by depositing more
powder on the printing site. Gaytan et al. reported a ratio of 2:1 [195].
This means that two layers of powder from the feed were used to
fabricate one layer of the 3D printed object. Lowering this ratio was
found to affect the surface finish of the powder bed.

There are several other parameters such as the roller speed, vibration
frequency of the powder feeder, recoating speed, drying temperature,
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drying time, etc. that can affect the process. However, as shown in
Table 5, there is very limited literature available, and the effects of other
unexplored parameters on the printing process have not yet been thor-
oughly investigated.

2.5. Selective laser sintering (SLS)

2.5.1. Basics of the technology

This process works similarly to the BJ technique. However, in this
method, a high-powered laser is utilized to bond the ceramic particles,
instead of a binder. The SLS process for processing ceramic components
can be classified as: direct or indirect, depending on the starting feed-
stock [201]. If the initial feedstock has only ceramic particles, it is
referred to as direct SLS. Conversely, if the ceramic powders are mixed
with a polymer or binder with it, it is referred to as indirect SLS. In direct
SLS, obtaining crack-free parts is challenging considering the poor
resistance to thermal shock of ceramics. Furthermore, the short inter-
action time between the laser and ceramic powder limits the diffusion
process, leading to a reduced density. In order to overcome these chal-
lenges, often binders are employed along with the powder, resulting in a
polymer-ceramic composite after the printing process [202-204]. The
presence of polymers or binders significantly reduces the required laser
energy, as it is the polymer or binder that needs to be consolidated.

The technology is hardly suitable for use with ceramic powders,
because of the high thermal gradients produced during 3D-printing,
leading to defects or fractures in the sample. To mitigate thermal gra-
dients that can cause internal stresses, leading to cracks or defects, a
laser preheating or preheating at a certain temperature is often used
before the SLS process [205,206]. In addition, the SLS equipment is
expensive, using powerful infrared lasers. A strong advantage of this
approach, however, lies in the possibility of obtaining already sintered
parts that do not require a following high temperature heating step for
consolidation. That means the processing parameters are directly linked
to the sintered density of the ceramic, especially when the goal is to
obtain pure ceramics, as is the case in this review paper.

The powder-bed requirements are similar to the ones of the binder
jetting process. The most important parameters influencing the printing
process include the powder size, laser power (W), scan speed (mm/s),
beam diameter (pm or mm) and the powder feed ratio (g/min).

2.5.2. Process variables

The heating efficiency of the laser in irradiating the ceramic particles
is strongly dependent on the absorption efficiency at the laser wave-
length. In order to study the effect of particle size, Basile et al. studied the
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effect of the single line scan on various powder fractions consisting of
nano and micro powders by using a laser power of 22.8 W and scan
speeds of 100, 500, 1000 and 1500 mm/s with laser energy densities
respectively of 5.1, 1.0, 0.1 and 0.3 J/mm? [207]. The authors reported
that with decrease in the scan speed, the laser energy density increases
leading to an overall increase in width of the heat affected zone (Fig. 25
(a)). In addition, the width of the heat affected zone goes through a
maximum on using a ratio of 70 % nanometric and 30 % micro powders
for any given laser energy density. In any case, the addition of nano-
metric powders improves the heat absorbing capacity of the powder
mix. The same authors reported the effect of the scan speed. A low scan
speed (80 mm/s) lead to a highly dense microstructure with severe
cracks (Fig. 25(b, d)). Conversely, with a higher scanning speed (600
mm/s) the severity of the cracks was supressed however, the surface was
characterized by a wave-like pattern (Fig. 25(c, €)). Nevertheless, such
densification operates only in the top 5 — 10 pm.

Yu et al. reported that the scan speed needs to be adjusted accord-
ingly to the laser power [208]. For instance, when the laser power was
9.7 W, the scan speed was varied from 22 — 65 mm/s. The moment the
laser power was increased to 20.7 W, the scan speed was varied from
108 - 161 mm/s.

Gureev et al. reported the sintering depth varied with the laser power
and the scanning speed [211]. At lower laser power, the sintered
thickness was limited. However, with increasing power and decreasing
speed, the sintered thickness increased which was accompanied by the
laser-induced deformations (Fig. 25(f)). Since the laser power is directly
related to the temperature generated, deviations from the optimized
laser power can lead to defects. For instance, Zhang et al. reported that
after the preheating procedure with a power of 2.5 W/mm? and a
scanning rate of 60 mm/min, the surface of the sample was still
completely flat [205]. However, on further increasing the power for the
SLS process, the sample presented some defects in the form of V-shaped
grooves, cracks, and melted powder agglomerates on the surface. The
authors also reported that the densification was quite inhomogeneous:
the top 500 pm exhibited dense layers >97 %, with the density
decreasing to almost 76 % at a depth of 900 pm (Fig. 25(g)). Such
improvement in the top 500 pm was related to the laser preheating step.

The density has been also reported to increase with the power and
the irradiation time: increase in either of the factors leads to increase in
the density. However, excessive power can also lead to the melting of
nanometric BT powder [209]. In another study, the authors observed
that increasing the power while decreasing the scan speed and powder
feed rate resulted in higher laser energy input. This caused burning and
evaporation of PZT, leading to non-uniformity in the printing process

Table 6
Feedstock preparation, optimized printing parameters, densification and functional properties for samples fabricated with selective laser sintering.
Feedstock  Particle size Laser, Powermax Printing parameters Density Additional information Reference
Wavelength W) Power Scan Beam (%)
density / speed diameter
power (mm/s)
BaTiO3 50 - 70 nm CO3, 10.64 pm 40 W 3.5-3.7W/ 0.5 2.5 mm 98.7 Preheating: 2.5 W/mm?with 60 mm/ .
mm? min, Difference in density in the top [205]
surface and bulk, e, = 200 — 1800
PZT Nd:YAG 16 W 11-145W 15-30 50 pm 1.65 - [211]
2.00 g/cc
PZT Nd:YAG 20W 9.7 -20.7W 22-213 50 pm 21-41 [208]
g/sm®
BaTiO3 dso= 0.44 Nd:YVOy,, 22.8 W Studied the effect of these parameters on Coarse and fine powders used 12071
pm, dso= 1064 nm the resulting samples
50 nm
PZT 1 pm Nd:YAG 4 kW 150 -300 W 5-15 Powder feed rate 1.3 g/min, &, = [210]
430, tand < 5%
BaTiO3 CO, 5-8W/ 3.5+ ~ 92 -98 Preheated upto 400 °C, Holding time [209]
mm? 0.5 mm during laser irradiation: 5 — 30 min
BiT CO, 10-30W 4+ 98 Preheated upto 350 °C, (P;) = 6.5 pC/ i
2 [206]
0.5 mm cm
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[210]. Unfortunately, there have been very limited studies concerning 3. Post-fabrication processing
SLS of piezoceramics, hence, the parameters affecting the printing pro-
cess could not be addressed further . The post-processing steps adopted for printed samples are deter-

mined by the specific AM processes used, whether they are classified as

Scan Speed=100mm/s  mScan Speed = 500 mnm/s
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'(a) % micro powder ¥ :
! 230100 90 80 70 60 S0 40 30 20 10 O E: ‘ !
a0 11112 1 1 10 !
e Y ‘
S —— 11— 1 & 1 1 g: |
=130 L] 2 H :
= 110 I ; : 1 :
L 90 ; ' i
& o o o T o — v ¥ |
! 0 10 20 30 40 50 60 70 80 90 100E L d ! i
l % nano powder i O SEAILSERS High scan speed |
: L 10 mm/s 1000 mm/s :

S c.‘\\\

o0 ! ¥ t
A 'Cd oS . ’

W= S ol BT surface
20kU L 8 31,8 20kU | X200 100Nm .

| (g) Relative density (%
o (=23 ~ © ©

)s
o =] =] o =] g

(wrl) @2epns ayy Japun yideg
006 008 00L 009 00S 00y 00€ 00Z 00

1
I
I
1
1
1
1
I
1
1
1
1
I
I
1
1
1
I
1
1
I
1
1
I
1
1
I
1
1
I
1
1
I
1
1
1
1
I
I
I

Fig. 25. Effect of the powder size, laser power and scan speed on the sintering depth and microstructure. (a) Variation of the heat affected zones (HAZ) as a function
of the BT particle size and scan speed [207]. (b-c) Optical images, and (d-e) SEM images of BT samples sintered at different scanning speeds [207]. (f) Sintered layer
thickness as a function of the laser power and scanning speed for PZT. The different speeds used are described as follows: (1) 60 mm/s (2) 30 mm/s (3) 20 mm/s (4)
15 mm/s (5) 12 mm/s [211]. (g) Inhomogeneity in the microstructure along the cross-section of the SLSed BT. The graph reveals the density variation with the depth
from the surface [205].

Reproduced from Ref.: (a-e) [207], with permission from Elsevier. (f) [211], with permission from Springer Nature. (g) [205], with permission from John Wiley
and Sons.
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direct or indirect [33]. In direct AM methods, the material is selectively
deposited only along the specified printing path to obtain the final form.
Material extrusion-based techniques, such as DIW and FFF, fall under
this category, hence no post-processing as such is required. However,
DIW-fabricated samples are often subjected to controlled humidity
conditions to guarantee uniform drying and to prevent any distortion or
flaws that may arise during this process, particularly when the powder
particles are fine and high solid loadings cannot be achieved.

In contrast, indirect AM methods often include the incorporation of
the printed material inside a powder or resin bed, which must be sub-
sequently cleaned or removed in order to obtain the finished product.
This category of AM technologies includes VP, BJ and SLS. In VP, the
printed green models are often cleaned in organic solvents (sometimes
using ultra-sonic cleaning as well), such as alcohol or acetone, to remove
uncured ceramic suspensions before drying at room temperature.
Whereas, in BJ, the deposited binder is usually cured using heat to
strengthen the green part before the de-powdering process.

Special care has to be taken for samples fabricated with novel feed-
stocks such as the ones mentioned in Section 2.1.6 and Section 2.3.9. For
example, samples fabricated with capillary suspensions were printed on
porous alumina plates (to remove some of the organic components by
the action of capillary forces) and kept at ambient conditions for 5 days
before thermal debinding [88]. Feedstocks based on sol-gel precursors
are often subjected to an aging period before further processing [175].

3.1. Debinding

The main goal of the debinding procedure is to remove the binder
used in the shaping process. The debinding process is heavily dependent
on the type of binders that is used and can be classified into one of the
following types: chemical (dissolving in a solvent), catalytic (using a
catalytic acid vapour), wick (using capillary forces) or thermal (using a
heat treatment) [212].

Chemical debinding is specifically employed when the binder system
consists of a combination of two or more thermoplastic binders. One of
the components, usually a low molecular weight polymer, is selectively
dissolved in a solvent, that creates interconnected open porosity for the
easy removal of the left-over binder during the thermal debinding pro-
cess. The other components ensure that the green part is able to retain its
shape during or after the debinding. This process is complex and re-
quires careful attention since it involves the phenomena of dissolution
and diffusion, which depends on the temperature, time and the powder
characteristics. In a recent study, authors fabricated BT filaments with a
blend of polyvinyl alcohol (PVA) and polycaprolactone (PCL) and
partially removed the PCL by dissolving it in toluene at room tempera-
ture [113]. This partial removal of the binder helps in creating an
interconnected open porosity, facilitating the subsequent binder
removal during the thermal debinding step. Further, the removal of the
PCL was confirmed by TGA and FTIR measurements. Poorly optimized
chemical debinding processes, including solvent selection and parame-
ters, may result in sample defects such as delamination or swelling. In
contrast, catalytic debinding utilizes acid vapor to selectively remove
one component of the binder system and is considered a faster debinding
process compared to other methods.

The thermal debinding process is recognized as the most time-
consuming and energy intensive in the entire fabrication procedure.
Typically, slow heating rates are employed to ensure the complete
removal of the binder and gradual, smooth decomposition of all or-
ganics. The heating rate during the thermal treatment process is found to
affect the structural integrity of the printed structure and the densifi-
cation process [143]. A rapid heating rate of 8°C/min was reported to
induce deformation and cracking in the printed structure, thereby
leading to decreased density (Fig. 26(a-b)).

More recently, Kim et al. provided a detailed insight on the effect of
the heating rate during the debinding step in order to preserve the
porosity obtained after burning out of PMMA [189]. Three different
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heating rates (0.5 °C/min, 1 °C/min, and 2 °C/min) were chosen in
vacuum for debinding. The authors observed that the least shrinkage
and highest density (Fig. 26(c-d)) was observed with a debinding rate of
1 °C/min and correlated with the decomposition behaviour of the
organic matter in inert environment. The EDS analysis revealed that the
sample debinded at 1 °C/min sample had the lowest carbon content,
followed by 0.5 °C/min and 2 °C/min. This is because the heating rate
during vacuum debinding affects how quickly the decomposition
products move from inside the sample to the surface. At a lower heating
rate (0.5 °C/min), the gas generated form the pyrolysis of the organic
matter builds up inside because it cannot escape fast enough, but the
longer heating time helps some carbon on the surface evaporate. In
contrast, at a higher heating rate (2.0 °C/min), a film forms on the
surface due to quick binder flow, but there is not enough time for carbon
to evaporate, leading to more carbon residue. This conclusion was
further supported by the roughness measurements, which showed a
similar trend to the carbon content levels suggesting the roughness was
affected by the residual carbon (Fig. 26(e)). Most importantly, the
optimal debinding rate ensured that the pore size distribution matches
well with the particle size distribution of the PMMA particles after
sintering.

During the DIW process, the solvent (typically deionized water, as
reported in Table 2) evaporates from the sample after printing, leaving
behind a small amount of organics that can be thermally removed. Since
the amount of organics remaining is minimal (similar to binder jetting),
the thermal debinding process is relatively straightforward. This is also
applicable for samples fabricated using binder jetting technology. Most
of the studies have reported a debinding rate of 1 — 5 °C/min (Table 8),
which is often accompanied with a certain dwell time at temperatures
where complete decomposition of the binder or additives is anticipated.
These temperatures are usually determined by performing TGA analysis
on the prepared feedstock.

