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Abstract: The purpose of this study is to research the possibility of producing structural electronics
with the powder bed Binder Jetting (BJ) technique. The adaptation of the BJ ZPrinter 450 printer for
the deposition of silver nanoparticle inks and the fabrication of conductive paths using commercially
available consumables was successfully carried out. The research included testing the influence
of different orientations of the printed substrates for the conductive paths and also checking the
dependence of the resistance on a number of printed nanoparticle ink layers. First, the measured
average resistance value equal to 133.86 Ω was reached after 18 printed nanosilver ink layers. The
best results have been obtained for 68 printed layers with an average resistance value of 4.64 Ω. The
effect of the heat-treatment time and multiple sintering approaches of the prepared samples was
also examined. The dependence of the sintering time on the resistance of the path turned out to be
consistent with that encountered in the literature. Single sintering of the path with 33 nanosilver
ink layers gave an average resistance value of 21.11 Ω. The same number of layers sintered 3 times
during the process after several passes of the printhead gave the lowest resistance value of 1.89 Ω.
Strength tests of the samples showed that the BJ is not suitable for the application of strain sensor
fabrication. Despite this, the results of the study showed that high-efficiency printed electronics are
possible to be fabricated using powder bed techniques, and there is a lot of room for future research.

Keywords: additive manufacturing; binder jetting; inkjet; 3D printing; printed electronics; structural
electronics; silver nanoparticle ink

1. Introduction

Additive manufacturing, commonly known as 3D printing, is a group of techniques
where three-dimensional objects are prepared using 3D printers by depositing material
layer by layer. Each of them is a cross-section of geometry prepared for manufacturing by
computer-aided design (CAD) software, which is then digitally sliced at different heights
using computer-aided manufacturing (CAM) software, according to the spatial orientation
of the object. Finally, after selecting process parameters, digital data prepared in this way is
ready to be converted into machine code and sent to the 3D printer [1,2].

There is a variety of 3D printing technology types that can be divided into categories
by material type and method of its deposition [3]. Fused Deposition Modeling (FDM) and
Direct Ink Writing (DIW) are based on material extrusion; material jetting is used in Direct
Ink Jetting techniques and Aerosol Jet Printing (AJP), whereas Stereolithography (SLA),
Digital Light Projection (DLP), Selective Laser Sintering (SLS) and Binder Jetting (BJ) use
material curing, melting or binding processes. It should be mentioned that this is only
the “tip of the iceberg” and all sorts of modifications or newly developed technologies
are emerging each year [1]. Binder Jetting, just like SLS, is an example of huge group of
techniques where the building material is in powder form. A precise dose of material is
spread by a scraper or roller on the build plate to prepare single layers. Inkjet printheads are
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used to apply adhesive material, just like the ink in a conventional inkjet printer, precisely
in the areas of the printed element cross-sections. BJ is an efficient, low-temperature 3D
printing method where huge amount of composite parts placed through the chamber
volume can be prepared in short period of time using large group of materials, both
powdered and in the form of ink deposited from the nozzles.

Along with the need to shorten the time between design and production of electronics,
the increasing complexity of the devices requiring weight reduction, the rising cost of tradi-
tional methods and the growing need for environmental neutrality scientists developed
processes and conductive materials for conventional printing methods such as screen print-
ing, flexography, gravure offset lithography or inkjet printing to prepare technology called
printed electronics [4]. A step further was to adapt well-known additive manufacturing
techniques to produce spatially conductive circuits, which can be prepared on a single
3D printer with reduction of additional processes. Following the achievements of printed
electronics, such as developing composite materials with conductive nanoparticles (NPs),
nanosheets (NSs) or nanotubes (NTs) interest in the field of 3D printed structural electronics
boosted, which resulted in prospective achievements for future studies [1].

