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Preface

The present volume, The Latest Scientific Achievements of the Institute of
Fundamental Technological Research, highlights the most recent accomplishments
of researchers at the Institute of Fundamental Technological Research of the
Polish Academy of Sciences (IPPT PAN). It provides insight into cutting-edge
studies that combine creativity, cross-disciplinary collaboration, and technologi-
cal applicability in pursuit of scientific and societal progress.

The collected chapters reflect the broad thematic spectrum of research con-
ducted at IPPT PAN — from novel methods of polymer waste valorisation and
physicochemical modification of cement-based composites to micromechanics,
microfluidics, and advanced metrology. What unites these contributions is
a shared commitment to developing efficient engineering processes, promoting
sustainable materials, and advancing modern experimental and numerical tech-
niques.

The first chapter presents research on reusing PVC waste and transforming it
into functional electrospun membranes for the removal of organic dyes from aque-
ous solutions. The proposed approach merges the principles of circular economy
with the development of advanced filtration technologies.

The second chapter focuses on the application of power ultrasound treat-
ment in the preparation of cement-based composites. The author emphasizes
the potential of physical activation processes to enhance reactivity and durabil-
ity, offering new perspectives for designing environmentally sustainable building
materials.

In the third chapter, the authors describe a laboratory test rig for efficiency
measurements of spur gear transmissions in micro-drive systems. This work sup-
ports the advancement of compact mechatronic devices by deepening the under-
standing of energy losses and load behaviour in small-scale mechanical systems.

The fourth chapter is devoted to the fabrication and characterization of thick
chromium atomic force microscopy probes. The study demonstrates the advan-
tages of metallic AFM probes with improved hardness and wear resistance, en-
abling precise measurements under demanding mechanical conditions.

Finally, the fifth chapter presents research on two-phase flow patterns in
microfluidic cross-junctions, where a novel “bi-modal” droplet formation mode
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was identified. This discovery expands our understanding of hydrodynamic phe-
nomena in microscale systems and opens new possibilities for applications in
diagnostics and material engineering.

The presented studies illustrate the diversity and excellence of research con-
ducted at IPPT PAN, reaffirming the Institute’s role as a leading centre integrat-
ing fundamental science with technological innovation. The results showcased in
this volume exemplify the Institute’s ongoing development and the dedication of
its researchers to addressing current scientific and societal challenges.

The Editorial Board extends sincere gratitude to all Authors for their valuable
contributions and collaboration, as well as to the Reviewers for their constructive
feedback, which has significantly improved the quality of this publication.

Daria Jézwiak-Niedzwiedzka
Editor-in-Chief, IPPT Reports

Warsaw, March 2026
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The membrane technology in water treatment and desalination offers great po-
tential in thin-film composite nanofiltration. This study utilized the electrospin-
ning approach to fabricate nanofibers from recycled plasticized and unplasticized
poly(vinyl chloride) (PVC) as a membrane for effective wastewater purification. The
physicochemical properties and purification performance of the membranes were in-
vestigated. The obtained membrane showed potential as an adsorbent for cationic
dyes in water. The pH-dependent study revealed optimal activity at pH of 7.0 for
crystal violet (CV) and pH of 10 for methyl violet (MV) with plasticized PVC
(PVC-P) showing enhanced ability compared to unplasticized PVC (PVC-R). Ad-
ditionally, PVC-P shows a dye removal efficiency of 80% and 55% for CV and
MV, respectively. Thus, the study could serve as an innovative dual-purpose ap-
proach to recycling spent PVC-based materials and wastewater treatment. The
thermogravimetric analysis and tensile tests revealed that PVC-R fibers exhibited
higher thermal stability (Tonset =~ 282°C) and tensile strength (~10.6 MPa) com-
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pared to PVC-P fibers, while PVC-P fibers showed greater elasticity (elongation at
break ~40 %) but lower thermal resistance (Tonset & 250 °C). These results highlight
the distinct structural behavior of rigid and plasticized PVC fibers under thermal
and mechanical stress.

Keywords: PVC waste, adsorption, recycling, crystal violet, methyl violet, electrospun
fibers.

https://doi.org/10.24423/9788365550682.ch1
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Symbols and abbreviations

20/100/PVC-P — membrane based on PVC-P obtained at conditions: 20kV and 100 uL min™*,
20/150/PVC-P — membrane based on PVC-P obtained at conditions: 20 kV and 150 uL min™*,
23/100/PVC-P — membrane based on PVC-P obtained at conditions: 23 kV and 100 pL min™!,
23/150/PVC-P — membrane based on PVC-P obtained at conditions: 23 kV and 150 uL min™*,
20/100/PVC-R — membrane based on PVC-R obtained at conditions: 20 kV and 100 uL min™",
20/150/PVC-R — membrane based on PVC-R obtained at conditions: 20 kV and 150 L. min™*,
23/100/PVC-R — membrane based on PVC-R obtained at conditions: 23 kV and 100 uL min™",
23/150/PVC-R — membrane based on PVC-R obtained at conditions: 23 kV and 150 L, min™*,
Co — initial concentration of dye solution [mol -dm™?],
C, — concentration of the dye after adsorption [mol - dm™?],
CV — crystal violet,
DINP - diisononyl phthalate,
DMF - dimethylformamide,
H% — adsorption effectiveness,
k — adsorption rate constant,
k1 — adsorption rate constants for the pseudo-first-order kinetic model,
k2 — adsorption rate constants for the pseudo-second-order kinetic model,
KNO3 — potassium nitrate,
m — mass of adsorbent [g],
MV — methyl violet,
NaCl — sodium chloride,
NaOH - sodium hydroxide,
pHzpc — pH at zero point of charge,
PVC-R — unplasticized PVC,
PVC-P - plasticized PVC,
R? — correlation coefficient,
SEM - scanning electron microscopy,
THF — tetrahydrofuran,
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t — time [s],
TGA — thermogravimetry,
Tonset — Onset temperature,
Q. — amount of adsorbate at equilibrium,
@+ — amount of adsorbate at a time t,
UV-vis — ultraviolet-visible light,

V — volume [dm™?].

1. Introduction

Poly(vinyl chloride) (PVC) is an extensively utilized thermoplastic polymer
widely used in daily life for its performance, including chemical and weathering
resistance. Additionally, its broad use leads to the generation of post-consumer
and post-process waste. This waste can be reprocessed; however, conventional
mechanical and thermal recycling routes face important constraints arising from
the diversity of formulation additives that affect processing and define end-use
properties. Repeated reprocessing is further hindered by the inherently low ther-
mal stability of PVC leading to partial or even extensive degradation, requiring
moderation of the processing conditions. These limitations motivate the devel-
opment of innovative methods for PVC reuse. Solvent-based dissolution emerges
as a promising complementary route, as it enables the removal of low-molecular-
weight additives from polymer blends and/or targeted re-modification of their
properties [1-4].