The debinding scenario is similar for the samples fabricated with VP
technique. Thermoset polymers undergo irreversible cross-linking dur-
ing the curing process, making them resistant to all methods of
debinding except thermal treatment. As opposed to DIW, the monomer
that serves as the solvent in this case does not evaporate. As a result, the
process of thermal debinding is challenging and requires special atten-
tion while designing the debinding schedule. The thermal debinding
process is slow and can last up to a few days with a debinding rate
limited to a maximum of 1 °C/min (Table 10). It is important to keep in
mind that researchers often prefer to carry out the thermal debinding
process in an inert atmosphere, either argon (Ar), nitrogen (N3) or
vacuum (Table 10). The binder decomposition behaviour is strongly
influenced by the debinding atmosphere [213]. Organic compounds
undergo vigorous exothermic reactions due to oxidative decomposition
in the presence of air, which may result in the formation of defects such
as cracks or delamination (Fig. 27(a)). Such defects have been reported
by several authors [159,165]. On the other hand, the exothermic
behaviour is significantly inhibited in inert atmospheres due to the
absence of oxygen and the decomposition proceeds through the
disruption of the chemical bonds by heat absorption [214]. As a result, a
certain amount of carbon remains in the sample leading to a black colour
(Fig. 27(b)), which is subsequently eliminated by a second debinding
process in the presence of air (Fig. 27(d)). Certain additives such as
polyethylene (PE) swells when heated in argon, thus making the process
complicated [172]. In such a scenario, debinding in argon is not rec-
ommended. The best way to design a debinding schedule is to perform a
TGA analysis and using this data to plot the DTG (or DSC to observe the
endothermic or exothermic peak) to see the peaks where the most
intense mass loss occurs (Fig. 27(c)). To ensure the integrity of the
printed structure during the binder removal process, it is important to
employ a slow heating rate and/or dwell time in regions where strong
decomposition occurs so as to facilitate gradual and smooth removal of
organics. Sometimes, low-temperature volatile additives are employed
to generate a network of transient porosity that facilitates the removal of
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Fig. 26. Effect of the heating rate on different physical properties of the debinded and sintered samples. Densification after (a) debinding, and (b) sintering with
different heating rates for BT ceramics fabricated with VP [143]. The variation of the (c) linear shrinkage, (d) density, (e) surface roughness as a function of different

heating rates for PZT ceramics fabricated with VP [189].

Reproduced from Ref.: (a-b) [143], Open access article distributed under the terms of the Creative Commons CC BY license, (c-e) [189], with permission

from Elsevier.

the decomposition gases generated by the decomposition of the organics
at higher temperature.

The debinding cycle shown in Fig. 27(d) has been designed according
to the TGA/DTG/DSC plot in Fig. 27(c) and a similar approach to design
the debinding schedule has been reported by numerous studies, as evi-
denced in Table 8 — 10. The binder decomposes in the range of 350 — 550
°C with the intense mass loss happening at around 420 °C (also evi-
denced by exothermic peak in DSC). The debinding process was care-
fully designed to gradually increase the temperature in steps, with hold
time at certain temperatures (200 °C, 300 °C, 400 °C, 450 °C, 500 °C,
and 600 °C for 1 h). This ensures homogeneous heat distribution within
the samples, prevents stress development and allows for complete
binder decomposition. Subsequently, any residual binder is removed by
a second heat treatment in air. In general, this idea of designing the
debinding cycle can be applied to samples produced using any other AM
technique.

The effect of the binder content on the debinding process can be
clearly visualized from Fig. 27(d-e). Samples with a limited amount of
organics, such as those fabricated using DIW, can be processed using
high heating rates. On the other hand, samples fabricated with VP,
usually possess a high amount of binder (~ 18 wt% as shown in Fig. 27
(c)) and therefore the debinding rate is slow, making this an energy-
intensive process. To increase the energy efficiency of the thermal
treatment process, it is necessary to create novel feedstock formulations
with low binder content and high ceramic loading.
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Similar to VP technique, FFF also requires careful designing of the
debinding cycle, because of the high-volume fraction of the binder
(typically 40-50 vol%) used in the production of a printable filament.
Most of the studies have reported a heating rate in the range of 0.2 — 1
°C/min (Table 9). In a recent study, wick debinding has been success-
fully used to remove low molecular weight organic wax (paraffin wax)
[118]. In this process, the green part is embedded inside a highly porous
powder bed which is subsequently heated to a desired temperature. The
low molecular weight organic wax begins to melt as the temperature
rises and the capillary forces arising from the pores extract the melted
wax out of the sample. The final temperature and hold time are
important parameters that need to be carefully adjusted. The authors
reported that the best results were achieved at isothermal conditions of
200 °C (for 60 h) with a slow heating rate of 0.2 °C/min. Thereafter, the
samples could be sintered with a high heating rate of 10 K/min. A recent
study reported that the binder decomposition temperature decreases
with the increase in the ceramic loadings in the filament [113]. This can
be associated with the catalytic effect at the surface of the used ceramic
powder [215]. This effect is reported to be more prominent in air when
compared to inert atmospheres.

3.2. Sintering and functional properties

In general, after the thermal debinding step, the samples are highly
fragile and an additional heat treatment at elevated temperatures below
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Reproduced from Ref.: (a-c) [159], and (d-e) [139], with permission from Elsevier. (f) [86], with permission from John Wiley and Sons.

the melting point (known as sintering) is necessary to achieve high
density and desired properties. The desired sintering temperature can be
found out by performing a dilatometry test on the powder pressed disc or
the printed sample (similar dimension to disc, with flat opposite sides).
Kindly note that the dielectric and piezoelectric/ferroelectric measure-
ments are usually carried out on regular-geometry (specially disc shaped
samples), as usually required by the equipment.

The most crucial factors that affect the sintering process are the
temperature, atmosphere composition, heating rate and the hold time.
These variables are crucial in the development of the microstructure,
which directly affects the electrical properties, as will be discussed later.
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For sintering, alumina crucibles are typically used as a substrate for
BT [116] as well as for most of other ceramic materials. The contact area
between the sample and the crucible can lead to some unwanted re-
actions, thus modifying the stoichiometry of the sample. Traces of
barium aluminate (BaOeAl;03) based compositions are formed in a
temperature range between 800 °C and 1400 °C [216]. The sintering of
BT takes place at temperatures within this temperature range. To avoid
this unwanted reaction with the samples, a platinum wire coil or plat-
inum foil can be used to prevent contact between the sample and the
crucible [176]. In the case of compositions containing volatile elements
such Pb or K, samples are sintered in a closed alumina crucible using a
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powder bed from the same material as the sample to minimise the loss of
material and stoichiometry due to volatilization [54,72,74,75,77,83,94,
98,104,116,118,121-123,131,133,177].

The relative density of the sintered samples increases with the sin-
tering temperature [73,74,78,86,144]. Further, no further densification
occurs by increasing the temperature beyond the temperature where the
densification reaches its maximum (also known as over-sintering). In
fact, it may even result in a slight decrease in density [51,60,144,149,
159,175]. This can be related to the formation of additional porosity due
to over-sintering [149]. For instance, Hossain et al. reported that, for
PZT, a maximum relative density of 97.5 % was achieved at a sintering
temperature of 1200 °C. The density decreased slightly on further
increasing the sintering temperature to 1300°C (Fig. 28(a)), probably
due to loss of volatile PbO in PZT ceramics at such elevated temperatures
[74]. This suggests that compositions such as KNN, PMN-PT etc., con-
taining volatile components must be handled with caution during sin-
tering. A similar trend was observed for BCZT. The relative density
decreases from 95.88 % to 95.20 % on increasing the temperature to
1525 °C from 1500 °C due to over-sintering (Fig. 28(b)) [149].

Further, the increase in density is also manifested in the form of
shrinkage due to decreasing volume of the porosity. In general, owing to
the layer by layer build up process, the shrinkage in the z-direction (or,
axial) is always higher than the shrinkage in x and y directions (or,
radial) [77,144,148-150,152,168,169,172,177,180,183,184,186]. It is
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to be noted that the shrinkage (in both directions) decreases when the
sample is over-sintered (Fig. 28(c)) [144]. However, surprisingly, some
of the studies reported that the converse (shrinkage in x and y higher
than in z) is also true [113,139,175,189]. Shrinkage decreases with
ceramic loading (Fig. 28(d)) [113,148] and thereafter increases after the
optimum loading [139]. An almost similar shrinkage in both directions
has also been reported [159].

A recent study reported differences in shrinkage after sintering be-
tween dense objects and porous structures, such as TPMS, even though
the samples were printed with the same composition [141]. Therefore,
to accurately calculate shrinkage in different directions after sintering, it
is recommended to print the desired geometry, measure the shrinkage,
and then either scale up or scale down according to the desired
dimensions.

Along with the density, the grain size also increases with the sin-
tering temperature due to enhanced mass diffusion at elevated tem-
peratures (Fig. 29(a-f)) [73,78,79,83,86,95,113,140,144,184]. In
addition to the sintering temperature, dwell or hold times are an
important variable affecting the densification process. This can serve
various purposes, e.g., an optimized dwell time enhances the particle
rearrangement and diffusion rates, thereby ensuring a dense micro-
structure. Moreover, the dwell time ensures homogeneous temperature
distributions, reduces thermal gradients and uneven sintering. In this
context, Wei et al. studied the effect of different dwell times (2 h, 5 h,
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Reproduced from Ref.: (a) [74], (b-c) [149], and (d) [148], with permission from Elsevier.
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Reproduced from Ref.: (a-f) [86], with permission from John Wiley and Sons. (g-i) [93], with permission from Elsevier. (j-1) [58], with permission from IOP
Publishing.(m-0) [199], Open access article distributed under the terms of the Creative Commons CC BY license.
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and 20 h) at 1300 °C on the densification process and microstructural
evolution of BT ceramics [93]. Experimental results pointed out that the
relative density increased with the holding time due to the elimination
of the pores [183]. However, with prolonged holding time of 20 h, grain
growth takes place, with grain sizes reaching almost 2 — 3 pm (Fig. 29
(g-i)). The phenomenon of abnormal grain growth observed in BT ce-
ramics is observed after a certain threshold temperature (usually around
1325 °C), where a liquid eutectic phase is formed and thereafter grains
may grow abnormally due to Ostwald ripening [113].

The initial particle size is reported to have a profound effect on the
densification behaviour of the sintered sample [58]. Often, mechanical
milling is employed to break up agglomerates and/or decrease the
particle size in the starting feedstock. Finer particles are reported to have
better sintering behaviour owing to their large surface area or more
increased particle-to-particle contact [147,157]. This has been validated
by the findings of Renteria et al. [58]. The authors reported that the
relative density of the sintered samples increased to almost 85 % from 68
% on changing the initial particle size of 500 nm down to 100 nm. The
sample with finer particles exhibited a dense microstructure with
slightly bigger grains (due to grain growth) even when sintered under
the same conditions. On the contrary, the sample with coarser particles
(500 nm) exhibited a significant amount of open porosity with the grain
size remaining similar to the initial particle size (Fig. 29(j-1)). This means
the thermal activation energy (here, it is the sintering temperature)
required to initiate the mass transport phenomenon is higher for coarser
particles than for finer particles. Similar results have also been verified
for samples fabricated using VP [147].

In contrast to the microstructures shown in Fig. 29(a-f) typically for
extrusion-based techniques, the microstructures that are produced by
binder-jetted samples are highly porous as depicted in Fig. 29(m-o).
Even though the densification increases with the binder saturation
value, it still does not reach the levels produced by extrusion or vat
photopolymerization. When examining the densification values in Ta-
bles 8, 9, 10 and 11, this aspect appears to be clearer.

In general, it is challenging to prepare a feedstock with fine particles.
A compromise can be achieved by using particles with a bimodal dis-
tribution. In general, inclusion of smaller particles in coarser particles
serves to enhance the packing density and consequently the green
density of the printed component. In this regard, Renteria et al. inves-
tigated the effect of bimodal particles (100 and 400 nm) on the packing
density and the densification behaviour [61]. The packing density was
maximized at 55.8 vol% of large (400 nm) powder particles. It was
observed that the densification behaviour is strongly affected by the
volume fraction of the fine particles. Surprisingly, the decreasing density
was not linear with the increasing coarser fraction. An inflection at
50-50 vol% was observed, suggesting that the final density might be
affected by the dominant powder fraction in the sample.

Several studies have demonstrated that density increases with higher
solid concentration (as shown in Fig. 30(a)) [148,151,164,169,186].
However, beyond a certain threshold, density may begin to decrease.
Possible factors contributing to this include: excessive use of dispersants
to lower viscosity [181], limitations in the recoating ability of the
scraper blade during printing [139], insufficient curing due to excessive
loadings resulting in poor bonding force between layers [151,186], and
nozzle clogging leading to uneven flow rates [77]. The addition of low RI
materials, generally termed as pore forming agents (PFAs) as discussed
in Section 2.3.8, compromises the density to a certain extent after sin-
tering. The porosity increases with increasing amount and size of the
PFAs [145,150,152,171,172] and, subsequently, the shrinkage also in-
creases (Fig. 30(b-d)). The inset SEM images in Fig. 30(d) illustrate the
difference in microstructure, where an increase in the amount of PFAs
results in higher porosity. The quantity of binder utilized in formulating
the ink for DIW or in jetting onto the powder bed for BJ also plays a role
in determining the final density of the sintered component [85,193].
Deviation from the optimum value led to the formation of large circular
pits or residual porosity from the binder burn out. It is worth mentioning
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that the sintered microstructure is highly sensitive to the ceramic
loadings [181,186]. The grain size increases with the ceramic loading
and this can be attributed to the decreasing amount of defects in form of
porosity (Fig. 30(e)). Porosity exert a dragging force to grain boundary
motion hindering the grain growth and densification during sintering
[217].

It is important to note that the reported density of the samples that
are produced using 3D printing is always lower than the density of
samples that are powder-pressed [80,113,122,123,146,151,168,179,
186]. This is mostly because of the residual porosity generated from the
binder-burn out process, as depicted in Fig. 31. Additionally, as observed
from Tables 8, 9, 10, and 11, nearly full densification is completely
missing in the reported density values. A recent study has further evi-
denced this fact by carrying out mercury porosimetry analysis on a
powder pressed and printed sample. It was found that pore size in the
range of 0.1 — 5 um was attributed to the residual porosity after the
binder burn out process as this size fraction of porosity was completely
missing in the powder pressed sample [113]. In addition, the presence of
printing defects cannot be ignored completely. For samples fabricated
using FFF, VP, and DIW, the difference in values between the achieved
density and full densification (100 %) is comparatively small (Tables 8,
9, and 10). However, this difference increases significantly for samples
fabricated using BJ, where the achieved density is significantly lower
(Table 11). This disparity is primarily due to the higher levels of residual
porosity mostly generated from the powder-bed packing, which hinders
the densification process. Consequently, the piezoelectric performance
of the printed components is typically inferior to conventionally
powder-pressed samples.