Generally, most 3D-printed electronic structures are prepared using several additive
manufacturing technologies, which are the easiest to adapt for multi-material printing,
where both conductive and insulating material is deposited. Therefore, Fused Deposition
Modelling met expectations with the possibility of using polymer composite filaments
filled with conductive carbon nanomaterials [5,6] or metal powder-filled composites [7].
Additionally, FDM 3D printers with several nozzles are widely used for printing a few
materials in a single process. It is also possible to come across modified FDM technology
where fusible metal alloys were used to prepare conductive tracks straight on already
printed thermoplastic substrate [8,9]. Using metal NPs as the functional conductive filler
in filaments is complicated due to the low possible loading and the need for sintering
printed patterns to provide conductivity. However, DIW was successfully adapted for the
deposition of silver nanoparticle paste on the thermoplastic substrate, and the paths printed
in this way could then be selectively sintered [10]. Preparing 3D printable electrolytes for
Li-ion batteries [11] or adapting DIW for additive manufacturing of supercapacitors was
also reported [12,13]. Application of Inkjet technology and AJP for structural electronics
is also the focus of the researchers’ interests due to the possibility of using many other
functional nanomaterials. It turned out to be promising to use aerosol jet printing for
fabricating microlattices [14] and active RF devices [15]. Inkjet printing was tested mostly
for preparing conductive structures using a vast amount of functional nanoparticle inks
containing silver NSs [16], silver NPs [17,18], copper NPs [3], carbon nanomaterials [19]
or Metallo-Organic Decomposition (MOD) and Catalyst inks [20]. Additive-free aqueous
MXene inks were also reported [21]. Inkjet printing is also very popular for the production
of biosensors and related bioapplications [22]. Due to their specificity, powder bed 3D
printing technologies are difficult to incorporate into structural electronics. Even though it
is possible to use conductive powders in SLS technology for preparing electronic devices
such as antennas [23] or electrodes [24], the huge barrier is still the impossibility of using
multiple materials in one printing process. The situation is extremely different with the
binder jetting technology because it allows depositing different functional inks from the
printhead even if the powder bed is filled with the same material throughout the process.
It causes the BJ technology to become very promising for the fabrication of composite
conductive structures.

Despite this, scientists rarely investigate applications of binder jetting in structural
electronics. Research focuses mainly on improving the purity and thermal conductivity
of the parts printed from metal powder [25] or reducing their porosity [26,27]. A few
approaches for BJ in electronic applications are based on preparing conductive structures
using carbon-based nanomaterials as functional fillers in binders [28] or the powder itself
used for printing [29]. Integrating BJ with AJP and other additional processes to prepare
3D electronic devices was also reported [30]. However, there is a lack of research in the liter-
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ature on the use of conductive nanoparticle inks to electrically functionalize printed objects.
Therefore, this research, for the first time aims to investigate conductive structures fabri-
cated from BJ technology using silver nanoparticle (AgNP) ink. The influence of substrate
printing orientation on the electrical parameters of the printed objects was investigated.
We propose a different approach to preparing such structures by depositing conductive
ink with an inkjet printhead independent of the one used for the binder. Therefore, it was
possible to print several layers of the functional material, which is important in the case of
such porous substrates. The influence of the orientation of the printed substrate on silver
track resistance was analyzed. The dependence of the resistance of the structures on the
number of AgNP ink layers was found. Additionally, an attempt was made to optimize the
sintering time as well as test multiple sintering to reach the best possible parameters of the
printed paths for applications and development in future studies.

2. Materials and Methods

In this study, high-performance composite powder zp®150 (Z Corporation, Burling-
ton, VT, USA) and clear binder solution zb®61 (Z Corporation, Burlington, VT, USA)
were used for the fabrication of test samples on the automated, mid-range 3D printer
ZPrinter 450 (Z Corporation, Burlington, VT, USA) [31]. ZPrinter 450 is a full-color capable
Binder Jet 3D printer supporting commercially available thermal inkjet HP11 and HP57
printheads (Hewlett–Packard, Palo Alto, CA, USA). It has a maximum build volume of
203 mm × 254 mm × 203 mm, a building speed of up to 4 layers per minute with layer
thicknesses from 0.0875 mm up to 0.125 mm, and a 300 × 450 dpi print resolution.

The material used for the fabrication of conductive paths was commercially available
PRELECT TPS303 nanosilver ink (Agfa–Gevaert, Mortsel, Belgium) [32]. The ink is a water-
based formulation containing 32 wt% AgNPs with a mean size of about 90 nm. According
to the datasheet, ink is suitable for inkjet printing systems. The Z Corporation supplier
does not provide the details of the zp®150 plaster and polymer-type powder, but a D50
value of 32 µm has been reported previously for this material in the literature [33]. An
Auriga 60 (Carl Zeiss, Oberkochen, Germany) scanning electron microscope (SEM) was
used for the observations of the morphology of used materials (zp®150 powder and TPS303
ink) which are presented in Figure 1.