The service performance of PVC strongly depends on the presence of plas-
ticizers and other modifiers. Unplasticized PVC (PVC-R) is a rigid, durable,
chemically resistant and UV-resistant polymer, widely used in building products
such as window frames, water pipes, fencing, and other industrial applications.
Plasticized PVC (PVC-P) incorporates low-molecular-weight plasticizers that
reduce interchain interactions, improving flexibility and low-temperature perfor-
mance. PVC-P is typically used in cable insulations, automotive interiors, floor
coverings, and coating layers [1, 5]. Depending on additives such as plasticizers
the recycling of PVC remains challenging and requires a change of experimental
conditions during processing. Dissolution of PVC as a complementary recycling
technique allows the use of other techniques, including electrospinning which en-
ables fibrous structures fabrication. However, in the case of PVC, the process is
limited by the low solubility of the polymer in typical organic solvents and the
relatively high viscosity of its solutions. Previous studies on the electrospinning
of poly(vinyl chloride) were concerned with the pristine polymer and focused pri-
marily on the selection of solvent and their mixtures (mainly DMF and THF) [6],
as well as on the optimization of electrospinning parameters such as the polymer
concentration, applied voltage, and flow rate of the solution in order to obtain
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uniform nanofibers with the desired diameter [7, 8]. Electrospinning also enables
incorporation of other ingredients such as plasticizers or other organic materi-
als, e.g. PVP and/or inorganic fillers, e.g. MWCNTSs [9], silver and titanium
dioxide [10] to modify physicochemical characteristics of the material, including
adsorptive properties.

The obtained PVC fibers were characterized by a large specific surface area,
flexibility, and good dielectric properties, which create prospects for their appli-
cation in insulations and filtration technologies [11, 12].

In this work, we present results on the use of electrospinning in the recycling
of plasticized and unplasticized PVC waste to fabricate fibrous membranes to
be used in water purification. Membranes were used to remove cationic dyes
such as crystal violet and methyl violet 2B which are emerging contaminants
affecting ecosystems [13-15] from aqueous solutions. Besides that, thermal and
mechanical properties were examined. Unlike previously reported studies focused
mainly on the electrospinning of pristine or modified PVC with synthetic fillers,
the present research introduces a novel approach that utilizes both aged unplas-
ticized (PVC-R) and plasticized (PVC-P) post-consumer wastes as precursors
for electrospun nanofibrous membranes. This dual-purpose strategy simultane-
ously addresses the challenges of PVC recycling and the development of efficient,
low-cost adsorptive materials for wastewater treatment, which has not been pre-
viously reported in the literature.

2. Experimental

2.1. Chemicals and methods

Poly(vinyl chloride) nanofibers were produced from a blend of unplasticized
PVC S61 (Anwil S.A., Wloctawek, Poland) with the following composition:
Poly(vinyl chloride) PVC Neralit 601 100 phr, Organotin Patstab 2310 2 phr, Cal-
cium stearate Ceasit [ 1.2 phr, Fatty acid ester Loxiol G-32 1.5 phr, Acrylic-based
polymer Poraloid K-125 1 phr, Acrylic-based polymer Poraloid K-175 1 phr, Par-
affin Naftolube FTP 0.5 phr. Diisononyl phthalate (Sigma-Aldrich) was used as
a plasticizer. Tetrahydrofuran (Sigma-Aldrich) and Dimethylformamide (Sigma-
Aldrich) were used to prepare PVC solutions. Crystal violet, methyl violet,
KNOj3, and NaOH were supplied by Warchem Sp. z o0.0., Warsaw, Poland. HCI
was supplied from POCH, Gliwice, Poland. Water was purified using HYDRO-
LAB water filtering system, HYDROLAB, Gliwice, Poland.

Tensile properties were determined on strips 50 mm in length, 10 mm in width,
and 0.06 +0.005 mm in thickness (gauge length 30 mm). Measurements were per-
formed on a Zwick/Roell Z010 testing machine (Ulm, Germany) at 23 °C, with
a crosshead speed of 10 mm/min. Thermogravimetric analysis (TGA) was per-
formed using a TG 209 F3 device (Netzsch Group, Germany) in the temperature
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range from 30 °C to 600 °C at a heating rate of 10 °C/min under a nitrogen atmo-
sphere. The morphology of electrospun PVC-based materials was studied using
Scanning Electron Microscopy (SEM), Merlin, Carl Zeiss, Stuttgart, Germany.
The contact angle was measured using the Ossila L2004 goniometer by placing
1uL of distilled water onto the PVC-P and PVC-R materials. The measure-
ment was performed 20 times, with each droplet placed in a different location on
the material. The pH was measured with the Elmetron CP-411 pH-meter. The
UV-vis spectrometer Lambdal050+ (PerkinElmer) was used to measure the ad-
sorption effectiveness. Determination of the functional groups in the materials
was performed using the SpectrumTwo ATR (Perkin Elmer), while the Ther-
mogravimetric Analyzer (TGA) TG8000 (Perkin Elmer) was used to determine
the thermal stability of the materials. UV-vis, ATR, and TGA were supplied
by the Pro-Environment Sp. z o0.0., Warsaw, Poland.

2.2. Procedures

2.2.1. Preparation and aging of poly(vinyl chloride)

Unplasticized poly(vinyl chloride), also called rigid PVC (PVC-R), samples
were prepared by extrusion and pressing. PVC was extruded using the co-rotating
twin-screw extruder EHP-2x24 M (Zamak Mercator Ltd.) at a maximum tem-
perature of 185°C. Then, the material was granulated and pressed using a hy-
draulic press. The pressing process parameters were: temperature 190 °C, pres-
sure 100 bar, time 5min. Plates with dimensions of 120 x 120 x 2 mm were ob-
tained. Plasticized PVC (PVC-P) plates were prepared by mixing the PVC dry
blend with a diisononyl phthalate (DINP), which is a widely used plasticizer in
PVC materials production (50 phr) at 110°C for 2h. The prepared blend was
extruded and pressed in the same way as unplasticized PVC, but the maximum
extrusion temperature was 165°C, and the pressing temperature was 170°C.
The obtained materials were subjected to photodegradation and thermal aging
(exposure to UV radiation and high temperature of 70 °C for 500 h).