The density of the sintered piezoceramics is strongly affected by the
sintering atmosphere as well. In a recent study, authors have utilized
innovative sintering processes such as ultra-fast high temperature sin-
tering (UHS), pressure-less spark plasma sintering (P-SPS) and fast firing
(FF) to achieve rapid debinding and sintering of the BT components
fabricated using DIW [79]. The experiments were carried out in inert
atmosphere for UHS (Ar/N5) and P-SPS (Ar) to prevent the oxidation of
the graphite felt or the die at such high temperatures. On the other hand,
fast firing experiments were conducted in ambient conditions. The
samples were able to resist the rapid heating and cooling rates, without
any noticeable defects in the samples. However, the densification was
restricted to around 70 — 78 % for samples sintered using UHS and P-SPS
(Fig. 32(a-b)). On the contrary, samples sintered using FF exhibited high
densities of up to 95 % (Fig. 32(b)). The authors reported that the phase
transition from tetragonal to hexagonal, while sintering in inert atmo-
spheres (Fig. 32(c-e)), adversely affects densification by enhancing the
pore-grain boundary separation and anisotropic coarsening (formation
of elongated grains) as shown in Fig. 32(h-i, k-1, n-0). Such elongated
grains are typical for the hexagonal phase. Additionally, the samples
exhibited dark coloration which was correlated to the reduction of the
oxide in such low p(03) conditions. Similar observation was made for BT
ceramics sintered using SLS [205]. In contrast, when sintered in air, the
tetragonal phase was retained with dense microstructure and equiaxed
grains (Fig. 32(f, p-r)). The tetragonal phase was also retained at lower
UHS currents (20 A) and P-SPS temperature (1300 °C), however no
densification was observed as the thermal activation energy for mass
diffusion was insufficient as evidenced in Fig. 32(g, j, m).

A similar phase transformation has been reported for samples sin-
tered using SLS [205,207]. Such phase transition is reported to occur at
1460 °C in air. However, when sintering in Hy atmosphere, the phase
transition temperature decreases to 1360 °C which can be related to the
formation of oxygen vacancies and Tit which stabilizes the high tem-
perature hexagonal phase at room temperature [218,219]. In addition,
the very high cooling rates achieved in SLS (similar to UHS) can be one
of the most probable mechanisms that helps in retaining the meta-stable
phase at room temperature [206,207,210]. The high cooling rates ach-
ieved during such process helps in retaining a fine very microstructure,
which otherwise would have been difficult to achieve [210]. Similar to
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Reproduced from Ref.: (a) [148], (b) [152], and (c-d) [150], with permission from Elsevier. (e) [181], Open access article distributed under the terms of the Creative
Commons CC BY license.
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Fig. 31. SEM micrographs of sintered PZT ceramics exhibiting the difference
between the (a-b) 3D printed sample and (c-d) a powder pressed sample [77].
Reproduced from Ref.: (a-d) [77], with permission from Elsevier.

the UHS process, the temperature control during the SLS process is very
challenging. Usually, the laser spot follows a Gaussian distribution of
energy with the maximum being achieved at the centre of the spot
[205]. Thus, it is quite challenging to maintain the same temperature at
each scanning spot on the powder bed, which then leads to
inhomogeneity.

Since most of these piezoelectric materials have a crystalline struc-
ture, XRD is the most widely used method to study the structure and
phases. As an alternative, Raman analysis is sometimes carried out for
determining the developed phases as well [113,151,186].

With XRD, the lattice parameters are accessible and a unit cell
distortion can be calculated. The unit cell distortion describes the
distortion from the paraelectric cubic phase. The spontaneous polar-
isation in ferroelectric phases is oriented along the direction of the unit
cell distortion, which is the [001] direction in tetragonal symmetry,
the [110]p. direction in orthorhombic symmetry, the [111]p. direction
in rhombohedral symmetry or more complex directions in monoclinic
symmetry [220]. The subscript “pc” refers to the pseudocubic undis-
torted perovskite unit cell. The unit cell distortion increases with
increasing lattice parameters towards the direction of the spontaneous
polarisation [113,147]. The intrinsic piezoelectric effect has a direct
proportional relationship to the unit cell distortion. In ferroelectric ce-
ramics with tetragonal symmetry, the unit cell distortion is referred to as
tetragonality and is defined as the c/a ratio, which is the ratio of the long
c-axis (c) to the short a-axis (a) of the crystal structure.

The tetragonality is reported to increase with the sintering temper-
ature as depicted in Fig. 33(a) [86,113,149]. This increase is evidenced
by the enhanced 200 reflection splitting to 200 and 0027 in XRD pat-
terns, indicating a greater degree of unit cell distortion after the phase
transformation from cubic to tetragonal symmetry, i.e., for Cu K, radi-
ation these reflections are located around of 20 = 45 °. This is also
evidenced by high c/a ratio (also denoted by #;) for the sample sintered
at 1350 °C with bigger grains (> 20 pm) (Fig. 33(b)).

The initial particle size also affects the tetragonality of ferroelectric
ceramics. Fine powders require less energy and hence are expected to
exhibit higher tetragonality when compared to coarse powders pro-
cessed in the same conditions [58,59,61,158]. This can be related to the
final grain size of the sintered ceramic. For instance, Reneteria et al.
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reported that the samples fabricated with 100 nm particles exhibited a
grain size of approximately 1.18 um after sintering [58]. On the other
hand, the 300 nm and 500 nm particles exhibited a grain size of
approximately 871 nm and 757 nm, respectively. It should be noted that
the sintering temperature was similar for all particle sizes. However, the
sample processed from 100 nm particles showed the highest 200
reflection splitting. In an another study, authors have used different
sintering temperatures for different particles sizes; 1300 °C for 200 nm
and 1330 °C for 600 nm particles sizes [147]. The sample processed
from 600 nm particle sizes and a final grain size of 875 nm exhibited
higher reflection splitting (Fig. 33(c)). It is widely accepted that the
tetragonality decreases on reducing the grain size of the sintered
ceramic. This is due to increased internal stresses generated by the high
volume of grain boundaries and domain walls [15,16,221]. Smaller
grains have a higher domain wall density, leading to higher internal
stresses that hinder the crystal lattice distortion, lowering the c/a ratio.
In contrast, larger grains, with lower domain wall density and lower
stresses, maintain higher tetragonality (high c/a ratio). Since a higher
ceramic loading results in a microstructure with less porosity and larger
grains, it will also result in a higher tetragonality [164,181].
Polycrystalline ceramics are considered to consist of a microstructure
of randomly oriented grains. However, if there is a preferential orien-
tation, it can be detected and quantified by XRD analysis. This anisot-
ropy of the distribution of crystallographic directions is called texture.
XRD patterns are used to evaluate or understand the degree of texturing.
For instance, Lorenz et al. investigated the diffraction patterns of sin-
tered BT, measured parallel and perpendicular with respect to the
extrusion direction in reflection geometry at the surface (Fig. 33(d))
[70]. The authors reported that the variation in the reflection intensities
along different directions is due to the preferential particle alignment
along the extrusion direction during the printing process. In general, the
Lotgering factor (F) is often used to quantify the degree of texturing [91,
102,162,163] and it can be calculated using Eq. 15 [222]:

(I —-Ip)
(1-1Io)

(15)

where, Ij is the reflection intensity of a sample with random orientation
and I the reflection intensity of a textured sample. The Lotgering factor is
calculated with the intensities of characteristic reflections for the
respective symmetry. Walton et al. reported that the Lotgering factor F
declines on advancing from the surface (F ~ 40) of a filament to (F ~ 0)
at the centre of a filament, as also depicted in the microstructure in
(Fig. 9(c)) [91]. This is in accordance with the torque simulation find-
ings carried out on the filaments. Highest torque is experienced on the
surface, while least in the core. A low Lotgering factor of 0.46 was re-
ported in case of additively manufactured bismuth titanate [102]. The
authors reported that the initial matrix particles were quite coarse (0.5 —
1 pm), which led to a sluggish grain growth. Another probable reason
could be the lack of alignment of the templates during the extrusion
process itself. In a recent study, the authors have shown that the degree
of texturing increases (from 94.3 % to 97.4 %) with sintering tempera-
ture (increasing from 1250 °C to 1300 °C) due to templated grain growth
of the used seed platelets (Fig. 33(e)) [163]. However, as the tempera-
ture increases above a certain temperature, grain growth of the matrix
grains occurs without any distinct texture, resulting in an overall
reduced texturing.

Often, researchers use sintering aids to lower the sintering temper-
ature by forming a liquid phase. The mass transport and diffusion phe-
nomena are reported to be higher in the presence of a liquid phase due to
increased atomic mobility compared to solid-state sintering. In addition,
the residual porosity left after binder burn out often limits the degree of
texturing as well. Copper oxide (CuO) is one of the most widely used
sintering aids reported in the literature [163,184]. He et al. reported that
the density and the grain size increased with increasing CuO content up
to 1.5 mol.% (Fig. 34(b-c)) [184]. Excess CuO (2 mol.%) resulted in a
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Reproduced from Ref.: (a-b) [113], (¢) [147], and (e-f) [163], with permission from Elsevier. (d) [70], Open access article distributed under the terms of the Creative

Commons CC BY license.

decrease in density as well as shrinkage (Fig. 34(a)) with precipitation of
impurity phases (evidenced by XRD) and abnormal grain growth
(Fig. 34(d)). The addition of CuO resulted in a shift of the reflection
positions to lower 20 angles [184] due to the larger ionic radius of Cu?*
compared to Ti*' and Zr**, leading to lattice expansion. A similar
reflection shift has been observed for substituting Ti** with Sn** in BT
ceramics [167]. The decrease of the 200 reflection splitting (at 20 = 45°)
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with increasing Sn** content, indicated the transformation of tetragonal
to cubic symmetry.

In a recent study, authors have employed a mixture of copper oxide
(CuO) and bismuth oxide (Bi;O3) as a sintering aid to induce liquid
phase sintering [162]. It was found that the addition of the sintering aid
increases the density (from 91 % to 93 %) and the Lotgering factor to
about 58 %. In contrast, the Lotgering factor was only 2 % when only
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Reproduced from Ref.: (a-d) [184], and (e) [162], with permission from Elsevier.

5 wt% of BT platelets were used without the sintering aid (Fig. 34(e)).

Usually, the permittivity (&), which denotes the ability to store
electrical energy, is measured as a function of frequency or temperature
and shows maxima at phase transformation temperatures [86,139,146,
147,150,158,168,171,172,180]. Above RT for BT ceramics &, decreases
with temperature (up to 75 °C) which is correlated to the
orthorhombic-to-tetragonal phase transformation [70]. Similar phase
transformation temperatures have been reported for several other
compositions [80,149,180,184]. Some compositions even show two
intermediate phase transformation temperatures as reported for
Sn-doped BT [167]. With a further increase in temperature up to the
Curie temperature (T.) the ¢ increases and shows a maximum at T,
[146,147,169,180]. A similar temperature dependence behaviour is
exhibited by dss3 or the piezoelectric coefficient. However, at T,
(Tetragonal to cubic phase transformation), the value decreases sharply
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to almost zero, denoting that the material no longer exhibits piezo-
electric properties. Therefore, higher Curie temperatures are desired, so
that the material can retain its piezoelectric properties at higher tem-
peratures. For instance, the T, of PZT (220 °C) [94] and KNN (230 °C)
[180] are much higher than those of BT (130 °C) [70] and BCZT (86 — 88
°C) [51]. This suggests that PZT and KNN are better candidates when
high temperature applications are necessary.

The T, is a material specific property and is highy sensitive to various
factors such as interfacial strain, defect density and internal stresses, all
of which which depend on the microstructural features of the sintered
ceramics. For BCZT ceramics, T, decreases slightly with increasing sin-
tering temperature or grain size. This is in good agreement with the fact
that T, varies inversely with grain size [51,223]. Conversely, an increase
in the ceramic loadings (the grain size also increases) in the ink leads to
an increase in T, [151,224]. The authors reported that the increase is
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attributed to the growth of the domains with increasing grain size, while
small grain sizes in the range of nanometres can increase T, [146,147].
The fine grain size at nanometer level contributes to the improvement of
T, due to increased grain boundary effects, stress and surface-to-volume
ratio. Additionally, the presence of residual porosity after the debinding,
as well as the use of pore-forming agents increases the phase trans-
formation temperatures [80,145,150,172,173]. This can be attributed to
the stress relaxation near the porosity [225]. Interestingly, the effect of
texturing on T, is complex and reported to result in both decrease and
increase. In a recent study, where BT platelets were used in a PMN-PT
matrix, T, decreased after texturing due to the heterogeneous interface
effects leading to interfacial stress between the platelets and the matrix
[162]. In contrast, when both the matrix and platelets are of the same
composition, T, is reported to increase after texturing because of the
decreased grain boundary effects and aligned grain growth [163]. In a
recent study, authors reported that T, of BT ceramics decreases with
increasing Sn*t doping concentration (as shown later in Fig. 41(a-b))
[167]. This is related to the distortion in the lattice by substitution of
Ti** by sn**.

Permittivity (¢,) measurements are often accompanied by dielectric
loss (tand) measurements. Dielectric loss represents the energy lost in
ferroelectric domains when they move in response to an applied electric
field. The tand value increases with the frequency [146,147,150,171,
180]. This is due to the fact that higher frequencies cause dipoles to
reorient themselves more frequently, which can lead to a greater loss of
energy. Additionally, sintered piezoceramics with low density and high
porosity exhibit increased loss [85]. The presence of porosity leads to
more interfaces, scattering of charges and disruption of uniformity, all of
which contribute to tand. The dielectric loss also exhibits a sharp rise at
T, [51,94]. The phase change could potentially result in frictions be-
tween the ferroelectric domains, leading to enhanced tand [226].
Beyond the T, tand continues to rise, indicating that the material’s
ability to store and dissipate electrical energy changes as it moves away
from its phase transformation point [151].

When considering the dielectric and piezoelectric response of the
sintered samples, several parameters must be considered. In our inves-
tigation, we have identified the key parameters that significantly influ-
ence the electrical response of the material. Before proceeding further,
let us provide a brief overview of the related piezoelectric or ferro-
electric behaviour, which will be often used in the subsequent discus-
sions.

a. Piezoelectric coefficient or ds3: This value quantifies the electrical
displacement generated per unit of the applied mechanical stress
along the same direction of the electrical field. Higher ds3 implies
more efficient conversion of mechanical to electrical energy.

b. Remanent polarization or P,: This value dictates the ability of the
material to retain polarization in the absence of an electrical field.
Polarization in this text refers to the alignment of the dipoles. Usu-
ally, the dipoles are randomly oriented in the absence of an electrical
field. On applying an electric field, the dipoles are oriented in the
direction of the applied field.

c. Strain or S: Strain represents the relative change in the dimension of
the material when subjected to an external electrical field.

d. Piezoelectric voltage coefficient or gs3: This value quantifies the electric
field (or voltage) generated in the same direction as the applied
stress.

e. Figure of merit (FOM): This a measure of overall efficiency of a
particular device. It takes into account different piezoelectric co-
efficients, permittivity and mechanical quality factors.