Electronics 2023, 12, x FOR PEER REVIEW 3 of 16 
 

 

devices was also reported [30]. However, there is a lack of research in the literature on the 

use of conductive nanoparticle inks to electrically functionalize printed objects. Therefore, 

this research, for the first time aims to investigate conductive structures fabricated from BJ 

technology using silver nanoparticle (AgNP) ink. The influence of substrate printing orien-

tation on the electrical parameters of the printed objects was investigated. We propose a 

different approach to preparing such structures by depositing conductive ink with an inkjet 

printhead independent of the one used for the binder. Therefore, it was possible to print 

several layers of the functional material, which is important in the case of such porous sub-

strates. The influence of the orientation of the printed substrate on silver track resistance 

was analyzed. The dependence of the resistance of the structures on the number of AgNP 

ink layers was found. Additionally, an attempt was made to optimize the sintering time as 

well as test multiple sintering to reach the best possible parameters of the printed paths for 

applications and development in future studies. 

2. Materials and Methods 

In this study, high-performance composite powder zp®150 (Z Corporation, Burling-

ton, VT, USA) and clear binder solution zb®61 (Z Corporation, Burlington, VT, USA) were 

used for the fabrication of test samples on the automated, mid-range 3D printer ZPrinter 

450 (Z Corporation, Burlington, VT, USA) [31]. ZPrinter 450 is a full-color capable Binder 

Jet 3D printer supporting commercially available thermal inkjet HP11 and HP57 print-

heads (Hewlett–Packard, Palo Alto, CA, USA). It has a maximum build volume of 203 mm 

× 254 mm × 203 mm, a building speed of up to 4 layers per minute with layer thicknesses 

from 0.0875 mm up to 0.125 mm, and a 300 × 450 dpi print resolution. 

The material used for the fabrication of conductive paths was commercially available 

PRELECT TPS303 nanosilver ink (Agfa–Gevaert, Mortsel, Belgium) [32]. The ink is a wa-

ter-based formulation containing 32 wt% AgNPs with a mean size of about 90 nm. Ac-

cording to the datasheet, ink is suitable for inkjet printing systems. The Z Corporation 

supplier does not provide the details of the zp®150 plaster and polymer-type powder, but 

a D50 value of 32 μm has been reported previously for this material in the literature [33]. 

An Auriga 60 (Carl Zeiss, Oberkochen, Germany) scanning electron microscope (SEM) 

was used for the observations of the morphology of used materials (zp®150 powder and 

TPS303 ink) which are presented in Figure 1. 

  

(a) (b) 

Figure 1. Scanning electron microscope (SEM) images of the materials used for preparing test sam-

ples: (a) composite powder zp®150; (b) PRELECT TPS303 AgNP ink. 

Despite the fact that ZPrinter 450 is equipped with a colorful HP57 thermal inkjet 

printhead, the printer software limitations do not allow for modification by filling it with 

different materials. The problem is that the printer needs to print and scan a color 

Figure 1. Scanning electron microscope (SEM) images of the materials used for preparing test samples:
(a) composite powder zp®150; (b) PRELECT TPS303 AgNP ink.

Despite the fact that ZPrinter 450 is equipped with a colorful HP57 thermal inkjet
printhead, the printer software limitations do not allow for modification by filling it with
different materials. The problem is that the printer needs to print and scan a color alignment
pattern after every printhead change, which is impossible with single-color ink. For this
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reason, an equivalent HP thermal printing system was used with the HP350 printhead.
Such a printing system was also used with thermal heads for the fabrication of printed
electronic structures as an alternative to the most popular piezoelectric printing heads used
in Dimatix or Pixdro inkjet systems [16,19,20,34].

3D printed samples as substrates for conductive paths were designed in Autodesk
Inventor 2023 according to ISO 527-2 standards with modified thickness to match the
printing system used. The shape of the conductive tracks to be printed on the samples was
designed with contact pads and a narrower path between them. The shape and dimensions
of the substrates and the designed conductive paths are presented in Figure 2.
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Figure 2. Schematic drawings with dimensions of the printed geometries: (a) 3D printed samples
according to ISO 527-2 standard with modified thickness; (b) Geometry of the conductive path
projected onto the sample geometry.