2.2.2. Methodology of electrospinning of PVC

To produce electrospun PVC nanofibers, the polymer plates obtained af-
ter accelerated degradation were ground and dissolved in a THF/DMF mixture
(1:1 w/w), producing 20 % PVC-R and PVC-P solutions, respectively. Electro-
spinning was carried out on a custom-built apparatus under the following param-
eters: voltages of 20kV and 23 kV, flow rates of 100 uL min~—! and 150 uL min~—?!,
the needle-to-collector distance of 10 cm. Electrospinning was performed on a fixed
metal plate covered with aluminum foil, using 5mL of solution for each sam-
ple. The materials were labeled as follows: for nanofibers obtained at 20kV
and 150 uL. min~! from unplasticized PVC, the sample designation was 20/150/
PVC-R. Similarly, samples obtained under 23kV and 150 uL min—!, 20kV and
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100 uL min~!, 23kV and 100 uL min~—! were labeled as 23/150/PVC-R, 20/100/
PVC-R, 23/100/PVC-R, respectively. PVC-P samples were labeled in the same
way, using PVC-P abbreviation: 20/150/PVC-P, 23/150/PVC-P, 20/100/PVC-P,
and 23/100/PVC-P.

3. Results

3.1. Selection of electrospinning parameters
for aged rigid and soft PVC

The selection of appropriate electrospinning parameters for plasticized and
rigid PVC was based on thermal analysis and mechanical properties of the ob-
tained fibrous mats. Table 1 shows thermal stability, tensile strength, and elon-
gation at break for fibers obtained under all tested electrospinning conditions. As
can be seen, depending on the experimental conditions during the electrospin-
ning, samples are characterized by different mechanical properties. The highest
thermal stability, tensile strength, and resistance to stretching among PVC-R
and PVC-P samples show 23/150/PVC-R and 20/100/PVC-P samples.

Table 1. Thermal stability and mechanical properties of PVC-R and PVC-P fibers obtained
under different electrospinning conditions.

Electrospinning parameter Tg"set Tensile strength at teErllgﬂeg EZ,ttlroe?lgth
[°C] [MPa] (%]
20/100/PVC-R 277.7 £0.5 10.5 +1.8 1.4 £0.1
20/150/PVC-R 279.9 £0.3 6.3 £1.9 1.1 £0.3
23/100/PVC-R 270.6 £0.7 6.8 £1.7 1.4 £1.2
23/150/PVC-R 282.0 £0.2 10.6 £1.8 1.8 £0.3
20/100/PVC-P 249.7 £0.9 4.0 0.8 39.6 +6.4
20/150/PVC-P 236.4 +£1.0 1.9 +0.5 34.7 £3.7
23/100/PVC-P 235.8 £2.1 2.5 0.1 34.8 £3.0
23/150/PVC-P 228.5 £3.4 2.7 +£1.1 40.4 +5.8

Figures 1a and 1b present the TGA curves and tensile curves, respectively, for
materials obtained under the most favorable electrospinning conditions. Thermal
analysis revealed that PVC fiber degradation followed the typical two-stage pat-
tern for this polymer. The first stage, associated with polymer dehydrochlorina-
tion, occurred between ~150°C and 325°C. The second stage, between 350°C
and 425°C, corresponds to carbon-based chain degradation. PVC-R exhibits
higher thermal stability than PVC-P, which relates to the presence of plasti-
cizer that changes durability and mechanical properties of the material [16-19].
In PVC-R, an additional degradation stage was observed up to ~125°C, which
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Fig. 1. a) TGA curves, and b) stress change as a function of elongation of PVC-R and PVC-P
fiber-based membranes.

is assigned to solvent residue evaporation. This stage was absent in PVC-P,
suggesting strong binding of the plasticizer to the polymer [20, 21]. Due to sol-
vent residues, found mainly in PVC-R samples, the extrapolated onset temper-
ature (Tonset) Was used as a measure of thermal stability. Based on the analysis,
the most favorable electrospinning conditions for aged PVC-R were 23kV and
150 uL min—!, and for PVC-P, 20kV and 100 uL min~!.

Figure 1b shows the tensile curves, and the tensile strength and elongation
at break for electrospun mats from PVC-P and PVC-R, which are presented in
Table 1. PVC-R samples showed significantly higher tensile strength, reaching
10.6 MPa for 23/150/PVC-R, but low elongation at break (~2 %), which is in-
dicative of high stiffness and brittleness for this material. The sharp increase
in stress at low strain suggests limited ability of PVC-R fibers to reorganize and
undergo plastic deformation before failure. PVC-P samples displayed the oppo-
site trend, reaching the maximum tensile strength of 4.0 MPa (20/100/PVC-P)
and elongation at break of ~40% [22, 23]. The gradual increase in stress with
strain and the absence of a clear yield point are characteristic of materials
with high flexibility and chain mobility. The results confirm that the presence
of plasticizer significantly modifies the mechanical properties of PVC-based elec-
trospun mats, increasing deformability of the material. The applied plasticizer
was strongly bound to the polymer chain and did not migrate into the solvents,
as evidenced by the mechanical properties typical of plasticized PVC [20, 24].

These results indicate that the selection of electrospinning parameters for
aged PVC fibers should be matched to the polymer type and application require-
ments. For the tested PVC blends, the most favorable parameters were 23kV
and 150 uL min~"! for PVC-R, and 20kV and 100 uL min~—' for PVC-P. Further
studies were carried out using materials produced under these conditions.
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3.2. Morphology and contact angle measurements

Morphology studies using the Scanning Electron Microscopy (SEM) clearly
show differences between the PVC-P and PVC-R, indicating a key role of the
plasticizer in the electrospinning of the fibrous membrane. In Fig. 2a PVC-P-
based material reveals a textile-like structure made of micron-sized fibers that
stack to each other forming flat, tight and highly porous membranes. The lack of
plasticizer in the PVC-R sample caused a much looser structure made of much
thicker fibers compared to the PVC-P. The images presented in Fig. 2b illustrate
distilled water droplets onto PVC-P and PVC-R samples, where differences in
the contact angle are seen. The contact angle for PVC-R is about 94.36 +2.58,
PVC-P is about 84.81 £3.99. These values are much lower than the contact angle
presented in the literature for the PVC-based electrospun fibers [25], which can
be caused by different fibers morphology. Lower values result in more effective
wetting of the membrane that can work not only as the mechanical barrier for
the particle-based water pollutants but also as the adsorbent.

a)

23/150/PVC-R

b) PVC-R PVC-P

Fig. 2. a) SEM images, and b) images from the contact angle measurement for 23/150/PVC-R
and 20/100/PVC-P.
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3.3. Adsorption studies

The proposed electrospun membranes based on the recycled PVC were tested
as adsorbents on dye-based organic pollutants. First, the point of zero charge
(pHzpc) was measured to determine the affinity of the proposed membranes to
cationic or anionic dyes. Measurements were performed in 0.05 M KNOgs, where
30 mg of both materials, PVC-R and PVC-P, were added to the 30 mL of solution,
and the pH change after 24 h was recorded; pH was set using HCl and NaOH. As
can be seen in Fig. 3a, the isoelectric point is about 5.92 for PVC-R and 5.82 for

a) b)
2 20

e cv

H =592 o Mv
) A/p ) )
0 A

I T
T = F
pH,z = 5.82 8- % ]
.
—o—PVC-P 4
_3] —e—PVCR
T T T T 0 T T T T T T
2 4 6 8 10 12 0 50 100 150 200 250 300 350
PHinitia) * 0.05 t(min)
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104 o %
IR LR bodo "
o 8
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E
a 74
6 e CV
o MV
5-— T T T T T T
0 50 100 150 200 250 300 350 0 0.02 0.05 0.1
t (min) Cac: (Mmoldm™)
e)
23/150/PVC-R 20/100/PVC-P
before after CV after MV before after CV after MV
Py . .