(i) Effect of initial particle size
The particle size of powders plays a crucial role in determining their

functional properties, particularly in piezoelectric and dielectric ce-
ramics. At identical sintering temperatures, a powder with fine particles
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exhibits high sinterability, leading to grain growth and a dense micro-
structure easily. This is because fine particles have a larger surface area
to volume ratio, which enhances the mass diffusion promoting the
sinterability and grain growth. Conversely, a powder with coarser par-
ticles shows limited grain growth with residual porosity due to incom-
plete sintering. Hence, finer particles should exhibit superior properties
compared to coarser particles (Fig. 35(a-b)) [58,59]. In a recent study,
authors employed different sintering temperature for different particle
size of the initial powder [147,194]. For instance, a temperature of 1300
°C, 1320 °C, and 1330 °C was selected for powder of 200 nm, 500 nm,
and 600 nm in size. The best properties were achieved for 600 nm
powder as the grain size after sintering was around 875 nm [147]. Ac-
cording to Ma et al., optimal functional properties were observed with a
particle size of 1.5 pm, while finer particles (0.6 pm) caused
micro-cracks in the sample, due to weak inter-layer adhesion [141].
Increasing the particle size to 1.5 pm led to a decrease in density, which
negatively impacted the dielectric/piezoelectric properties.

The situation becomes complex with a multi-modal particle size
distribution. For instance, properties in a bi-modal particle size distri-
bution decreased with increasing volume fraction of the coarser parti-
cles [61]. However, piezoelectric characteristics peaked at equal
fractions of particles of 100 nm and 400 nm (Fig. 35(c-d)). This can be
attributed to better densification behaviour and optimal grain size (1.46
+ 0.277 um). Several studies reported that better properties are ach-
ieved when the average grain size after sintering is close to 1 ym [16,
147,158]. In order to achieve a grain size of around 1 ym, the authors
employed appropriate ratio (2:8) of fine and coarse powders [158].

To understand the peak value of properties, it is essential to consider
the size of the domains and the configuration of the domain walls. In
ferroelectric materials like BT, domains are regions where the electric
polarization is uniformly aligned in a particular direction. These do-
mains are separated by domain walls, which are boundaries where the
polarization direction changes. Typically, the tetragonal phase of BT
consists of two types of domains: anti-parallel 180° domains and
perpendicular 90° domains [227]. In coarser grains (>10 pm), both
types of domains are present as coarser grains provide more space to
accommodate multiple domain configurations. Conversely, only 90°
domain walls are dominant when the grain sizes are <10 um. When the
grain sizes are around 1 pm, the width of the 90° domains decreases
[228]. Smaller grain sizes lead to smaller domains with higher domain
wall densities, thereby increasing sensitivity to applied external fields or
stress. However, well below 1 ym the domain wall mobility decreases
significantly, resulting in lower properties [15,16,229].

BT ceramics exhibit optimal dielectric and piezoelectric properties at
an average grain size of approximately 1 ym and a stoichiometric Ba/Ti
ratio of 1 [229]. At this grain size range, the density and mobility of
domain walls are maximized, enhancing the material’s response to
electric fields. This grain size range also minimizes the adverse effects of
grain boundaries, which can pin domain walls and reduce their mobility
in smaller grains. Maintaining a precise Ba/Ti ratio is equally crucial. A
stoichiometric Ba/Ti ratio ensures minimal defects and secondary pha-
ses, which can degrade the material’s properties. Ba deficiency (Ba/Ti <
1) leads to the formation of titanium-rich phases and oxygen vacancies,
which pin domain walls and reduce the permittivity. Conversely, Ba
excess (Ba/Ti > 1) introduces barium-rich phases and localized stresses,
negatively impacting the dielectric and piezoelectric properties. It is
worth noting that while an average grain size around 1 um often results
in high properties, it is not a straightforward conclusion. For instance,
Sufiiarov et al. reported that the best properties are achieved when the
grain size of the sintered BT ceramic is 10 — 50 um [194]. The functional
properties of BT ceramics are quite complex and depend on various
factors, such as grain size, grain boundaries, domain walls, stoichiom-
etry, defect chemistry and porosity.

(ii) Effect of ceramic loadings and binder concentration
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Reproduced from Ref.: (a-b) [58], with permission from IOP Publishing. (c-d) [61], with permission from Elsevier.

The electrical properties of functional ceramics are strongly influ-
enced by the ceramic loading in the ink. As the ceramic loading in-
creases, the amount of binder decreases, leading to improved
densification and reduced porosity. Lorenz et al. reported that the
dielectric and piezoelectric response of the sintered ceramic increased
on increasing ceramic loading from 50 to 52 vol%. The samples fabri-
cated with 52 vol% exhibited higher piezoelectric coefficient and rela-
tive permittivity values, as illustrated in in Fig. 36(a-b) [69]. However,
this improvement works just up to a certain threshold. For instance,
Cheng et al. used different amounts of BT (70 wt%, 75 wt%, 80 wt%, 82
wt%, 84 wt%, 86 wt%) and found that the piezoelectric (96 — 133 pC/N)
and ferroelectric response increases to 80 wt% of ceramic loading, but
slightly decreased beyond this point as evidenced by the P/E hystereses
in Fig. 36(c) [194]. A similar variation in the properties has been re-
ported by several authors [127,137]. In general, the polarization value
also increases with the applied electric field as shown in Fig. 36(d), since
the polarization is proportional to the electric field.

It has been reported that beyond an optimal point, further increase in
ceramic loading can lead to higher viscosity, resulting in processing
difficulties and defects that can negatively impact the properties [61,
114,121,145]. Therefore, maintaining an optimal balance between
ceramic loading and binder content is crucial for achieving superior
electromechanical performance.

52

In a recent study, authors explicitly reported the effect of different
amount of binder on the electrical properties. For this, the binder con-
centration was varied from 6 — 12 wt% (in steps of 2 wt%). It was found
that with 10 wt% binder, the grain growth was optimal, the particle size
was uniform, and there were fewer defects, leading to a maximum in the
dielectric and piezoelectric response (Fig. 36(e-f)) [84]. The authors also
correlated this behaviour with the shape of the ferroelectric domains.
For ceramics containing up to 6 wt% binder, the sintered ceramics
exhibited a reversible 90° domain configuration. However, with higher
binder concentrations, the grain size increased, leading to the appear-
ance of irreversible 180° domain configurations. At a binder concen-
tration of 12 wt%, the ceramics contained only irreversible domains. A
similar effect has been reported for samples with different binder satu-
ration (75 %, 90 %, and 120 %) values [162]. Maximum d33 value was
reported for the sample fabricated with binder saturation of 90 %
(Fig. 36(g)). The use of excessive binder might generate a local over-
pressure on the powder bed, resulting in the movement of particles away
from each other. This can potentially hinder densification during sin-
tering, resulting in decreased piezoelectric properties.

(iii) Effect of sintering temperature, hold time and cooling rate

The sintering temperature and holding time significantly impact the
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microstructural and electromechanical properties. As the sintering
temperature increases, the mechanisms of mass diffusion in the material
are enhanced. The phenomena of densification and grain growth occur
more rapidly. If the parameters are adjusted to obtain a dense micro-
structure, with desirable grain sizes, no defects and no porosity, this will
result in a better dielectric and piezoelectric response from the material
(Fig. 37(a-c)) [51,86,149]. Higher temperatures and appropriate hold-
ing times facilitate better sinterability, leading to larger, more uniform
grains and reduced porosity, which enhance domain wall mobility and
overall material response. However, beyond an optimal sintering tem-
perature and holding time, properties begin to decline (Fig. 37(a-c))
[149,183,198]. This decline is attributed to over-sintering, which causes
excessive grain growth, grain coarsening and the potential formation of
secondary phases that disrupt the uniformity and stability of the mate-
rial. Excessive grain growth can lead to decreased density and create
undesirable internal stresses, ultimately reducing the dielectric and
piezoelectric properties. Thus, while increasing the sintering tempera-
ture and optimizing holding time initially enhances the properties by
improving microstructural characteristics, surpassing the optimal point
results in a degradation of these properties due to the adverse effects of
over-sintering. Moreover, to avoid the large grain size that could reduce
the piezoelectric properties, a recent study with 3D printed BT used a
step cooling profile, resulting in an average grain size around 1 um with
ds3 value reaching 420 pC/N (Fig. 37(d)) [93]. However, the d33 value
increased from 290 to 360 pC/N on increasing the dwelling time from 2
to 20 h resulting in a grain size up to 2 — 3 um, which is less than the
value obtained using the step cooling process (see Fig. 29(g-i) for the
microstructure).

(iv) Effect of texturing
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Texturing has a significant impact on the properties of piezoelectric
ceramics by aligning the grains in a preferred crystallographic orienta-
tion. This alignment significantly increases the piezoelectric coefficients
of ceramics.

For instance, Zheng et al. reported that in PMN-PT ceramics, textured
via BT platelets, d33 was approximately 60 % higher compared to non-
textured ceramics [162]. Additionally, texturing affects other proper-
ties as well. The remanent polarization (P,) decreases from 25.5 uC/cm?
for non-textured samples to 19.5 uC/cm? for textured samples (Fig. 38
(a)). The maximum ¢, at T, decreases from approximately 22,100 in
non-textured ceramics to around 18,500 in textured ceramics (Fig. 38
(b)). This decrease in ¢, in textured ceramics is primarily associated with
the lower dielectric & of BT platelets at T, compared to the matrix.
However, at room temperature, the ¢, is higher for the textured samples
which can be related to the enhanced extrinsic contributions at low
temperatures (Fig. 38(b)). Extrinsic contributions such as domain reor-
ientations play a more significant role at lower temperatures, when the
unit cell distortion is larger. Furthermore, the maximum unipolar strain
(Smax) at 25 kV/cm is 0.20 %, which is about 1.4 times that of the
non-textured sample (Fig. 38(c)). Similar results were reported by
Walton et al., who observed a substantial improvement in strain and
piezoelectric coefficient values that became more pronounced with
increasing aspect ratio of the extrusion nozzle [91]. This significant
enhancement in strain is another proof to the improved performance of
textured ceramics.

Similarly, Du et al. reported a larger piezoelectric coefficient (ds3 =
275 pC/N) in printed textured BT ceramics compared to non-textured BT
ceramics (ds3 = 172 pC/N) [163]. This improvement in the piezoelectric
properties is accompanied by a significant enhancement in remanent
polarization (P;) values, with non-textured and textured samples
showing approximately 6.15 uC/cm? and 14.88 pC/cm?, respectively
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polarization, and (c) ds3 as a function of sintering temperature for sintered BCZT ceramics [149]. (d) Impact of dwelling time and step cooling process on the
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Reproduced from Ref.: (a-b) [149], and (c-d) [93], with permission from Elsevier.
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Reproduced from Ref.: (a-c) [162], and (d-i) [163], with permission from Elsevier.

(Fig. 38(d-e)). The enhanced P, is attributed to the more effective
alignment of dipoles in the <001>-textured BT ceramics under a high
direct current electric field. Furthermore, at 1 kHz and 25 °C, the
textured samples exhibit a smaller permittivity (~1867) compared to
the random samples (3303) (Fig. 38(f-g)). The dielectric loss increases in
the textured sample. When subjected to an electric field of 40 kV/cm, the
strain value exhibits a maximum of 0.17 % for the textured one (Fig. 38
(i)). In contrast, the random oriented samples are broken with such high
field (Fig. 38(h)). Buessen et al., developed an internal stress model that
correlates the permittivity and the 90° domain configurations [230]. At
room temperature, a BT single crystals show strong anisotropy in the
permittivity with highest values along the a axes [231,232]. In poly-
crystalline BT, the permittivity may reach even higher values due to
complex domain configurations and phase transformations, which allow
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more directions for the reorientation of the spontaneous polarization
and stress distributions [16]. Using large plate-shaped particles to
texture the material may have a positive effect on the piezoelectric
constant. However, the permittivity might be reduced due to limited
possibilities for the polarization orientations.

The reason for the larger piezoelectric coefficients is that texturing
aligns the domains more uniformly towards the external loading direc-
tion. This alignment optimizes the contribution of each domain to the
overall piezoelectric response, significantly increasing the piezoelectric
coefficients. In addition to enhancing piezoelectric properties, texturing
reduces grain boundary scattering and ensures a more uniform stress
distribution across the material. The uniform domain alignment facili-
tates the material’s ability to undergo larger deformations when an
electric field is applied, resulting in high strain. Additionally, the
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alignment enhances the material’s ability to retain polarization after the
removal of the external electric field, leading to a higher P,. This not
only improves the mechanical stability of the ceramics but also con-
tributes to their overall performance and reliability in various
applications.

(v) Effect of sintering additives or dopants

The main purpose of adding sintering additives or dopants is to
enhance the functional properties. As discussed before, Copper oxide
(CuO) is one of the most widely used sintering aid to improve the
densification behaviour of the ceramics by forming a transient CuO-BaO
liquid phase and facilitating liquid-phase sintering [184]. The electrical
properties of the CuO-doped ceramics increase up to a certain concen-
tration because of the increase in the density and grain size (Fig. 39(a-c),
please refer to Fig. 34(c-d) for the corresponding microstructures). The
grain growth facilitates the movement of domain walls during the po-
larization process, while the increase in density leads to a more even
distribution of electric fields and enhanced polarization efficiency.
Further increasing the concentration, the porosity reappears in the
samples (or the density decreases) that deteriorates the ferroelectric
response.

In a recent study, authors have introduced Sn** to substitute Ti*" at
B-sites in BT ceramics [167]. With increasing sn** content (up to
13 mol.%), the room temperature ¢, increases. This is due to fact that the
ceramics with higher Sn** content (11, 13 mol.%) exhibited fine grains
of about 1 - 5 um. On the other hand, the grain sizes were in the order of
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4-10 um for Sn** content of 2 and 6 mol.%. The ferroelectric properties
of such doped ceramics decrease with the increasing Sn** content, as
evidenced by the thinning of the P-E loops (Fig. 40(c-d)). The P, de-
creases significantly from 11.92 pC/cm? to 1.11 uC/cm? This can be
attributed to the fact that since BaSnOs is non-ferroelectric, increasing
the amount of Sn gradually changes the behaviour of a normal ferro-
electric to a diffuse ferroelectric as depicted from the dielectric behav-
iour (Fig. 40(a-b)). The piezoelectric coefficient values increased up to
6 mol.% of Sn** because of bigger grains and enhanced density and
thereafter decreased for higher concentration due to small grain size and
reduced density as a result of insufficient sintering (as the Sn content
increases, the sintering temperature increases correspondingly).