The designed sample geometry was exported to the STL file format, sliced and laid out
in the workspace using dedicated ZPrint software. Taking into consideration the porosity of
the parts produced by BJ and possible differences in resolution depending on the orientation
of the parts relative to the printer x-axis, four possible arrangements of the parts were
chosen for the test: three series of samples flat on the build plate (parallel, perpendicular and
rotated at an angle of 45◦) and one series-parallel and horizontally placed. For each chosen
orientation, five substrates were made for simplified statistical analysis and observation of
the repeatability of results. Most of the process parameters are automatically adapted to
the material used, so only the layer thickness has been changed to 0.0875 mm. After the
printing process is finished, the 3D printer automatically depowders the printed samples,
which need to be brushed and finely depowdered using compressed air.

According to the datasheet, before printing the conductive structures, a test tube with
the AgNP ink was placed in an ultrasonic bath for 45 min before filling the printhead [33].
Then, AgNP ink was poured into the previously opened and washed with deionized
water HP350 printhead. Precisely closing and sealing the tank was important to avoid
uncontrolled ink leakage during the printing process. Printing conductive layers using the
HP thermal inkjet system was carried out with the best possible printing quality option
chosen with the samples oriented along the axis of the cartridge movement. After every
10 layers were printed, the printhead nozzles were washed with deionized water to prevent
clogging. To examine the different orientations of the substrate influencing the electrical
properties of the printed path, as a rule of thumb, 30 layers of AgNP ink were initially
printed, and such number of layers exhibited sufficient electrical conductivity. For each
sample, the sintering process was performed in drying oven for 60 min at 200 ◦C to reach
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conductivity. The single load of the samples for simultaneous printing of the paths was 4,
which accelerated the process.

Then, after choosing the best substrate for printing conductive paths, the number
of subsequent printed layers was selected on the basis of a preferred series guideline
based on the E6 series, which has been extended to observe the moment of appearance of
conductivity. Therefore, a number of quantities of printed silver layers selected for further
research included 10, 15, 18, 22, 33, 47 and 68 layers to observe wide range of the measured
resistance and cover the entire decade of needed values. Because of the time-consuming
sintering process, additional tests were carried out to check the effect of the sintering
time on the conductivity. The influence of repeated sintering of samples on their final
resistance was analyzed. For prepared conductive structures, two-point measurements
were made using an Escort 3145A (Schmidt Scientific Taiwan Ltd., Taipei City, China)
digital multimeter after the sintering process, and Keyence VHX-900 (Keyence Corporation,
Osaka, Japan) digital microscope was used for observation of the samples. The Cometech
Testing Machine QC-506 (Cometech, Taichung City, Taiwan) was used for tensile tests of
the samples.

3. Results and Discussion
3.1. Influence of the Samples Printing Orientation on Electrical Resistance

To evaluate whether the printing orientation of the substrates will affect the electrical
parameters of the printed conductive paths, a test series was prepared depending on the
orientation angle between the long edge of the sample and the x-axis of the printer: “0f”,
“45f” and “90f” for samples aligned flat on the build plate, and “0h” for the series placed
horizontally. An example of the arrangement of samples relative to the worktable in the
ZPrint software is shown in Figure 3.
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Figure 3. Presentation of the tested printing orientation of the samples, from left: sample “0f”, sample
“0h”, sample “90f” and sample “45f”.

As previously mentioned, 30 layers of AgNP ink were deposited on the differently
oriented sample and thermally sintered. The example photographs of prepared samples
are presented in Figure 4.
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(c) sample “90f”; (d) sample “0h”. Differences in line color are only due to the camera limitations.
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Resistance measurements have shown that only 2 series of samples provide current
conductivity. The measured values are presented in Table 1.

Table 1. Resistance values of the samples printed in different orientations. (“x” denotes samples that
exhibited no electrical conductivity.