Fig. 3. a) pHPZC study for both materials (20/100/PVC-R and 23/150/PVC-P), adsorption
effectiveness of CV and MV 20/100/PVC-R: b) as a function of time at pH 8.0, ¢) change of
the dye concentration as a function of time, d) in different ionic strength moderated
with NaCl.
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PVC-P, while positive charge occurs below pHzpc and negative charge appears
in the alkali media. The obtained values are similar to the pHzpc presented in
the literature for PVC-based microplastics that may contain different additives,
e.g., 5.8 [26], 6.43 [27]. A similar trend is recorded for both PVC-R and PVC-P-
based materials. Therefore, cationic dyes, in particular crystal violet (CV) and
methyl violet 2B (MV), were chosen as model pollutants in adsorption studies
for the negative charge appearance onto membranes in the alkali media. As can
be seen, the PVC-P may adsorb cationic dyes even in the neutral pH, while for
PVC-R the surface may have a positive charge, which can affect cationic dyes
removal in neutral pH.

The adsorption studies were performed using 10 ppm of both CV and MV
dyes, where 30 mg of adsorbents, 23/150/PVC-R and 20/100/PVC-P, were added
to 30 mL of CV and MV solutions. Then, the solution was mixed using a magnetic
stirrer (250 rpm) for the uniform wetting of the fibrous membrane in the solution.
Importantly, PVC-P samples tend to wet more effectively than PVC-R ones but
undergo disassembly under mixing into separate fibers that can relate to the lower
contact angle after the plasticizer introduction into the PVC-R. The adsorption
effectiveness (H%) was estimated using Eq. (1) [28]:

Co— C

H% = Co T x 100 %, (1)

where Cj is an initial concentration of dye solution [mol-dm~3]; C, stands for
the concentration of the dye after adsorption [mol-dm™3].

The adsorption effectiveness reaches just ~8 % for CV removal and similarly
~10 % for MV as seen in Fig. 3b. Moreover the change of dye concentration dur-
ing the adsorption process also was not effective (Fig. 3c). However, with increas-
ing ionic strength the effectiveness of adsorption processes was improving: for
concentration of 0.02mol - dm ™3 the H% removal of MV is about 60 %, while for
CV about 15 %. Therefore, increasing NaCl concentration in the solution causes
a decrease in the effectiveness of the adsorption process to ~45% for MV and
~10% for CV, respectively. Importantly, the PVC-R-based membrane changes
its texture in the solution into fibrous, making it difficult to remove from the
aqueous solutions. Figure 3e shows both 20/100/PVC-P and 23/150/PVC-R
samples before and after the CV and MV treatment, where the removal ef-
fectiveness is clearly seen through the different coloration with dyes. The in-
crease in ionic strength even worsened the texture, so for the following adsorption
effectiveness studies at various pH the 20/100/PVC-P sample was chosen.

The adsorption capacity during the time (Q;) was estimated using Eq. (2) [28]
as follows:

Q) = M) (2)

m
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where Cj — initial concentration of dye solution [mol-dm™3], C, — concentra-
tion of the dye after adsorption [mol-dm™3], V — volume [dm ™3], m — mass of
adsorbent [g].

Complementary to the spectrophotometric analysis, both types of membranes
were investigated with FTIR before and after the adsorption of CV and MV to
confirm the effectiveness of adsorption. First, bare 23/150/PVC-R and 20/100/
PVC-P materials were compared to ascribe the peaks that are related to the
presence of plasticizer in the material. Figure 4a shows normalized T% spectra,
where the peaks located around (608, 637, 699, and 741) cm~! can be ascribed
to the C—Cl vibration in the PVC chain and/or peaks at 699 cm~! and 741 cm ™!
can come from the out-of-plane and in-plane aromatic ring bending, respec-
tively. The following peak at 951 cm™! relates to v(C-H) vibration in CHy of
the alkyl chain. The peak 1041cm™! that appears in PVC-P comes from the
C-0O vibrations from the DINP plasticizer. For the PVC-R sample, a minor peak
located at 1069 cm ™! is recorded. Its presence can be related to the C-O vibra-
tion from the solvent residues in the polymer matrix. A sharp peak that appears
at 1123cm™! in the PVC-P sample can be ascribed to the C-O-C vibration
from the DINP plasticizer, while the peaks at 1202cm™! possibly come from
C-C and/or C-O vibrations. The following peaks at 1256 cm~! and 1273 cm ™!
can be related to the C-O stretching and C-N stretching, respectively. Next,
1424 cm~"! and 1461 cm™! can also be related to the -C—H bending vibrations,
while the peaks located at 1578 cm ™' and 1593 cm ™! that are seen in the PVC-P
sample are characteristic of the C=C stretching in the aromatic ring from the
DINP plasticizer, likewise, the peak at 1720cm™' comes from C=O vibration
in DINP. Bands located at 2849 cm™' and 2917 cm™! are characteristic of the
symmetric and asymmetric vibrations of CHy group, while bands at 2870 cm ™!
and 2956 cm ™! can be ascribed to symmetric and asymmetric vibrations in CHj
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Fig. 4. Normalized FTIR spectra of a) bare 23/150/PVC-R and 20/100/PVC-P,
and b) 20/100/PVC-P before and after CV and MV treatment.
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functional groups in the alkyl chain [29]. The different intensities, as well as the
number of bands, come from the compositional differences related to the plasti-
cizer presence in the PVP-P sample. The spectra of PVC-P before and after CV
and MV treatment, that are presented in Fig. 4b, confirm the dyes’ adsorption
onto the adsorbent through the appearance of a band located at 1539 cm ™! that
relates to the N—H vibration in the dye molecules adsorbed onto the membranes,
as well as through the different ratio between —CHy and —CHjs-related bands in
the 2800-3000 cm ™! region. Additionally, the shift of the band at 1202cm ™' to-
ward lower wavenumbers and a shift of the bands at 1164 cm™! are in the region
for C-O—C and/or C—N vibrations. The changes in the spectra after dyes’ adsorp-
tion come from the intermolecular interactions between the membrane and dyes
through the electrostatic interactions, hydrogen bonds, van der Waals, and/or
m—m interactions (rings in the dye and plasticizer).