(vi) Effect of pore forming additives

The addition of pore-forming additives such as PMMA, PE, PS, SS,
etc. has a detrimental effect on the piezoelectric and ferroelectric
characteristics, as it results in the formation of residual porosity that
remains even after the additives are removed during the subsequent
debinding and sintering process [145,150,171-173].

With increasing amount of the PFAs, the ¢ and piezoelectric coeffi-
cient decreases because of the reduced sintered density (Fig. 41(a-b))
[150,171,172]. The ferroelectric behaviour exhibits a similar response
(Fig. 41(c)). The presence of residual porosity after debinding results in
an increase of the unpolarized region (pores) in the sintered ceramics (or
in other words, decreasing the active area for polarization). The higher
the amount of PFAs, the lower is the response. A similar effect is
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Reproduced from Ref.: (a-c) [184], with permission from Elsevier.

56



S. Bhandari et al.

1 1.0

100 Hz
1 kHz
10 kHz

™

000

8000 100 kHz

1 MHz 10.5

4000

Dielectric Permittivity ()

0.0

40 80

Temperature (°C)

e

— 10 kV/em
~ 01— 20kV/em
E —— 30 kV/em
a 10
2
g o
-
o
N
= -10 -
=3
[=]
-9
=20 +
30 L— A . i L L .
-30 =20 -10 0 10 20 30
Electric Field (kV/cm)

Dielectric Loss (tand)

Materials Science & Engineering R 162 (2025) 100877

(b) 12 mol.% Sn doped BT
30000 1.0
~ 100 Hz
N\ 1 kHz D
) =
i 20000 10 kHz S
£ 100 kHz 2
£ 1 MHz -
S 2
A&~ 10000 =
2 5
£ =
1 1 =
2 ———— -
a 0 —
. 5 .‘H/ 0.0
0 40 80 120

|
|
|
|
I
|
|
|
|
I
I
I
I
|
|
|
1
I
1
|
1
I
|
|
Temperature (°C) :
I
I
1
|
I
|
I
|
|
|
I
|
I
I
I
|
|
I
I
I
I
|
|

20
15+ — 10kV/em
o — 20 kV/em
£ 10r —— 30kViem
L
g 5]
S
5 st
—
=
S -10
=
-15 ¢
=20 ! ! ! 1 1 1 1
-30 =20 -10 0 10 20 30
Electric Field (kV/cm)

Fig. 40. (a-d) Variation of the dielectric and piezoelectric properties with varying Sn*" content in BT ceramics [167].
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observed on increasing the particle size of the PFAs [173].
(vii) Effect of the design

The design of the printed geometries has the potential to significantly
alter the functional properties that may not be achieved with conven-
tional shaped geometries. Several studies have reported the effect of the
design or the infill density on the properties of the fabricated
component.

Hierarchical porous PZT as depicted in Fig. 42(a), with different
amounts of ceramic phase exhibit different overall porosities [98]. The
¢ values and the piezoelectric coefficients increase with the increasing
the overall fraction of the ceramic phase that actively contributes to the
functionality. As evidenced in Fig. 42(b-c), since the decrease/increase
in ds3 was more gradual when compared to ¢, the gs3 value decreased
with increasing porosity. The authors reported by varying the geomet-
rical porosity (along with the porosity developed due to freeze casting)
they could achieve really high ds3, g33 and better sensitivity.

In another study, authors reported the effect of an open and offset
scaffold structure on the electromechanical properties [116]. A signifi-
cant decrease in the electromechanical properties was observed when
comparing the scaffold and offset sample with the powder pressed pellet
(Table 7 and Fig. 42(d)). In addition, the offset sample exhibited better
properties than the open scaffold. Unlike in the open structure, where
the pores are continuous and open, in an offset structure, these pores are
closed when the next layer is printed (Fig. 42(e)). As a result, the
effective polarizing material is higher in offset structures. The gs3 is
directly proportional to ds3 and inversely proportional to the ¢,. One can
clearly observe from Table 7, that the difference in the ¢, values is larger
than the difference in d33 values. As a result when considering gs3 value
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for figure of merit (FOM), the open scaffolds outperform the offset
structures.

A study by Ma et al. investigated the electromechanical properties of
porous gyroid structures with varying designed porosities (55 vol% —
75 vol%) as shown in Fig. 42(f) [165]. The simulation results indicated
that there was minimal difference in the electric field distribution be-
tween structures with 60 vol% and 70 vol% porosity. This finding sug-
gests that the electric field distribution in porous structures is more
dependent on the geometry of the structure rather than the level of
porosity. Additionally, the study revealed that the piezoelectric coeffi-
cient ds3 of the gyroid structure with 50 vol% porosity can approach
values similar to those of bulk structures, though only under higher
electric fields (Fig. 42(g)). This is due to the fact that porous ceramics
require a stronger poling electric field to achieve complete polarization
compared to their bulk counterparts. Notably, the ds3 values remained
stable even as porosity increased (Fig. 42(h)). However, the dielectric
constant and the polarization showed a significant decrease with higher
porosity. Such results prove that the ds3 is independent of the amount of
the porosity in the structure (Fig. 42(i)). The strain however did not
exhibit a straightforward relationship but was in the range of 0.07 - 0.1
%.

A recent study exhibited that by increasing the wall thickness of the
triply periodic minimal surface (TPMS) structures, the ¢ and ds3 values
increase [192]. Moreover, these TPMS structures exhibited better sen-
sitivities and efficiencies when converting mechanical energy to elec-
trical and vice versa. Such sensitivities and efficiencies were measured
by comparing the electromechanical coupling coefficient.

(viii) Effect of properties along different direction
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The dielectric and piezoelectric properties of the sintered samples
vary depending on the poling directions or the direction in which they
are tested. Ceramics fabricated using BJ technology exhibit high
orthotropy due to voids formed during both the fabrication and heat
treatment processes. These voids significantly impact several properties
of the printed ceramics, especially their functional properties.

Recent findings indicate that the piezoelectric properties of binder
jetted BT depend on the testing orientation [200]. Samples tested
perpendicular to the printing layers showed a piezoelectric response
more than 35 % higher than those tested parallel to the layers. Addi-
tionally, the dielectric properties were 20 % better in the samples tested
perpendicularly, compared to those tested in parallel. A similar result
was reported for PZT samples fabricated by BJT, showing higher
piezoelectric properties for samples tested perpendicularly, compared to
those tested parallelly [193]. The average piezoelectric response for the
parallel samples was 468.5 pC/N, while the perpendicular samples
yielded 541.4 pC/N (Fig. 43(a)). In another study on BJ-printed KNN,
the dss was measured both parallel and perpendicular to the layer
deposition direction [191]. However, the effect of the testing orientation
appeared to be minimal. The ds3 value in the parallel orientation was
approximately 84.8 & 9.2 pC/N, while in the perpendicular orientation
it was 89.9 + 3.8 pC/N.

The differences in dielectric and piezoelectric properties of ceramics
in different orientations arise from the anisotropic nature of the binder
jetting additive manufacturing process. In the perpendicular orienta-
tion, the layer-by-layer fabrication results in a microstructure with
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oriented porosity that forms a set of capacitors arranged in a parallel
circuit (Fig. 43(b)). Consequently, there is no negative impact on the
electrical performance. However, in the parallel direction, the porosity
forms a series circuit, which lowers the electrical properties of the sys-
tem (Fig. 43(c)) [200]. In contrast, BJ-printed KNN shows minimal
directional differences due to higher densities and uniform internal
porosities, maintaining consistent structural integrity despite some
preferential porosity orientation [191].

The phenomenon of anisotropy has been also reported for samples
fabricated with DIW (Fig. 43(d)) [70]. The anisotropy was more pro-
nounced in samples with lower ceramic loadings (50 vol%) due to their
low relative densities after sintering. However, no significant differences
were noted in samples with 52 vol% ceramic loading, as they exhibited
better densification and limited residual porosity. Similar results were
observed for samples fabricated using vat photopolymerization [190].
As the solid loading in the ink increased, the properties of the samples
became almost identical in both directions as shown in Fig. 43(e).

Having examined the key parameters that influence piezoelectric
and ferroelectric properties, it is essential to now assess the impact of the
additive manufacturing process on these properties. When evaluating
piezoelectric and ferroelectric characteristics in additive manufacturing
(AM), it is critical to consider not only the printing and sintering pa-
rameters, but also the properties of the initial powder input. Even minor
differences in powder characteristics such as particle size distribution,
surface chemistry, purity, and morphology can have a major impact on
sintering behaviour and ultimately, material properties. Because of
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Open access article distributed under the terms of the Creative Commons CC BY license.

these variations, when comparing additive manufacturing processes, it
is challenging to distinguish between the effects of the manufacturing
process and those of the feedstock. However, we have tried our best to
highlight meaningful differences that may arise specifically due to the
additive manufacturing process employed. The property gaps observed
between piezoelectric ceramics fabricated using different AM methods
can be attributed to several key factors, including the particle size of the
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feedstock, binder content, sintering efficiency, microstructural homo-
geneity, and anisotropy.

The differences in properties between various AM techniques can be
largely attributed to variations in density. For instance, one can clearly
notice in Table 11 that the properties of binder-jetted samples are
noticeably inferior when compared to those achieved by samples
fabricated using DIW or VP. As a stringent requirement for the binder
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Table 7

Comparison between pressed pellet and 3D printed open and offset scaffold
structures [116]. (Open access article distributed under the terms of the Creative
Commons CC BY license.).

PZT (1.5 kV/mm) BT (1 kV/mm)

Pellet Scaffold Offset  Pellet  Scaffold  Offset
dz3(pm/V) 384 202 273 142 107 127
€ 1405 297 1177 3657 906 1372
S (%) 0.36 0.19 0.18  0.04 0.04 0.04
P, (uC/cm®) 29.7 6.2 25.5 6.2 2.9 3.5
833 (mVm/N) 31 77 26 4 13 10
FOM (d33%833) 11904 15554 7098 568 1391 1270
(fr®/N)

jetting (BJ) process, the powders must be flowable. To achieve this, the
initial feedstock often consists of relatively large particle agglomerates,
sometimes in the order of 100 pm, which are usually granulates. The
powder packing density cannot be very high in the BJ process and the
granulates have to be densified during the sintering process. This limits
the ability to achieve a densely sintered ceramic.

A similar conclusion regarding the properties can also be drawn for
samples fabricated using SLS, as, like BJ, the properties of SLS-processed

Binder jetting

Piezoelectric Constan!

Testing Orientation
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samples are not particularly favourable. While the density values in
Table 6 suggest that these samples are highly densified, the micro-
structure remains highly inhomogeneous, with numerous defects
introduced due to the high-intensity laser used during fabrication, which
might lead to inhomogeneous temperature distributions.

The arrangement of porosity in porous samples can give rise to
directional properties. This effect is most noticeable in samples fabri-
cated using binder jetting. In contrast, due to the high density achieved
in extrusion-based methods and vat photopolymerization, no such
anisotropy is observed in the sintered samples. This effect has also been
observed in samples fabricated using VP and DIW at lower densities. As
the density increases, the differences in properties along different di-
rections diminish, eventually becoming almost identical.

The density achieved in vat photopolymerization (VP) is typically
over 95 % in most cases, which can be attributed to the very fine particle
size used as feedstock (Tables 4, 10). In contrast, extrusion-based tech-
niques require a feedstock with particle sizes around 1 pm (Tables 2 - 3),
where the driving force for sintering is lower (when compared to fine
powders used in VP). Despite the binder content being comparable to
that of FFF or even higher than that in DIW, the piezoelectric and
dielectric properties remain quite impressive.

In summary, the ability to achieve high density and uniform
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Fig. 43. Directional dependent electrical properties. (a) Piezoelectric coefficient as a function of the testing orientation for sintered PZT ceramics [193]. SEM images
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microstructure plays a key role in the improved piezoelectric response.
Techniques such as DIW and VP provide more homogenous micro-
structures, greater densities, and enhanced piezoelectric characteristics,
while BJ and SLS are more susceptible to inhomogeneous microstructure
and flaws that compromise performance. Each AM approach has unique
benefits and limitations, and knowing these underlying elements is
critical for improving piezoelectric ceramic performance in additive
manufacturing. It is important to note that, at this stage, it is challenging
to draw definitive conclusions about FFF due to the limited number of
studies that deal with sintering and functional characterization of the
fabricated components.

If achieving high dielectric and piezoelectric properties is the goal,
one should opt for DIW or VP. With VP, there is more design flexibility
compared to DIW. However, it is not possible to draw definitive con-
clusions based solely on the values reported in Tables 8 — 11. A tech-
nically sound comparison can only be made if the starting powder and
ceramic loading are identical for all AM processes, as even slight de-
viations can significantly affect the properties. For instance, the initial
ceramic loading determines the green density: the higher the green
density, the better the densification, and consequently, the better the
final properties.

4. Benefits of using AM over powder pressed samples

The preceding sections of this article have been devoted to the
analysis of the systematic impact of various parameters on feedstock
development and post-processing conditions. However, it is important
to point out clearly the distinct advantages that AM offers over con-
ventional manufacturing processes for piezoceramic components.

Commercial piezoelectric devices are often in the form of simple
shapes like disks, plates, rods, rings, tubes, cylinders and plates (Fig. 44)
[233,234]. These devices are mostly fabricated by using hydraulic
presses with desired press molds [234]. In the case of producing devices
containing different materials, tape-casting is followed by machining
methods to produce the desired geometry [235]. Such machining
methods are rather complex and limit the processing possibilities for
fabricating complex geometries. Furthermore, the substantial volume of
waste produced during the machining process necessitates cautious
handling when it comes to recycling or disposal, especially when
lead-based formulations are used. In contrast, AM technologies, owing
to their layer-by-layer approach, enhance the process efficiency by
minimizing the waste generated. This is a step towards a more sustain-
able manufacturing process. In addition to the flexibility in the designs
offered by the AM technologies, the additional benefit of addressing
environmental sustainability is worth mentioning.