Sample Series Symbol Measured Resistance [Ω]

0f 40.42 ± 2.20
45f 70.64 ± 21.08
90f x
0h x

The results of the study clearly showed that substrates from the “0f” series should be
selected for further testing. These samples had the best conductivity along the entire length
of the sample and the best repeatability, which was not so noticeable for “45f” samples
despite the measured conductivity. Additionally, “0f” substrates were less fragile and less
pliable as a result of ink soaking after AgNP ink printing. Series “90f” and “0h” exhibited
no conductivity at all, but they could be measured in certain parts of the paths. Visually
the samples did not differ much from each other, which is visible in Figure 4. The problem
with sample conductivities was identified by microscopy observation of the printed paths.
Images taken by optical microscope are presented in Figure 5. In the pictures, it can be
seen that the paths on “90f”(Figure 5c) and “0h”(Figure 5d) samples are heavily cracked,
which influenced the continuity of the paths and thus the electrical connection could not be
measured. The direction of the cracks is consistent with the substrate orientation during
the printing process. As can be seen, cracks on the “90f” samples are perpendicular to the
expected direction of electrical current flow through the path, causing the discontinuities.
The weakly bonded interlayer space and stress in the samples due to sintering and cooling
caused cracks in these areas. Moreover, the smaller dimension of the path in this direction
caused more intense cracking of the silver layer compared to the path printed along the
sample. The “90f” and “45f” samples were more fragile than others and could be easily
damaged in the hands. Despite the fact that “0h” substrates were less prone to transverse
cracking, low print resolution in the z-axis of printed layers promoted longitudinal shallow
cracks on the silver paths as well (Figure 5d). Additionally, the surface of the paths was very
heterogeneous due to the surface irregularities associated with the low print resolution
in this direction. The surface of the deposited ink was arranged in a series of regular,
parallel and narrow metallic structures that could be easily damaged during the sintering,
resulting in a break in the conductive paths. In addition, these samples showed the greatest
deformation resulting from the sintering process. Sample “0f” shows the most uniform
surface structure of the path (Figure 5a).

3.2. Influence of the Printed Conductive Layers Number on Resistance

In the next experiments, only “0f” series samples of the printed substrates were chosen
to check the relationship between resistance and the number of printed conductive layers.
To investigate this, the extended E6 preferred series set was used to select the number of
subsequent passes. This allowed us to observe a wide spectrum of resistance values, from
weakly conductive samples to the better ones. Figure 6 shows all the printed samples used
for this study.
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The results obtained from the resistance measurements of the samples are presented
in Figure 7.
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Figure 7. Resistance values depending on the number of printed AgNP ink layers. “x” denotes
samples that exhibited no electrical conductivity.

It is apparent that samples did not conduct after printing 10 and 15 ink layers. This is
due to too little deposited ink, which easily soaked into the shallow layers of the porous
substrate. Silver nanoparticles penetrated the pores, resulting in composite powder-ink
structures, so that a small amount of them remains on the surface to create conductive path.
After printing 18 layers of the AgNP ink, the resistance was first measured with average
value comparable to the subsequently printed path of 22 layers. However, the deviation of
results for this series of samples (18 layers) was the largest among those examined. This
can be related to the very heterogeneous silver path structure for a small number of printed
layers, which results in low repeatability of the obtained resistance values. For the same
reason, measured resistances were not converted to resistivities, which is a common practice
in the literature referring to structural electronics. The conductive path is a composite of
the bonded powder and sintered nanoparticle ink, which is a heterogeneous material with
an unknown exact thickness of the conductive part of the path. Generally, printed path
resistance values decreased with rising number of printed AgNP ink layers to reach the
minimum value for 68 printed layers. Despite achieving satisfactory resistance results,
the decreasing deviation began to increase in the number of layers above 33. As can be
seen in Figure 6, with the rising number of layers, ink absorption to the sides increased
on the surface of the substrate. A representative example of the ink-soaked sample after
68 printhead passes is presented in Figure 8. The rising number of ink layers causes a
situation in which the porous substrate is no longer able to absorb more nanosilver ink
that seeps through the entire thickness of the sample (Figure 8b,c). The pictures clearly
show the softening of the sample and the soaking of the ink to the sides (Figure 8a). As a
result, conductive paths printed more times did not retain their dimensions consistent with
those designed. However, this did not affect resistance measurement but caused increased
dispersion of the results between samples with a huge number of printed ink layers.
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Figure 8. Images of ink-soaked samples: (a) 68 layers of AgNP ink printed on the substrate and visible
softening and soaking of the sample before sintering; (b) Same sample after sintering presented on
the back side to show the ink penetration through the sample; (c) Cross-section of the sample.