As the wastewater can have a different pH, its influence on the H% was eval-
uated, where the contact time of about 550 min was chosen. Adsorption studies
performed in solutions of different pH show that 20/100/PVC-P is an effective
adsorbent. Due to this, the effectiveness increased to ~80 % for CV, and to ~55 %
for MV, at the same pH value, respectively (Fig. 5a). The amount of remain-
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Fig. 5. Adsorption effectiveness of CV and MV of 20/100/PVC-P: a) as a function of time
at pH 8.0, b) change the dye concentration as a function of time, c¢) in various pH ranges,
d) in relationship to the varying ionic strength.
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ing dyes after the process was ~1.5mg-g~! for CV, and 4.3mg-g~' for MV
(Fig. 5b). However, the highest effectiveness was recorded for pH 7.0 for CV
and 10.0 for MV. It is associated with the negative charge of the membrane at
those pH values (Fig. 5). Nevertheless, with the increasing salinity of the solu-
tions, the effectiveness of the adsorption process decreases of about ~5 % for MV,
and 30 % for CV, respectively (Fig. 5d). For comparison, commercial polymeric
membranes such as PVDF, PAN, or PES typically achieve cationic dye removal
efficiencies of 60 % to 90 % depending on surface modification [30-34]. The ad-
sorption performance of the PVC-P membrane (80 % for CV and 55 % for MV)
is therefore comparable to or only slightly lower than that of modified com-
mercial membranes, confirming its potential as a cost-effective and sustainable
alternative derived from recycled waste.

The kinetic study of 20/100/PVC-P material was investigated at pH equal to
8.0 and 7.0, where the highest CV and MV removal effectiveness was measured,
using linear equations (3) and (4) for:

— pseudo-first-linear order:

k
log (Qe — Qt) =log Qe — <2‘3103> t, (3)

— pseudo-second-linear order:

t 1 t
Qt k'2 Qe ’

where (). — amount of adsorbate at equilibrium; @); — amount of adsorbate

at time ¢; k1 and k9 — adsorption rate constants for the pseudo-first-order

and pseudo-second-order kinetic models, respectively.

Q2 + (4)

Based on the correlation coefficient (R?) the adsorption process for the data
presented in Fig. 6 for both dyes in both pH conditions undergoes pseudo-first-
order kinetics. Importantly, as the amount of adsorbent from the calculations cor-
responds to the amount of adsorbent from the experimental data, it means that
both substances achieved an equilibrium state. Table 2 shows a set of parameters
for different kinetic models.

The adsorption of CV and MV onto 20/100/PVC-P is based on the physical
interactions, where adsorption is faster at the initial stage for the access to many
active sites on the surface of the membrane. Then, it slows down as active sites
get filled with adsorbed molecules as long as the adsorbent reaches equilibrium,
where the active sites are no longer available. As the studies confirm only weak
interactions between the membrane and dye-based model pollutants, the adsor-
bent can be reused; however, the desorption of the dyes should be optimized.

Membranes made of bare PVC are not commonly reported in the litera-
ture for the removal of different types of organic dyes. Literature shows mainly
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Table 2. Parameters of fitting kinetics order for PVC-P at different pH values.

Dye r;ire Movaer. [mg?l] [mgfgil] K R

(Y% pseudo-|9.812 40.343 | 9.419 £0.174| 2.602-1072 £1.742-10"* min™" | 0.9447
MV | oy go | first [7.724 £0.309|7.554 £0.078|2.303- 10 £7.803- 10> min ™" |0.98869
A% pseudo-| 9.812 +0.343 | 8.584 +0.071| 4.301 0.184 g-mg~' -min~! |0.83850
MV second | 7724 +0.309|9.412 £0.045| 2.057 £0.126 g-mg ' -min~! [0.68181
(Y% pseudo-| 9.637 £0.385 | 8.276 +0.031| 5.919-1073 +3.137- 10" *min ' | 0.98869
MV | oy 7.0 | first 5409 £0.1353.724 £0.504|5.113-10"* £5.042- 10" min™" |0.90247
(Y% pseudo-|9.637 £0.385 | 9.741 £0.145| 8.287 £0.057 g-mg~ ' -min~" |0.94054
MV second |5 409 +0.135|7.097 £0.056 | 3.972 +0.009 g-mg~ ' -min~' |0.84768

PVC-based composites to be used for membrane fabrication. Agaguena et al. [35]
reported the adsorption of methylene blue by a membrane composed of PVC/
PVC-based copolymer with PDMAEM(N+) reaching 87.23 % adsorption effi-
ciency of methylene blue. However, for crystal violet, the H% was only about
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1.66 % at pH 7.0, and the process followed a pseudo-second-order kinetic model [35].
Landarani et al. [36] presented an iron(III)-polyvinyl chloride (PVC)-Schiff base
adsorbent for the removal of methyl orange, achieving nearly 90 % removal at
a dye concentration of 20 ppm at pH 7.0, following a pseudo-second-order kinetic
model. The H% values presented in this work are much higher than those that
are mentioned in the literature for differing materials. The effect relates to the
different composition and morphology of the membranes resulting in different
interactions between the dyes and a surface of the membrane.

4. Conclusions

Recycling of poly(vinyl chloride) is hindered due to low thermal stability of
the polymer as well as the use of various organic and mineral additives during
its processing. In this work, we present a simple method for reusing PVC waste,
based on its dissolution in an organic solvent followed by electrospinning, to
prepare a textile-like membrane made of fibers for water purification. To obtain
the membrane with desired physicochemical characteristics, unplasticized PVC
and PVC containing DINP plasticizer were used. The SEM images revealed dif-
ferences in the plasticized and unplasticized electrospun fiber-based membranes,
where PVC-P offered a quite tight fibrous structure compared to the PVC-R ma-
terial. Contact angle studies revealed much better wetting of the PVC-P material
over the PVC-R, which correlated with the adsorption studies using cationic dyes
like CV and MV. Those dyes were removed from the aqueous solutions with the
highest effectiveness above pHzpc values in slightly alkali media. Kinetic studies
show the possibility of reusing the membrane by implementing the desorption
of dyes. The results demonstrated that PVC waste can be successfully utilized
in electrospinning, and the obtained fibrous membranes show great potential for
the application in water treatment processes, e.g., for industrial purposes.
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In order to enhance cementitious material hydration and increase the efficacy
of substituting supplemental cementitious materials (SCMs) in terms of physico-
chemical and mechanical properties, a new approach such as the power ultrasound
treatment (PUS) is presently being considered. The process by which PUS acts
in cement-based composites is poorly understood, and a handful of studies have
looked into this promising field. This is an up-to-date study that compiles all
the information available for cement-based composites design and development,
taking into account all PUS phenomena. Additionally, prior research on the
mechanical and physicochemical effectiveness of PUS on cement pastes, mortars,
and supplementary cementitious materials is reviewed and analyzed. This study
also examines possible future directions, such as combining PUS with other physical
processes like sonofragmenation to further improve treatment efficiency during PUS
treatment. The conclusion of this study offers some remarks and future research
perspectives that are required to obtain a fundamental understanding of this new

field related to PUS treatment.
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Abbreviations

ASZ — amorphous synthetic zeolite,
DSF — densified silica fume,
GO — graphene oxide,
GBFS — granulated blast furnace slag,
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MK — metakaolin,
NS — nano-silica,
PCS — polycarboxylate superplasticizer,
PC — Portland cement,
PUS — power ultrasound treatment,
SFE — silica fume,
SP — superplasticizer,

SCMs — supplementary cementitious materials.