Material extrusion-based AM techniques have been extensively uti-
lised and harnessed for the production of lattice structures [49-51,54,
56,71,83,85,88,92,94-98,104,116,131,133] (Fig. 45). These structures
are defined by their repetitive and interconnected framework of
extruded struts giving rise to a porous structure (designed porosity) as
shown in Fig. 45(a-b), providing numerous benefits in diverse applica-
tions. In bone-tissue engineering applications, where piezoceramics can
assist with regeneration by providing electrical charges in the bone,
which in turn promote growth and repair. In this context, inter-
connected geometrical porosity is of crucial importance for efficient
transportation of the essential nutrients, waste products and migration
of the cells for the growth as well as other vital processes (Fig. 45(a-b))
[96,97]. The design of lattice structures can be precisely modified by
employing various infill geometries and porosities (Fig. 45(a-h)). For
instance, different infill geometries can alter the heating behaviour and
heat transfer rate when used as a ceramic heater (Fig. 45(g-h)). [71]. In
addition, it can also affect the piezoelectric and dielectric response [98].
Jia et al. reported that periodically porous structures exhibited better
performance in pulsed-power energy conversion applications when
compared to their bulk counterpart [94], thanks to the AM technologies
that allow for the fabrication of structures with controlled porosity. In
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addition, it is also possible to design structures with graded porosity,
thus enabling to tailor desired properties to meet specific requirements.
The fabrication of a Fresnel zone plate lens (FZPL) serves as great evi-
dence of a graded structure (Fig. 45(i)) [107]. In general, the lattice
structures are lightweight and with specialized infill geometry such as a
gyroid, a structure with high strength-to-weight ratio can also be
obtained.

AM can be used for fabricating geometries with various degrees of
connectivity between the active ceramic phase or the passive phase (in
this case, the porosity), out of which the 3-0, 3-3 and 2-2 architectures
are quite difficult to produce with conventional techniques. Here, the
first number refers to the connectivity of the ceramic phase and the
second number refers to the connectivity of the geometrical porosity
[237]. The electromechanical properties are dictated by the distribution
of the two different phases. Specifically, components fabricated with 3-3
connectivity are reported to exhibit enhanced figures of merit (FOM) or
improved piezoelectric energy harvesting properties [88,116,133]. In
particular, the 2-2 connectivity has been widely used in the reported
literature for transducer applications as well (Fig. 45()) [99,122].
Moreover, complex architectures have also been successfully fabricated
using DIW, where the ink rheology is crucial for the shape retention
(Fig. 45(k)) [93].

One prominent and appealing characteristic of extrusion-based
techniques is the ability to fabricate structures using multiple mate-
rials (depending on the number of nozzles the printer has), thus enabling
an extensive array of functionalities and applications. For instance, BT
and Ni-BT multilayer structures were successfully printed and sintered
under controlled atmosphere conditions to mimic a structure similar to a
multilayer capacitor (Fig. 46(a)) [92]. In another study, a multi-layered
transducer component was fabricated by depositing hard and soft PZT
alternatively in a layer-by-layer fashion [103]. Such multi-material
multilayered structures are reported to offer potential benefits in
terms of performance, transmittivity and sensitivity. Tube actuators
with PMN-PT and silver-palladium electrodes were also developed as a
proof-of-concept for enhancing the displacement properties along the
tube (Fig. 46(b)) [238].

Some more recent advancements demonstrate that it is possible to
fabricated complex twisted spiral structures, in spite of the inherent
brittle nature of ceramics (Fig. 47(a-b)) [72]. These structures exhibit a
unique macro structure that was previously challenging to fabricate.
Modern innovations have led to the creation of even more complex
kirigami-origami constructions, which combine the delicate techniques
of origami paper folding with the precise principles of Japanese paper
cutting (Fig. 47(c-e)) [69]. Such structures can be potentially used in
wearable electronics and health monitoring devices. Another example of
advancement is the fabrication of free-standing pillars, which can
potentially be used for drug delivery, cell cultivation, light emitting
diodes, etc. (Fig. 47(f)) [84].

With extrusion-based AM techniques, it is indeed possible to fabri-
cate large components (at least of the order of even a few centimetres).
However, the resolution of such printed components is limited by the
nozzle size of the extruder, which is typically greater than 400 pm
(Tables 2 — 3), with the smallest nozzle size being reported as fine as in
the order of 100 — 150 um [49,88]. In addition, printing structures with
large overhangs cannot be printed without support structures, making
the post-processing challenging. The samples fabricated using such
techniques, often exhibit a rough surface finish, that can be further
processed using machining, for samples fabricated with FFF technology.
On the contrary, such machining steps cannot typically be carried out on
structures fabricated using DIW, as the printed structures are delicate
and cannot handle such rough post-processing conditions. It is important
to highlight that FFF overperforms DIW in cases where the nozzle has to
move repeatedly over the deposited layer. For instance, in order to
fabricate small hollow cylinders for transducer applications, FFF is al-
ways a better choice as the deposited struts are solidified immediately
(and the presence of a cooling fan even makes it faster). This is valid as
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Table 8
Post-processing conditionings and functional properties of samples fabricated with Direct ink writing.

Feedstock Debinding Sintering Density Dielectric Dielectric Piezoelecetric Polarization, Printed structure Reference

conditions conditions (%) constant, loss, tand coefficient, ds3 P, (pC/cmz)
&r (pC/N)

Hard PZT 0.3 °C/min 5 °C/min 1100 ~93.2 ~ 268 £10 Ring shape [74]
600°C2h —-1300 °C 2h -97.5

Barium acetate, Argon: 3°C/ 97.8 533 Honey comb, Lattice, [78]

TTIP min 1200 — Dense cube

1500°C2h

BaTiO3 3 °C/min 600 3 °C/min 1320 ~ 96 275 ~15-17 Kirigami-Origami [69]

Hydrothermally °C2h °C2h structures

synthesized

BCZT 1°C/min 1500 °C 2 h Free standing pillars [84]

BCZT 1 °C/min 800 3 °C/min 1350 ~92 - 256 — 1046 0.021 - ~ 62 -100 4.11 - 4.56 Log-pile [51]
°C2h - 1500 °C 2.5h 93 0.022

BaTiO3 1 °C/min 600 5 °C/min 1350 ~94 - ~ 1700 — 165 - 200 Bending bars [70]
°C1lh °C3h 98 2000

BaTiO3 5°C/min 600 5 °C/min 1250 ~ 67.94 ~ 1333.07 ~112.2 - Hollow cylinder [58]
°Clh °C2h —85.24 - 2250 204.61

BaTiO3 5 °C/min 600 5 °C/min 1250 66.95 — > 2200 135 - 200 [59]
°Clh °C2h 86.75

BaTiO3 doped La, 2°C/min 350 2 °C/min 1350 > 99 Honeycomb, square [71]

Mn PTC °C °C2h grid, Circular,

Elliptical, Square,
Rectangular, Graded

porous
PZT 3°C/min 175 3 °C/min 1250 96.89 1621 0.031 342.6 Wood pile, Helical [85]
°C, 285 °C, °C4h twentytetrahedral,
345 °C, 600 Cylinder
°C, Each step
1h
BaTiO3 1150 °C Radial array, [49]
Periodic lattice
BaTiO3 2.8°C/min 1340 °C 1 h Radial lattice, Linear [50]
lattice
Bi;Mo0509 1 °C/min 100 3 °C/min 640 — 86 - 93 ~ 245 - ~ 0.0004 - Honeycomb [60]
°C, 200 °C, 670°C2h 35.7 0.0006
300 °C, 400
°C, 500 °C,
Each step 2 h
BaTiO3 4 °C/min 600 4 °C/min 1250 70.25 — 1560.2 — 175 - 244.5 Dense disc and [61]
°C2h °C2h 89.97 2391.6 rectangle
PZT 5°C/min 650 10°C/min 1250 ~90 - ~ 4132 ~34% 678 Dense rectangle [77]
°C1lh °C6h 94.9
PZT 325 °C, 500 1250°C2h 98.36 265 Woodpile structure [72]
°C, Each step bent into annulus or
1h twisted to spiral
PIN-PMN-PT, 0.1 °C/min 10°C/min 1050 95 420 - 480 Lattice structue [91]
BaTiO3 platelet 375°C9h °C Oh
BaTiOg, StTiO3, 350°C2h Ns + 1247 Square array [92]
BaZrO3Ni 200 ppm Hy: 5
°C/min 1350
°Clh
Nb, Ca, Co-doped 1°C/min600 3 °C/min 1100 ~ 95 ~ 1800 ~0.52 % ~ 260 Disc [80]
BaTiO3 °C4h °C4h
Titanium 10 °C/h 300 60 °C/h 1250 - 94 -96 1900 159 5.4 Cylindrical object [73]
isopropoxide, °C2h 1350°C20 h
MDEA, glycerol,
water, BaO
BaTiO3 (i) 2 °C/min 5 °C/min 800 462 - 858 201 - 312 1.7-23 Wood-pile [88]
200 °C, 500 °C, 2 °C/min
°C, Each step 1200-1300 °C
30 min (ii) 2h
800°C, 1 min
PZT 1°C/min170 3 °C/min 1250 97.8 Wood-pile [83]1¢
°C, 250 °C, °C4h
375 °C, 600
°C, Each step
1h
BaCOg, TiO, 1 °C/min 500 1 °C/min 1300 ~ 94 2870 — 0.033 290 - 360 Complex [93]
°C, 600 °C, °C2h,5h,20h 4120 architectures
Eachstep2h 1 °C/min 1300 4380 0.02 420
°C 5h, Step
cooling: 1 °C/
min 1200 °C,

1100 °C, 1000

(continued on next page)
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Feedstock Debinding Sintering Density Dielectric Dielectric Piezoelecetric Polarization, Printed structure Reference
conditions conditions (%) constant, loss, tand coefficient, ds3 P, (pC/cmz)
er (pC/N)
°C, Each step
5h
PZT 1°C/min 600 5 °C/min 1250 98 Scaffolds [541¢
°C2h °C2h
PZT95/5 1°C/min600 2 °C/min 1330 83 +2 328 33.4+0.4 3D periodically [94]
prepared from °C2h °C2h distributed porous
Pb30y, TiO,, structure
ZrO,, NbyOs
PNZT 2 °C/min 450 950 - 1050 °C 60 1265 > 0.04 Square component [75]
°C3h 5h
Li, Sb and Ta- 3 °C/min 1050 98 1775 280 18.8 Wood pile [95]
doped KNN °C, 1100 °C,
1130°C,2h
BaTiO3 5°C/min 650 5 °C/min 1100 52.5 - 1580 - < 0.033 128 - 200 Dense square [86]
°Clh °C, 1200 °C, 65.3 4730
1300 °C, 1400
°C,3h
PZT 600 °C3h 1250°C2h ~ 1005 - ~ 352 - 382 Hierarchical porous [98]
1533 structure
PZT 3 °C/min 600 3 °C/min 1275 ~ 98.8 3D periodic [56]
°C2h °C2h structure, V- shaped
test structure, 3D
radial structure,
Porous lattice
BaTiO3 Debinding and sintering in a ~72- Log-pile [7914
single step using different rapid 95

sintering techniuques

A generalized representation for heating rates is as follows: XX °C/min YY °C ZZ h ; where XX denotes heating rate, YY denotes the debinding/sintering temperature,

and ZZ denotes the holding time. This representation has been followed in the subsequent Tables 9

11 as well.

¢ Sintered samples were embedded in epoxy for the electrical measurements, hence the properties are not reported.
4 Different rapid sintering techniques employed were: ultra-fast high temperature sintering, pressureless spark plasma sintering and fast firing.
In the debinding/sintering condition, if atmosphere is not mentioned it is in ambient air.

well when depositing struts at different angles. On the other hand, in
DIW the presence of the cooling fan is not mandatory and it may distort
the structure or hinder the fine tuning of the rheological properties.

Most of the difficulties listed above may be overcome by employing
vat photopolymerization. Overhanging structures can be printed quite
easily, as the uncured resin provides support during the curing process.
The resolution can be of the order of few microns (10 — 100 um). This
means it is practically possible to print fine structures with high reso-
lution. On the other hand, printing large structures (similar to extrusion-
based techniques) is quite difficult by this approach, especially consid-
ering the limited build volume and the time it takes to print with such
fine resolution.

Prominent structures for transducer applications that have been
produced using VP are circular/square/rectangular arrays with pro-
truding pillars or features, specifically designed to enhance the perfor-
mance of the device (Fig. 48(a-f)) [146,147,168,171,179,180,186,224].
The shape of the protruding features can be more flexible, in contrary to
the traditional machining methods which could usually shape into
square or rectangular features. In addition, the resolution of the pro-
truding feature can be decreased down to the order of microns (Fig. 48
(c, ). To add to the architectural complexity, the pillars can be inclined
at certain desired angles (Fig. 48(f)) [171]. Transducers with several
other geometries and configurations have also been reported (Fig. 48
(g-1) [177,188]. The ability to fabricate overhanging structures are
validated in several studies by printing a hollow cube like structure
[146,147].

As a proof of concept, often TPMS (Triply periodic minimal surface)
structures are employed to validate the flexibility of the printing process
(Fig. 49(a-d)) [143,157,158,163,167,169,172,184]. For instance, a
P-type TPMS structure with high geometrical porosity (70 %) was
fabricated for energy harvesting applications (Fig. 49(e)). Notably, the
design and porosity can be adjusted easily to meet specific needs. Often
such TPMS structures are embedded in epoxy for practical applications
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[139,157,158].

The samples fabricated with powder-bed based AM techniques (BJ
and SLS) often suffer from low resolution and rough surfaces, as shown
in Fig. 50. As a result, these techniques are not used to fabricate
piezoelectric device to the same extent as the other techniques evaluated
in this work. Most of the published articles only report the fabrication of
simple shapes, such as discs as shown in Fig. 50(d), as required for
carrying out the electrical measurements [192,194,198,199]. Scaffolds
with a possible application in bone tissue engineering were successfully
fabricated using BT/HA (Fig. 50(a)) [197]. In addition, TPMS and lattice
structures were reported to confirm the viability of complex architec-
tures (Fig. 50(b-c)) [192].

Until now, various complex structures that are fabricated with
different AM techniques have been discussed, with more details pro-
vided in Tables 8 — 11. Following this, Table 12 highlights the applica-
tions of fabricated piezoelectric ceramics across various fields,
demonstrating the versatility and potential of these devices.

In summary, the choice of a specific AM technology depends on the
specific requirements of the application. For fabricating large compo-
nents with relatively simple designs, extrusion-based AM techniques are
suitable, although there may be a compromise in resolution. In such
cases, BJ can also be considered. However, this technique suffers from
various disadvantages, including high surface roughness, low green
strength and high residual porosity, to name a few. On the other hand, if
the design is highly complex with fine features, VP is the most suitable
option. The final decision to select the appropriate AM technology de-
pends on factors such as availability and end-use requirements. It is
essential to weigh the advantages and disadvantages of each technology
to ensure the desired outcomes for the specific application envisioned.