3.3. Influence of the Sintering Time on Resistance and Samples Physical Parameters

To investigate the influence of the sintering time on the path resistance, the series
with the lowest resistance was chosen. Here, 60-min sintering is recommended by the
manufacturer to reach the optimal conductivity of the ink, but that refers to printing on a
glass substrate [33]. To check the effect of sintering time on the electrical parameters, the
samples with 68 layers of AgNP ink were sintered for 3 different periods of time, and then
resistance measurement was carried out. The results of this investigation are presented in
Figure 9.
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It has been observed that the increasing sintering time allowed the resistance to
decrease. The nature of the resistance change as a function of sintering time can be approx-
imated with high probability by a logarithmic function. The drop in resistance was less
exponential between 60 and 75 min of sintering, so we can predict that further increasing
the sintering time would not significantly affect the resistance. Similar relations between
sintering time and resistance of the inkjet-printed structures from metal nanoparticle inks
were reported in the literature [35–37]. To melt and form a continuous path, AgNPs require
the same energy to be delivered in the sintering process in the whole volume of the con-
ductive paths, both for the particles on the surface and particles that have soaked deeper
into the porous substrate. Therefore, the sintering time cannot be too short due to the
need to melt all the deposited nanoparticles. On the other hand, a longer sintering time
significantly weakens the mechanical properties of the composite substrate. The longer
the substrate was sintered, the more brittle it became. It can be seen visually in Figure 10,
where the silver path became lighter and the substrate darkened due to the temperature
degradation of the organic binder. A similar effect is expected in the case of adjusting the
sintering temperature. Despite better sample conductivity after 75 min of sintering due to
the strong brittleness of the substrates, 60 min of sintering should be considered optimal
for this type of substrate composite material.
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Figure 10. Representative samples with 68 layers of printed AgNP ink after different sintering times:
(a) 30 min; (b) 60 min; (c) 75 min.

3.4. Influence of the Multiple Printing and Sintering on Resistance

After performing an optimal sintering time test, there was an idea to try to further
reduce the resistance of the paths as a result of duplicating the sintering process after
several printed nanosilver ink layers. However, using sintering times that resulted in
the best resistance values would be too time-consuming for sintering several times. It
would cause the process to be poorly optimized, and samples would be too fragile. For
these reasons, 30-min time for each of the sintering processes was chosen. Such a multiple
printing and sintering approach was performed until the number of printed ink layers was
achieved according to the chosen value or the extended E6 series. To reach the optimal time
of the process, samples with 33 layers of AgNP ink were chosen for the study. Additionally,
this series, as presented in Figure 7, showed the smallest dispersion in the resistance
values. The test was divided into three groups, where samples were sintered once (after
33 printed layers), twice (after 16 and 33 printed layers) and three times (after 11, 22 and
33 printed layers). Representatives of such printed samples are presented in Figure 11.
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Figure 11. Images of the representative samples sintered multiple times with 33 layers of the
nanosilver ink: (a) sample after single sintering; (b) sample after dual sintering; (c) sample after
triple sintering.

As can be seen, samples are almost identical visually except for the color of the path,
which became more silver-metallic with the rising number of sintering cycles. Larger
differences are visible in microscopic images of samples in Figure 12. The results from
resistance measurement of prepared multiple-sintered samples are presented in Table 2.
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Table 2. Measured resistance values depending on the number of sintering processes.

Number of Sintering
Processes While Preparation

Total Sintering Time
[min]

Resistance
[Ω]

1 30 34.01 ± 0.99
2 60 2.90 ± 0.27
3 90 1.89 ± 0.48

The above results clearly show that after multiple sinterings of the samples, resistance
strongly decreased, obtaining the best conductivity among all samples made in this study.
The reason is that after several layers of AgNP ink were sintered, the next one was printed
on a changed substrate in the form of a composite of bonded powder and sintered AgNPs,
which was less porous and afterward resulted in much denser infiltration of silver ink.
Differences between once, twice and three times sintered nanosilver ink paths are visible in
Figure 12. The structure of the printed plates is much more homogeneous and uniform for
double and triple sintering. For both dual and triple sintering, there are more silver areas
visible (Figure 12b,c). However, such approach to the sintering process causes difficulties
related to multiple cycles of printing and sintering, disturbing the integrity of the samples
and greatly modifying a single-step process of 3D printing.