1. Introduction

The Portland cement’s (PC) hydration process, which entails the conver-
sion of anhydrous to hydrate phases, is generally acknowledged to be a complex
dissolution-precipitation process [1]. Cement hydration products are character-
ized by a combination of interdependent microstructural and chemical phenom-
ena and kinetic mechanisms of PC hydration, which are not fully understood.
However, considerable effort has been invested in enhancing the perceived perfor-
mance of PC in cement-based composites through an environmentally sustain-
able approach [1]. The idea of replacing PC with supplementary cementitious
materials (SCMs) has recently generated a lot of scientific and environmental
discussion to mitigate the use of natural resources and COo emissions during
cement production. The inferior early strength performance of low-CO2 cement-
based composites is the major reason impeding their use in practice [2, 3].

Improved consistency and fresh cement-based composite properties [4], re-
duced hydration heat evolution [5], enhanced mechanical/structural properties
such as long-term strength development [6], increased durability [7-9], and de-
creased autogenous shrinkage [10] are some of the advantages that have been
studied in cement-based materials that incorporate SCMs. Nevertheless, the
application of SCMs frequently results in increased drying shrinkage [10, 12],
decreased early strength development [6], prolonged setting times [11], reduced
freeze-thaw resistance [13-15], decreased scaling resistance [13-15], and decreased
slump flow and workability [13-15].

To maintain production cycles, high early strength is vital for the application
of concrete technologies in modern construction. This issue can be resolved by us-
ing heat treatment, hardening accelerators, or cement clinker that contains more
reactive strength-determining ingredients (like alite) [2, 3, 13-15]. Three primary
approaches have been investigated to address the limitations and enhance the
effectiveness of PC and SCMs in cementitious systems: thermal, mechanical, and
chemical. There are two types of heat treatment, or thermal activation: calcina-
tion [16-18] and increased temperature curing [19]. Chemical activators [20, 21]
can be used to chemically modify PC and SCMs, which can immediately disinte-
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grate the structure, fracture the chemical bonds, and promote the formation of
cement-based composites. The reactivity of the amorphous phases, the reduction
of the specific surface area and soluble fraction, and the increase in the crystalline
fraction have all been found to be limiting factors for the former. In cementitious
materials that incorporate SCMs at later ages, the latter frequently results in
reduced strength development [22, 23]. By grinding certain types of SCMs into
ultrafine powders over an extended period, mechanical methods have been widely
used to enhance their pozzolanic activity. This accelerates the pozzolanic reac-
tion rate and, in turn, the strength development of cement-based composites
containing SCMs by decreasing the particle size distribution and increasing the
dissolution of pozzolans [13-15].

Recently, power ultrasound (PUS) treatment has been developed as an un-
conventional method to improve the mechanical and microstructural properties
of cement-based composites. In materials science and engineering, PUS has been
applied to a variety of processes, including particle dispersion, surface cleaning,
degassing, and nanostructure production. While some of these applications have
been thoroughly studied, others, like the use of PUS to improve the properties
of SCMs containing composites and regulate the performance and properties of
cementitious materials, have not yet been examined and provide interesting
new opportunities. In order to provide an overall assessment of the mechani-
cal strength, porosity, permeability, and durability of cementitious composites,
a number of PUS techniques have been employed to characterize the hardening
and setting processes of cement pastes, mortar, and concrete. The impact of PUS
on the efficiency of cementitious matrices and composites’ early age hydration
reactions, including SCMs, has been investigated in a few studies [24, 25].

The literature on PUS’s impact on SCMs and cement-based composite prepa-
ration is examined in this work, along with some of the underlying mechanisms
in action. We compare the effects of various PUS power and time on compres-
sive strength. Additionally, this work aims to help disperse SCMs and cement
paste by using the PUS technology. The most advantageous ultrasonic param-
eters for cement-based material strength development are identified using this
method. PUS’s potential uses in cement-based materials will also be taken into
account.

2. Basic principles of the role of PUS in the preparation
of cement-based composites

Sound waves with a frequency higher than the human auditory limit (of-
ten >20kHz) are referred to as ultrasound. Physical and chemical processes
are involved in PUS. The mechanical impact of unstable cavitation prevails
at low frequencies (20 kHz to 80 kHz), and the bubbles collapse more violently as
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the frequency gets closer to 20kHz [24, 26]. The chemical impact is stronger at
high frequencies (>100kHz), when more bubbles develop and collapse with less
force. Regarding the PUS’s chemical impacts, the precise term ‘sonochemistry’
was specifically created to refer to a unique field of research where strong PUS
either initiates chemical reactions or just takes part in some chemical processes
as the potentially disruptive and unconventional technology. Sonochemistry’s
versatility across a wide range of domains can be attributed to its widespread
application. Furthermore, the ‘cavitation’ effect — that is, the continuous rar-
efaction and compression cycles — occurs when an ultrasonic wave passes via
a liquid medium, and is responsible for the most often seen effects of PUS treat-
ment on solid surfaces and chemical reactions. Acoustic cavitation or implo-
sion is the term used to describe this bubble formation, growth and an implosion
process. Extreme temperatures (5000 K) and pressures (1000 bar) generated by
cavitation bubbles (Fig. 1) have the potential to produce extremely high shear
forces [24-26]. High-speed jets, reactive radicals, and shock waves all accompany
this spectacular collapse at the same time. These extreme conditions are the
main preconditions for the special physico-chemical processes that sonic cavi-
tation in liquids causes. The heart of sonochemistry is the PUS irradiation of
liquids, which locally creates pressure changes to support green chemistry’s ob-
jectives by employing more environmentally friendly techniques to address the
current environmental challenges. PUS treatment can solve problems with ce-
ment particle hydration, such as hydration rate control, packing density control,
and aggregation/agglomeration, when preparing cement-based composites. The
mechanical properties and durability of hardened cement materials are greatly
influenced by pore structure, and hydration mechanisms during PUS treatment
are intricate [24-27]. The early age and long-term strength properties of cement-
based composites are largely controlled by the penetration/dissolution of an-
hydrous phases during hydration [24-27]. PUS does not affect the overall heat
release, but it speeds up the heat release rate during the hydration accelera-
tion phase [25] (Fig. 2). Rapid cement hydration is probably the cause of the
increased strength growth in PUS treatment of cement suspensions that is seen
for the first 16 h [25].
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Fig. 2. PUS treatment’s impact on cement hydration (open access status) [25].