5. Conclusions and outlook

In this review, a comprehensive assessment of the main features,
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Table 9
Post-processing conditionings and functional properties of samples fabricated with fused filament fabrication.
Feedstock Debinding Sintering Density Dielectric Dielectric Piezoelecetric Polarization, Printed Reference
(%) constant, loss, tand coefficient, ds3 P, (pC/cmz) structure
er (pC/N)
PZT 30°C/h 500 °C4h Dome and radial [99]
actuator, 2-2
ceramic polymer
composite
PZT-5H 10 °C/h 550 °C 1285°C1h 94 - 96 ~ 3100 ~ 0.025 ~ 650 pC/N Tube actuator [121]
PZT-5H 550 °C 1285°C1h 94 2300 0.035 620 - 1270 Dome-shaped [130]
actuators
PZT 30°C/h 500 °C2h 3.5 °C/min 700 290 2-2 annular ring, [120]
1285°C1h 3-3 ladder
structure
PZT 60 °C/h 200 °C, 10 3.5 °C/min 7.7 g/cc 3340 0.023 664 + 4 2-2 transducer [122]
°C/h 550 °C 4 h 1285°C1h
BiT powder, BiT 550 °C 1100°C1h [102]
platelets
PZT 10 °C/h 550 °C 1285°C1h Tube array, [103]
Radial, spiral and
bellow actuators
PZT—5HSpray 1°C/min 350 °C 1 3.5 °C/min Ladder structure [104]
dried h, 1.5 °C/min 550 1285°C1h
°C 2 h, 3.5°C/min
800°C1h
PZT Wick debinding 125 10 K/min ~ 1873 ~72% ~ 270 Filament [118]
°C, 150 °C, 175 °C, 1200°C2h
200 °C, 225 °C
BaTiO3 3 °C/min 200 °C, 1350°C5h scaffold [131]
PZT 0.25 °C/min 500 °C 1200°C2h
2h
BaTiO3 3 °C/min 200 °C, 1350°C5h 906 — 1372 107 - 127 29-35 Open and offset [116]
PZT 0.25 °C/min 500 °C 1200°C2h 297 - 1177 202 - 273 6.2 -25.5 scaffold
2h
PZT 600 °C for 60h: 150 °C/h 7.71 g/ 2060 0.0191 477 Concentric rings [123]
Binder removal by 1250°C2h  cc
capillary forces
BaTiO3 2 °C/min 180 °C 30 10 °C/min ~ 58 — 1228 -1472 0.010 - 196 - 221 11.39-12.33 Porous gyroid, [113]
min, 0.3 °C/min 300 1200 - 92 0.012 log-pile,
°C 60 min, 0.5 °C/ 1350°C2h honeycomb,
min 550 °C 60 min, dense disc,
3 °C/min 1000 °C triangular
60 min
PZT5H 30°C/h550°C2h 3.5 °C/min 2-2 annular ring, [133]
1285°C1h 3-3 ladder
structure, C ring
actuator

advantages, and disadvantages of the most commonly used AM tech-
nologies employed for fabricating piezoceramic components, such as
direct ink writing (DIW), fused filament fabrication (FFF), vat photo-
polymerization (VP), binder jetting (BJ), and selective laser sintering
(SLS) was carried out. AM is one of the most efficient and rapid proto-
typing techniques that enables the fabrication of complex structures
with high precision and desired geometry. Especially concerning
piezoelectric ceramics, the functional properties can be easily tailored
by the geometry of the fabricated component. This is where 3D printing
takes an additional leap forward with respect to other conventional
processing techniques, providing a high degree of customization to the
users. There are more than 120 publications in the past 20 years related
to the above-mentioned technologies, with most of them being reported
in the past 2-3 years. These observations suggest that these AM tech-
nologies have not been commercialized yet and further developments
are required. Additionally, there is a clear trend towards lead-free
compositions, which is evident from Fig. 1(c) where the number of pa-
pers published on BT surpasses those on lead-based compositions.
However, the piezoelectric and ferroelectric properties of lead-based
compositions remain significantly superior to those of other materials
reported. For instance, as detailed in Tables 8, 9, 10 and 11, the ds3
values for most lead-based compositions exceed 350 pC/N, with the
highest reported value reaching 1270 pC/N. In contrast, compositions

based on BT or KNN have ds3 values up to a maximum of 250 pC/N. Even
though researchers are employing various methods such as doping and
texturing, the properties still remain significantly below those of lead-
based compositions. Nevertheless, with advancements in technology
and materials innovation, there is a hope that lead-based materials could
eventually be completely replaced by lead-free compositions. Such an
accomplishment can be only fulfilled with continuous research and
development of the lead-free compositions.

To ensure the successful fabrication of defect-free components, it is
essential to carefully formulate a printable feedstock with desired
rheology, which in turn affects the piezoelectric performance of the
fabricated devices. A typical printable feedstock is composed of ceramic
powders, dispersants, solvents, binders and several other additives,
depending on the printing technique to be used. concerning VP and DIW
of piezoceramic materials, thanks to the availability of affordable and
economical printers. The progress of the FFF technology applied to ce-
ramics over the last several years is directly related to the only minor
modifications to the cheap and open-source printers that can extrude
polymeric materials that are required. While most of the recent ad-
vancements in this area have focused on composite polymer-ceramic
piezoelectric materials, there is still a great opportunity for optimiza-
tion and exploration in the realm of pure ceramic devices. On the other
hand, because of the inferior product quality and performance, the
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Table 10
Post-processing conditionings and functional properties of samples fabricated with vat photopolymerization.
Feedstock Debinding Sintering Density Dielectric Dielectric Piezoelecetric Polarization, Printed structure Reference
conditions conditions (%) constant, &, loss, tand coefficient, ds3 P, (uC/cmZ)
(pC/N)
PZT-5H 700 °C 1 °C/min >95 2000 [176]
1200 °C
PMNT 1 °C/min 600 °C 3 °C/min 97.8 (7) 620 (40) Hollow spherical [177]
1h 1250 °C cell transducer
1.5h
PZT5H 1 °C/min 700 °C 95 -98 Transducer [178]
BaTiO3 Argon: 600°C3 h 1330°C 4 - 93.7 1350 0.012 160 22-7 64 pillar annular [179]
6h segment transducer
BaTiO3 Argon: 1 °C/min 3 °C/min ~ 95 920 0.07 87 ~12 Annular segment [168]
200 °C, 300 °C, 1200 - 1500 transducer array
400 °C, 500 °C, °C4h
Each step 0.5 h,
600 °C3h
KNN Argon: 1 °C/min 3°C/ ~ 92 2150 0.08 170 12.1 Annular array for [180]
100 °C, 200 °C, minl050 — ultrasonic
300 °C, 350 °C, 1150°C3h transducer
400 °C, 500 °C,
600 °C ,Each step
2 h; Air: 800 °C 3
h
BaTiO3 0.5 °C/min 600 1290°C2h 5.52 — 1829 - 2276 0.036 — 96 — 166 28.5 Ultrasonic array [181]
°C2h 5.68 g/ 0.094
cc
PZT—5A 1 °C/min 280 — 1 °C/min 97 - 98 [164]
500 °C 1200°C2h
BaTiO3 Nitrogen: 600 °C 1320°C3h ~ 95 2762 0.016 163 9 rod transducer, [146]
5h Hollow cube,
Annular ring
BaTiO3 Nitrogen: 1 °C/ 1300 °C, ~ 95.89 ~ 2749 - 0.0128 - 146 - 206 Hollow cube, [147]
min 300 °C, 0.15 1320 °C, —98.06 4423 0.0188 Transducer with
°C/min 400 °C 3 1330°C2h pillars
h, 0.15 °C/min
500 °C, 1 °C/min
600 °C3h
BaTiO3 Nitrogen: 1 °C/ 1330°C2h ~ 61.98 948 0.023 168.1 13.1 Octet truss, Gyroid [139]¢
min 200 °C, 300 -95.32
°C, 400 °C, 450
°C, 500 °C, 600
°C, Each step 1 h;
Air: 1°C/min 450
°C, 600 °C, Each
step2h
PZT Argon: 1 °C/min 1200°C 3 h 6.09 — 2417 0.025 525 17.3 Annular array [171]
100 °C, 200 °C, 6.92 g/
300 °C, 350 °C, cc
400 °C, 500 °C,
600 °C, Each step
2 h; Air: 800 °C 3
h
BaTiO3 Air/ Vacuum: 3 1300 - 1400 86.93 - 1965 0.017 200 Circular disc [159]
°C/min150°C30 °C2-4h 90.25
min, 1 °C/min
200 °C 30 min,
0.35 °C/min 300
°C, 400 °C, 500
°C, Each step 1 h,
0.35 °C/min 600
°C2h
BaTiO3 Inert: 1 °C/min 1320°C2h ~91- 1543 0.0185 180 5-10.9 Complex structures [148]
150 °C, 0.5 °C/ 95.4
min 150 — 200 °C
3h, 1 °C/min 200
-350°C, 0.5°C/
min 350 — 400 °C
3h, 1 °C/min 400
—420 °C; Air: 460
°C3h
BaTiO3 Nitrogen: 0.5°C/ 3 °C/min ~ 87.54 ~ 718 - ~108.2-168.1  7.59 -20.25 Disc, FCC- [157]
min 300 °C, 400 1210-1330  -95.32 1512 structured
°C, 450 °C, 500 °C2h

°C, 600 °C, 700
°C, Each step 1 h;
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Feedstock Debinding Sintering Density Dielectric Dielectric Piezoelecetric Polarization, Printed structure Reference
conditions conditions (%) constant, &, loss, tand coefficient, d33 P, (pC/cmZ)
(pC/N)
Air: 1 °C/min 450
°C, 600 °C, 800
°C, Each step 2h
BCZT Argon: 1 °C/min 3 °C/min ~ 93.28 4800 0.025 430 14.38 [149]f
150 °C, 0.3 °C/ 1450 - 1525  -95.88
min 180 °C, 400 °C4h
°C, Each step 2h,
0.5 °C/min 600
°C 2h; Air: 3°C/
min 600 °C 2 h
BaTiO3 12°C/h 200 °C 1 100 °C/h 62 -98 837 - 2426 0.01 - 5-148 Cylinder or [182]
h, 6 °C/h 300 °C 1300°C1h 0.068 rectangular
1h,12°C/h 700
°Clh
KNNLN-Er Vacuum: 600 °C 1120°C 4 - 89.6-93 97 Disc [183]8
4h,800°C4h 8h
PZT Argon: 0.2 °C/ 1250°C2h ~77.8 - 1522 - 2196 0.025 - 254 - 373 24.78 - 35.56 Calibration model [150]
min 200 °C, 310 89.51 0.029
°C, 395 °C, Each
step2h
PMN-PT, BT 2.5 °C/min ~93 2218 0.077 652 19.5 Square [162]
templates 1200 °C,
1235°C4h
BaTiO3 Nitrogen: 2 °C/ 3°C/ 78.74 - 5631 - ~ 0.03 at 73 -151 8.8-17.4 Disk [151]
min 100 °C, 200 min1300 91.69 % 10009 at T, Te
°C, Each step 2h, °C3h
1 °C/min 250 °C,
300 °C, 340 °C,
380 °C, 400 °C,
Each step 3h, 2
°C/min 500 °C,
600 °C 2 hy;
Air600 °C3h
BaTiO3 Nitrogen: 1 °C/ 3 °C/min ~ 90.02 978 0.038 215+ 13 16.656 TPMS, cylinder [158]
min 200 °C, 300 1250 °C, -95.39
°C, 400 °C, 450 1300 °C,
°C, 500 °C, 600 1330 °C,
°C, Each step 1 h; 1350°C2h
Air: 1 °C/min 450
°C, 600 °C, Each
step2h
PZT Argon: 0.2 °C/ 3 °C/min ~ 85.45 1970 - 2113 0.0256 — 340 - 365 32.67 - 34.40 Disk [152]
min 190 °C, 368 1250°C2h -87.12 0.0267
°C, 465 °C, Each
step 2 h; Air: 600
°C2h
BCZT Argon: 1 °C/min 3 °C/min ~93.14 4323 0.011 525 14.50 Gyroid [1 84]h
150 °C, 0.3 °C/ 1450 - 1525  -96.58
min, 180 °C, 400 °C4h
°C, Each step 2 h,
0.5 °C/min 600
°C 2 h; Air: 3°C/
min 600 °C 2 h
BaTiO3, BT Inert: 1 °C/min 3 °C/min ~ 1867 0.037 275 14.88 TPMS [163]
platelets 150 °C, 0.5 °C/ 1250 °C,
min 150-200 °C 1275 °C,
3h, 1°C/min 200 1300 °C,
- 350 °C, 0.5 °C/ 1325°C3h
min 350 - 400 °C
3h, 1°C/min 400
- 420 °C; Air: 460
°C3h
PZT 0.2 °C/min 250 3 °C/min ~ 68 - 868 - 1911 0.027 - 129 - 308 15.75 - 29.68 TPMS [172]
°C, 375 °C, 480 1250°C2h 83.12 0.032
°C2h
BaTiOg3 Vacuum: 1 -8 2 °C/min 211 TPMS [143]
°C/min 600 °C; 1450 °C
Air: 0.5-4°C/
min 800 °C
KNN Argon: 1 °C/min 5 °C/min 90.11 460.43 + 0.12 + 113.67 + 2.49 19.94(30 kv/ Scaffolds [144]
150 °C, 0.2 °C/ 1070 °C, 6.05 0.01 cm)
min 410 °C, 600 1080 °C,
°C Each step 2 h; 1090 °C,
1100 °C6 h
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Feedstock Debinding Sintering Density Dielectric Dielectric Piezoelecetric Polarization, Printed structure Reference
conditions conditions (%) constant, &, loss, tand coefficient, d33 P, (pC/cmZ)
(pC/N)
Air: 3°C/min 600
°C2h
BaTiO3-xBaSnO3  Inert: 1 °C/min 1400°C4h 1767-10532 17 - 283 1.1-11.92 Complex strcutures [167]
150 °C, 0.5 °C/
min 150 — 200 °C
3h,1°C/min 200
-350°C, 0.5°C/
min 350 — 400 °C
3h,1°C/min 400
—420 °C; Air: 460
°C3h
BaTiOs 1350°C4h  ~99 Honeycomb [185]
Barium acetate, 5°C/min 90 °C, 5 °C/min 87+1 - Complex structures [175]
Titanium (IV) 250 °C, 385 °C, 1330 -1500 93+1
isopropoxide, 655 °C, 900 °C, °Clh
Acetic acid, ramp held forlh
Acrylic acid
PZTS5H Vacuum: 600 °C 1250°C2h 6.94 — 760 — 1390 0.020 — 212 - 345 Ceramic array [186]
3 h; Air: 650 °C 3 7.00 g/ 0.021
h cc
PZT855 Argon: 1 °C/min 1100°C3h 94.7 583 32.4 Micro-curved stave [188]
600 3 h; Air: 600 elements,
°C3h Hemispherical
transducers,
Helical element,
Cylindrical
concentric annular
arrays, Lattice
sensor
PZT Argon + Air 1250 °C3h 72.98 - 1256 - 2364 0.0241 - 189 - 399 20.44 - 39.72 Complex structures [145]
91.43 0.0302
BaTiO3 Argon: 0.25 °C/ 1 °C/min 95 1770 0.029 201 18.5 TPMS structures: [140]
min 400 °C, 460 450°C4h, 2 schwarz, gyroid, I-
°C,550°C2-3h, °C/min 1000 WP, bodycentred
800°C2h °C, 1320 °C cubic lattice
3h
PZT, PMMA Vacuum: 0.5 - 2 1200°C2h ~ 6.36 — Cylinder [189]
°C/min 100 °C, 6.55 g/
200 °C, 300 °C, cm?
400 °C, 500°C,
Each step 2 h;
Air: 600°C 4 h
BaTiO3 Vacuum: 0.5 °C/ 3°C/min 800 94.52 - 1805 - 2019 0.02 - 0.03 107 - 218 6.31 -11.05 Square [190]
min 600°C 4 h; °C, 1°C/min 95.51
Air:1°C/min800  1320°C2h
°C4h
Sm-PMN-PT Argon: 0.5 °C/ 2.5°C/min 92 -98 4733 — 6452 0.0430 - 1080 — 1230 Hollow cylinder, [141]
min 140 °C, 380 600 °C, 0.0434 TPMS: Gyroid,
°C, 420 °C, Each 1220°C, Schwarz P,
step1h,1°C/ Eachstep2h Schwarz D
min 600 °C1h
BCZT Nitrogen: 1 °C/ 1450 °C3h 718 - 1603 382 - 570 Gyroid [165]

min 300 °C, 0.5
°C/min 500

€ Best properties reported for the sample with relative density of 95.32 %.
f Best properties reported for the sample with sintered at 1500 °C.
& Best properties reported for the sample with a holding time of 6 h.