3.5. Strength Tests of the Samples with the Resistance Measurement of the Paths

Selected samples from each prepared series, corresponding to the number of printed
layers of AgNP ink, were subjected to static tensile tests. Additionally, this was combined
with the simultaneous measurement of the resistance of representative samples to inves-
tigate the potential applications of the prepared conductive structures as resistive strain
sensors. To achieve this, dog-bone-shaped samples were placed in the testing machine
grips with additional dielectric separators. Probes from a multimeter were attached to the
contact fields of the conductive paths to enable resistance measurement at regular time
intervals throughout the entire duration of the test until sample failure. Not all prepared
samples were suitable for testing due to their fragility, which made them very easily broken
when locked in the grips. The stress-strain curve for all samples and the relative resistance
changes as a function of applied force for representative samples are presented in Figure 13.
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Analyzing the force versus elongation curve, it is evident that all samples exhibit
brittle fracture. The curve progression for each series up to the point of rapture is similar,
while the maximum elongation values of the samples do not show any dependency on the
number of printed AgNP ink layers on the substrate. The tested samples are very weak and
brittle, as indicated by the low values of maximum tensile stress before failure. Therefore,
the amount of nanosilver ink applied on the BJ-printed substrates does not significantly
affect the mechanical properties of the samples. The low mechanical properties of the
samples were influenced by their high-temperature sintering, which was solely necessary
to achieve the conductivity of the applied AgNP ink. Unfortunately, the strong impact of
high temperatures on the substrate proved to be an unintended side effect.

Moving on to the analysis of the nature of relative resistance change as a function of
applied force, we can observe that the characteristics of selected samples can be approxi-
mated by square functions. Such representative samples were chosen because the relative
resistance change is more noticeable for samples with higher resistance. However, the range
of this change is still very low, and the rapid break of the sample limits the measurable force
to very small values. The application of BJ-printed conductive structures as strain sensors is
possible but problematic due to the narrow measurement range of the tensile force values.
Nevertheless, this approach could be incorporated into the reliability and quick fatigue
damage test of such 3D printed elements with the presented inkjet-printed sensors.

4. Conclusions

In this study, conductive 3D printed structures were fabricated using binder jetting
technology which was rarely investigated in the literature. During the research, the in-
fluence of several parameters of the element fabrication process on the resistance of the
printed paths were evaluated, such as the direction of the substrate printing, number
of printed conductive layers, heat-treatment time and number of the sintering processes
during sample preparation. The study shows that the best electrical parameters can be
achieved when the substrate printing direction is consistent with the conductive ink de-
position direction, i.e., the binder printhead axis is consistent with the ink printhead axis.
The sintering process, which is necessary to ensure the electrical conductivity of the AgNP
ink layers, gave the best results after extending the time of the process beyond what was
recommended by the manufacturer. This, on the other hand, has negative impact on the
substrate mechanical properties. Therefore, for multiple sintering tests, the time of the
process has been shortened to compromise good electrical parameters with the lowest
possible thermal impact on the substrate, and it gave the expected results in the form of
the best conductivity among all the samples made for this research. Strength tests of the
samples have shown that conductive structures with AgNPs prepared in BJ technology are
not very efficient as strain sensors. Nevertheless, an optimized number of printed AgNP
ink layers gives the possibility of printing conductive paths with satisfactory electrical
parameters that could be used for additive manufacturing of spatial integrated electronic
circuits. Future research on this topic could focus on exploring different selective sintering
methods, including chemical or photonic techniques, as well as infiltrating samples with
waxes, polymers or salts before printing conductive paths. Noteworthy issues for future
studies are also the physical parameters of the internal structure of the printed elements,
such as the density and volume fraction of all composite components or intermolecular
spaces. To reach the best possible approach to structural electronics using BJ technology,
it should be adapted for printing not only plain conductive structures but also buried or
interlayered paths, which seems possible with some modifications and integrations of BJ
with other 3D printing techniques.
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