It is noteworthy that PUS can achieve a high dispersion of particles uniformly
dispersed into cement paste, increase the specific surface area, improve the poz-
zolanic reactivity of mineral additives, change the degree of de-agglomeration
(particles become more stable and have a lower propensity to agglomerate), and
alter the particle size distribution in favour of smaller particle sizes. Further-
more, during the cement hydration-acceleration phase, PUS can accelerate the
heat release rate.

3. Supplementary cementitious materials treated by PUS

There are several methods for avoiding agglomerates, including mixing and
grinding. Deagglomeration is physically limited by both of these techniques,
and because the particles come into close contact with the mill, contaminants
may be added. However, PUS treatment can offer many options for reducing
agglomeration in liquid suspensions of particles (Table 1). Additionally, it has

Table 1. Supplementary cementitious materials treated by PUS.

Material subjected Power of PUS Frequency of PUS Treatment time Ref.
to sonication (W] [kHz] [min]

Densified silica fume 600 20 2-20 [28]

215 35 5-35 [29]

Silica fume 30 20 0.25-60 [30]

750 20 10 [31]

Nano silica 100 24 10 [32]

135 59 5 [33]

Metakaolin 720 20 60 [34]

Zeolite 60 28 15 (35]

Electric arc furnace slag 120 40 30 [36]
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been used extensively to disperse mineral additives in aqueous solution based
on acoustic cavitation caused by PUS treatment, such as silica fume [29, 37],
clays [38], and glass fume [39].

PUS dispersion has the important advantage of producing silica fume (SF)
particles that are usually 1 wm or smaller, which raises the reactivity of SF in
concrete [40]. An ultrasonic dispersion device is installed in the water tank as
part of the industrial concrete manufacturing process to incorporate ultrasonic
dispersion. In order to create a suspension, the necessary quantity of SF is added
first. The apparatus for dispersing ultrasonic waves is then turned on before the
suspension is added to the concrete mix while it is being mixed [40]. Accord-
ing to Fraga et al. [31], sonication effectively disperses silica fume, increasing
the amount of C-S-H phase and densifying cement pastes’ microstructure that
includes SF. When densified SF was subjected to a 25 min of PUS treatment,
the particle size decreased from 22 um to 4 um [28]. Similar outcomes to those
of Wang et al. [41] were obtained using the ultrasonic dispersion technique. Af-
ter 12min of PUS treatment, the low-grade silica fume’s particle size was less
than 10 um, while the high-grade silica fume’s was around 4 pm [41]. Addition-
ally, the de-agglomeration of particle agglomeration by PUS treatment is a key
step in the sonication process. Therefore, 12 min can serve as a useful reference
point for analysing how the sonication dispersion duration affects the distribu-
tion of SF particles [41]. According to Ni et al. [42], the densified silica fume
(DSF) particles clearly raise the cement’s hydration heat release rate consid-
erably following ultrasonic treatment. Martinez-Velandia et al. [28] investigated
the sonication procedure of the DSF to deagglomerate the SF and reduce particle
sizes. Sonication improved the pozzolanic properties of DSF and increased the
pace of interaction with calcium hydroxide by producing a larger proportion of
extremely small particles. Additionally, this behaviour makes it possible to in-
crease the mechanical strength of mortars prepared with sonicated silica fume.
Submicrometric particles might be produced in greater quantities by increas-
ing the sonication power level and duration. According to Rodriguez et al. [43],
densified silica fume’s reactivity is increased by sonication through the deag-
glomeration process. When SF particles were evenly distributed throughout the
cement paste, the C-S-H phase development was accelerated. Cement pastes
prepared with the sonicated SF showed a significant reduction in calcium hy-
droxide concentration after 28 days of curing. In contrast to samples prepared
with raw silica fume, Wang et al. [44] found that cement paste that had solid-
ified and included sonication-treated SF had higher strength, indicating more
efficient dispersion of sonication-treated SF in the cementitious materials. The
pozzolanic activity of SF in cementitious materials was enhanced to generate cal-
cium silicate hydrate, which improved the compressive strength. This was due
to the silica fume’s good particle size distribution and improved cementitious
material dispersion [45].
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The use of dispersion techniques prior to mixing and in conjunction with
high-shear mixing, such as silica fume-slurry preparation using sonication treat-
ment [46], can serve as an alternative method of preparation for paste samples.
Agglomerates frequently undergo partial disintegration after PUS treatment, re-
sulting in tiny fragmented agglomerates that are usually around 0.5 um in size.
However, the degree of partial fragmentation breakdown varies greatly through-
out densified silica fumes. Relatively short ultrasonic treatments are typically
used for dispersion treatments, which separate individual particles from one an-
other [46]. The moderate PUS treatment can disperse DSF from some sources
into tiny chains of spheres or clusters, whereas other sources resist this treat-
ment and mostly stay as massive agglomerates. Large amounts of agglomerates
are nearly always retained in concrete under standard mixing conditions. The
undispersed agglomerates that remain in concrete following mixing frequently
have sizes larger than the PC particles, which limits the potential advantages of
the fine particle filler effect [47].

Concrete’s microstructure can be strengthened and consolidated by adding
nano-silica (NS), which introduces nucleation sites for the precipitation and
growth of hydrate phases at the nanoscale. In addition to reducing concrete
shrinkage through its seeding action, appropriately sonicated NS may have in-
creased the effect of NS on concrete by delaying the agglomeration of parti-
cles [32]. The most important de-agglomeration technique was sonication, which
increased the concrete’s compressive strength by 23 % with just 1% nano silica
(NS) substituted for cement [33]. Because NS is more dispersed after sonication,
concrete workability was also much increased. The results showed that adding
a modest quantity of NS shortens the setting time and increases the compressive
strength after 3 and 7 days. When it comes to properly dispersing nano-silica,
PUS treatment of the combination with water is likely a better option than me-
chanical mixing [48]. Hydrothermal synthesis can potentially be substituted with
the sonication process. A method for turning rice husk ash into belite cement is
described by Rodrigues [49]. In contrast to earlier studies, sonication, which is as
effective but far less costly, replaced the hydrothermal treatment [49].