1 Best properties reported for the sample doped with 1.5 mol.% GuO (relative density 96.58 %).
! Sintered samples were embedded in epoxy for the electrical measurements; hence the properties are not reported.

binder jetting technology still remains largely unexplored.

The key distinction between additively manufactured and conven-
tionally manufactured piezoceramics, beyond the unique structural
complexity achievable with AM, lies in the differences in density and
microstructure in the sintered components. In conventional methods,
the application of pressure during the shaping process with limited or
without the use of any binder helps in achieving high densities with fine
microstructures. In contrary, the residual porosity from the debinding
process affects the electrical properties of additively manufactured
components in a negative way. Increasing the sintering temperature
helps in enhancing the densification process but at the expense of grain
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growth.

Tables 2 — 6, and 8 — 11 provide an overview of different feedstocks
used to fabricate piezoelectric ceramics with complex geometries using
AM technologies, along with their sintering and post-processing condi-
tions, as well as their electrical properties. They complement the dis-
cussion and assist the reader in formulating their own approach to the
fabrication of devices using the AM approach. Examining the tables, one
can clearly notice the differences between various additive
manufacturing (AM) technologies and their capabilities. If one is con-
cerned about resolution with a limited object size, vat photo-
polymerization (VP) is the best choice. For applications where resolution
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Table 11
Post-processing conditionings and functional properties of samples fabricated with binder jetting.
Feedstock Debinding  Sintering Density Dielectric Dielectric Piezoelecetric Polarization, Printed Reference
(%) constant, &, loss, tand coefficient, P, (uC/cmz) structure
ds3 (pC/N)
BaTiO3 10 °C/min 10 °C/min 1.3-1.6 8.62 - 6.23 [196]
600 °C 0.3 1260 °C, g/cc
h 1330 °C,
1400 °C 4h
BaTiOsHydroxyapatite 300 °C1h, 600 °C 3 h, ~ approx. 3.08 pC/N Scaffolds [197]
500°C2h 1000 °C 2 h, 50 % open (Interconnected
1320°C1h porosity cylinder)
BaTiO3 10 °C/min 10 °C/min 41.4-65.2 ~ 50 - 630 ~0.01 - 13.23-74.1 Dense rectangle [195]
600 °C 20 1260 °C, (60 % 0.81 pC/N
min 1330 °C, binder
1400°C4h saturation)
KNN 2.5 °C/min ~29.5 - ~74.1-89.9 Discs, Triangle [191]
1130°C2h 56 with hole at the
centre
BaTiO3 10 °C/min 10 °C/min ~82-93 750 (Coarse), 0.0553 118 (Coarse), Disc, Lattice [194)
650 °C 60 1300 °C, 811 (Fine) (Coarse), 183 (Fine) structure
min 1350 °C, 0.1159
1400 °C, (Fine)
Each
temperature
2h,4h,6h
BaTiO3 600 °C 60 2 °C/min 56 — 66.8 371, 411 <3% 105, 110 Disc [198]%
min 1200 - 1400
°C2h
BCZT 600 °C 60 1400 - 1500 ~74-91 1909 1.9 152 Disc, TPMS [192]
min °C, Each (Gyroid and
temperature Schwarz)
2h,4h,8h,
10h
PZT-N 470°C4h 1200 or ~ 45 - 60 400 - 482 291 - 319 Disc [199]
1250°C2h
BaTiO3 7.5°C/ 10 °C/min 36.77 581.6 113 (Parallel), [200]"
min 650 1250°C6 h (Parallel), 698 152
°Clh (Perpendicular) (Perpendicular)
BaTiO3 1260 — 1400 ~ 50 - 650 [193]!
°C
PZT 468.5 pC/N
(Parallel),
541.4
(Perpendicular)

J Here, coarse refers to the properties reported for that specific powder fraction, and similarly for fine.

k Best properties reported for the sample sintered at 1250 °C.

! parallel and perpendicular refers to the orientation in which the values are measured.

Fig. 44. Commercially used piezoelectric components. (a) Soft PZT for actuators and sensors; (b) Hard PZT for ultrasonic transducers; and (c) Lead-free BNT
(Bismuth sodium titanate) suitable for transducers. Note these commercial products are all produced using conventional shaping methods [236].

is not the primary criterion, extrusion-based AM techniques can be used,
with fused filament fabrication (FFF) being particularly well-suited for
its better shape retention ability owing to the thermoplastic nature of the
binder. However, preparing the filaments for the FFF process is time-
consuming and requires proper attention. On the other hand, with
direct ink writing (DIW), the ink preparation step is relatively easy when
compared to FFF. In addition, the limited amount of binder used in DIW
is a significant advantage when it comes to the post processing stages.
Regardless of the method, samples fabricated with these technologies
exhibit acceptable piezoelectric and ferroelectric properties. In contrast,
samples fabricated with binder jetting (BJ) exhibit poor resolution and
low properties, making them unacceptable for many applications.
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However, this technology involves high production rate and volume,
when compared to other AM technologies reported in this review paper.
The choice of AM technology should consider not just the resolution and
ease of material preparation but also the specific material properties
required for the application, post-processing requirements and the
overall cost and scalability of the manufacturing process.

Despite significant advancements in AM technologies for piezoelec-
tric device production, there are some unresolved issues that must be
addressed before widespread use and commercialization can occur.
These concerns need attention and should be regarded as the goals for
future growth and development of the field.
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Fig. 45. Optical images of: (a-b) BCZT scaffolds for bone graft substitute with the corresponding SEM image of the fracture surface [97], (c) Helical twenty
tetrahedral structure fabricated using PZT ceramics [85], (d) 3D radial array, and (e-f) 3D periodic lattice printed using a 100 pm nozzle with BT nanoparticle ink,
with the cross-sectional over-view [49], (g) Sintered BT honeycomb heating element. The inset shows a magnified optical micrograph of a sintered square grid
structure [71], (h) 3D printed green sample with graded porous structure for possible use in heating elements [71], (i) Fresnel zone plate lens fabricated using FFF
[107], () PZT array [122], and (k) BT green body from milled precursors with complex architectures [93].

(a-b) [97] Open access article distributed under the terms of the Creative Commons CC BY license. Reproduced from Ref.: (¢) [85], (g-h) [71], () [107], (j) [122], and
(k) [93], with permission from Elsevier. (d-e) [49], with permission from John Wiley and Sons.

(i) Use of simple piezoceramic powders compositions. This means such formulations are still beyond the reach of
the AM technologies. In such a scenario, where the trend is to shift from

Pure piezoceramic powders, such as PZT, BT, KNN, PNN-PZT and lead-based to lead-free piezoceramics, it is necessary to employ doped
PMNT, have been used for AM in the majority of the articles that have compositions in lead-free formulations to enhance the functional prop-
been published so far. There are few studies concerning doped erties. The best doped composition should be shared to the industrial
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Fig. 46. (a) Isometric view of multilayer Ni-BT structures. The inset shows the cross-section [92]. (b) Multilayer tube actuators made of PMN-PT and electrode

materials (silver-palladium) [238].

Reproduced from Ref.: (a) [92], with permission from John Wiley and Sons. (b) [238], with permission from Elsevier.

Complex kirigami-origami/ bent/ free standing structures with extrusion-based AM
technologies : pushing the limits

Fig. 47. Optical photos of printed green bodies (a) Bent into an annular structure, and (b) Twisted into ribbon spiral [72]. (c-e) Photographs of sintered kir-
igami-origami structures with different configurations [69]. (f) Representative optical image of the free-standing pillars with their corresponding SEM micrographs

[84].

Reproduced from Ref.: (a-b) [72], and (f) [84], with permission from Elsevier. (c-e) [69] Open access article distributed under the terms of the Creative Commons CC

BY license.

partners for production in bulk quantities.
(ii) Limited use of texturing

It is widely established that texturing through templated grain
growth significantly enhances the piezoelectric properties. The
manufacturing technique for the platelets, on the other hand, is highly
time demanding and calls for high levels of control over the stoichi-
ometry. For such reasons, the production of the platelet powders has not
been widely commercialized yet. Moreover, achieving a fully aligned
distribution of platelets within additively manufactured parts using
currently available technologies is still a challenge. This restricts the
further usage of the concept of texturing in the field of AM.

(iii) Ability to fabricate multi-material structures

The concept of multi-material fabrication using piezoceramics is still
in its early stages. The integration of various piezoceramic materials or
piezoceramics with other materials, such as metals, polymers or other
ceramics, can be made possible by multi-material AM. Enhanced sensi-
tivity and better mechanical properties are two examples of enhanced
performance attributes that may result from this.

(iv) Hybridization of technologies
Hybridization in AM refers to the integration and exploitation of the

unique advantages of several production techniques. To enhance the
quality of piezoceramics, one possible approach is to combine Direct Ink
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Writing (DIW) with stereolithography (SLA) to create components with
enhanced flexibility. Such hybridization has been recently reported by
several authors [240,241] and could be translated to piezoceramic
components as well.

(v) Limited size

AM techniques are often restricted by the build volume of the
available printers. This is particularly challenging when a large
component is desired. For example, the debinding of large components
is time-consuming and can lead to delamination or warping during the
thermal treatment process. Internal stresses during the printing can also
increase when fabricating large components. In addition, the time
required to print large structures can lead to an economic constraint.
There is often a compromise between the dimensions of the component
and the level of resolution or detail that can be attained. When dealing
with larger components, it may be necessary to use thicker layers in
order to keep the printing time reasonable. However, this might result in
a loss of detail and a less smooth surface quality.

(vi) Rapid post processing

Efficient post-processing techniques are crucial for enhancing pro-
ductivity and minimising the production time. Rapid sintering tech-
niques, such as spark plasma sintering, ultra-fast high temperature
sintering etc., which aim at decreasing the sintering temperature and
time drastically, have not been well implemented yet. The microstruc-
ture is strongly affected by the heating and cooling rates, with rapid



S. Bhandari et al.

nen

Materials Science & Engineering R 162 (2025) 100877

t 01' KIO“\CU"""‘

BT R

500 pm

Fig. 48. Optical microscopy images of different types of sintered arrays that can be used for several applications [146,171,179,180,186,188].
Reproduced from Ref.: (a-c) [179], (d) [186], (e) [180], (f) [146], (g) [171], with permission from Elsevier. (h-i) [188], Open access article distributed under the

terms of the Creative Commons CC BY license.

Fig. 49. Optical images of complex TPMS structures [139,143].

Reproduced from Ref.: (a-d) [139], with permission from Elsevier. (e) [143], Open access article distributed under the terms of the Creative Commons CC BY license.

heating and cooling rates often leading to finer microstructures. It is also
important to keep in mind the sintering atmosphere, as it plays a
important role and hence it should be carefully chosen.

(vii) Unavailability of commercial piezoceramic filaments or slurries
(for DIW or VP)

The absence of easily accessible commercial piezoceramic filaments

71

or slurries for Direct Ink Writing (DIW) or Vat Photopolymerization (VP)
is an important challenge that restricts the industrial use of AM tech-
nologies. This slows down the development process as a lot of time is
required in optimizing the piezoceramic formulation. Manufacturing
piezoceramic materials internally may result in variations in both
quality and performance due to variations in raw materials, processing
conditions and handling.

To summarize, AM technologies open up new opportunities for the
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Complex structures fabricated by BJ and SLS
BT/HA (b)

Fig. 50. (a-d) Optical images of scaffold structures fabricated using binder jetting [191,192,194,197]. The circular samples showed in (d) are typically usually used
for the property measurements, which holds true for other AM techniques as well. (e) Simple cylinder fabricated using SLS [210].
(a) [197], (b) [194], (c-d) [192], Open access article distributed under the terms of the Creative Commons CC BY license. Reproduced from Ref. (e) [210], with

permission from Elsevier.

Table 12
Classification of the additively manufactured piezoceramic components ac-
cording to their application.

Additive Material Applications
manufacturing
Direct ink writing BST Bone tissue engineering [96]
BT -based  Heating element[71]
PZT Transducer [83], Sensor [54,69,98]
BCZT Bone graft substitute [97]
Fused filament PZT Actuator [99,103,130,133], Transducer
fabrication [122]
BST Antenna [126]
BT Antenna [110], Bioactive scaffolds [111]
Vat PZT, Transducer [142,176,188,239], sensor
photopolymerization =~ PMNT [188]
BT, KNN Transducers [146,147,168,179,180,186],
Ultrasonic array [224], Energy harvesting
[169,184], Bone scaffolds [144]
Binder jetting BT Bone tissue engineering [217]

fabrication of complex and high-precision piezoceramic parts with
properties almost similar to the conventional ones. Despite several
challenges, this field is rapidly progressing with notable developments.
These technological breakthroughs are enabling the exploration of new
opportunities in the fields of sensors, actuators and energy harvesting
systems. As research and development progresses, the possibility of AM
revolutionising the production and functioning of piezoceramic mate-
rials becomes more and more real, holding the promise for improved
performance and the introduction of new capabilities in several key
sectors.
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