The scalable and environmentally friendly ultrasonic method that Long et al. [34]
devised for the efficient preparation of high-dispersity metakaolin (MK) also
shows a notable increase in cement composites’ compressive strength. These
findings would allow MK to be used in cement composites more successfully by
increasing their advantages and reducing their cost. Carbon nanotubes must be
uniformly dispersed, and this is accomplished by using a sonication approach [50].
Sonicating PC and carbon nanotubes at the same time is another technique for
dispersing carbon nanotubes [51, 52]. After 3 days of hardening, sonication of
the cement paste, irrespective of the presence of amorphous synthetic zeolite,
considerably improves the compressive strength [35]. The aragonite whiskers,
which fill the cement paste’s pores as nanomaterials, can be evenly distributed
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by PUS. Furthermore, the nucleation of C-S-H during hydration was aided by
the exposed silica-rich surface [36]. According to Kawashima et al. [53], PC and
fly ash—cement pastes were used to examine the effects of sonication and blending
of the nano-CaCOs3 on the hydration rate, setting time, and early compressive
strength growth. In these instances, sonication improved the nano-CaCQO3’s im-
pact. Cement composites’ mechanical properties have been effectively enhanced
by the use of this technique [53].

4. Cement paste and mortars treated by PUS

Given the significant physicochemical impact of PUS, it has considerable
promise as a new PUS-assisted mixing technique for making homogeneous ce-
ment paste (Table 2). PUS-induced hydration is the primary cause of the mechan-
ical properties. It suggests that cement-based materials may have their mechan-
ical strength increased by the PUS treatment. This could be because sonication
improves the material’s homogeneity and disrupts the flocculation structure of
the cement particles [54, 55, 60].

Table 2. Cement paste under the influence of PUS.

Specimen.sub. jected w/c Power of PUS Froefqltal%nsc Y Treatmgnt time Ref.
to sonication (W] [KH] [min]
0.50 30-300 20 1-5 [54]
0.50 593, 541 26, 132 2-10 [56]
0.35 250 24 10-60 [57]
Cement paste 0.30
0.50 100, 450, 900 28 1-30 [58]
0.30
1
% 912 28 3 [59]

PUS can accelerate the early hydration rate, increase the mechanical prop-
erties, reduce the cement paste’s dynamic yield stress and apparent viscosity,
and efficiently disperse flocculated particles, according to a recent study by Xu
et al. [54]. Following the PUS treatment, the hardened cement paste’s C3S con-
tent is marginally lower, and its CyS level is noticeably lower than that of the
cement paste without PUS. A homogenous maximum temperature field can be
achieved by using 900 W (28 kHz) PUS treatment for 10 min, according to Xiong
et al. [58]. PUS increases the compressive strength, accelerates C3S consump-
tion, and promotes Portlandite formation. The optimal combination of ultra-
sonic power and irradiation duration is thought to be 900 W for 10 min, taking
into account the practical ranges of temperature rise. The acceleration of C3S
hydration by PUS is more noticeable at lower calcium concentrations, according
to Remus et al. [61]. This implies that cements containing a larger percentage of
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SCMs benefit most from the PUS treatment. PUS enhanced the yield of port-
landite, precipitated extremely early C-S-H phases and amorphous AHjs, and
accelerated the dissolution of Ca?*t, Si** and Al**, according to recent research
by Ehsani et al. [62]. Additionally, the effect of PUS treatment on the chemical
shrinkage of cement pastes and the development of mortars’ compressive and
flexural strengths was examined by Ehsani et al. [56]. The results demonstrated
that applying frequencies of 26 kHz and 132kHz to the cement paste for 2 min
shortly after mixing the rate of chemical shrinkage increased. After mortars were
cured for 91 days, sonicating at a more intense acoustic power of 26 kHz led
to a faster growth of the compressive and flexural strength. When aggregates
were added to the pre-sonicated paste, the flexural strength of mortars increased
by 17 % after 28 days, suggesting that the paste-aggregate interface may have
changed. PUS-assisted PC mixing was investigated by Xiong et al. [63] and ap-
plied varying ultrasonic power levels to the cement paste. The results showed
that the cement paste’s compressive strength, porosity, and degree of hydration
all improved. The impact on the paste mixes of a temperature increase brought
on by the use of a high-power ultrasonic system was not discussed. Only cement
pastes with a w/c ratio of 0.3 were examined.

The impact of the PUS treatment on the pore solution of fresh cement pastes
with varying water-to-cement ratios was further investigated by Ehsani et al. [64].
Their findings showed that PUS treatment increases the amount of aluminate
ions released into the pore solution, which in turn encourages the formation of
amorphous aluminum hydroxide hydrate. The PUS treatment is more adapt-
able and energy-efficient than conventional acceleration methods, like steam
curing at high temperatures in the manufacturing of precast concrete. Xiong
et al. [59] investigated the hydration and dispersion of the cement paste pre-
pared by the PUS-assisted mixing technology. The PUS enhanced strength in
the early stages and late hydration ages. After 1 day and 28 days, the compres-
sive strength was increased by 26.1 % and 18.3 %, respectively, compared to the
reference specimens. According to these results, PUS-assisted mixing is beneficial
for improving the sustainability of building material production.

By applying PUS to fresh PC (frequency: 20 kHz, amplitude: 43 um, energy
input: 75 J/ml), Peters [65] was able to decrease the induction period and increase
the heat release during hydration. PUS treatment was shown to primarily accel-
erate alite hydration without changing the cement’s overall reaction pathway. By
exposing more unwrapped surfaces of C3S grains and providing more nucleation
sites for the C-S-H growth, the facilitator of mass transfer and the localised ero-
sion effect near the clinker surface significantly increase the precipitation of the
very early C-S-H phase, according to the author’s theory. Only one PUS power
density/frequency was used for the PUS treatment, and a probe-based setup was
used for the ultrasonic delivery. In either the cement suspension or the mixed
mortar, this resulted in a notable increase in temperature in the high-energy
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cavitation zone formed near the probe tip. The increased dissolution rate of ce-
ment phases may result from erosion and exfoliation of anhydrous grains brought
on by the accelerated mass transfer linked to PUS cavitation [24]. Additionally,
cavitation can result in degassing or deaeration [66], which removes trapped air
and affects the mechanical properties of cement-based composites [24]. In par-
ticular, this is true for longer exposure times of PUS treatment.

As high-intensity PUS waves propagate through the cement paste, the most
significant energy transfer mechanism is conversion of sound energy into thermal
energy [54]. However, there are still several unanswered questions and limita-
tions in the current research on the thermal effect of PUS in the cement paste.
In the first place, transducer reactors of the ultrasonic bath or horn types are
commonly employed for experimental purposes [67]. Due to the constraints of
physical sizes and technical procedures, the sound fields of the two reactors were
both heterogeneous, even in the diluted solution [68]. The cement paste’s tem-
perature increased significantly near the reactor tips after the PUS treatment
with the horn type [65]. The distinctions between the tip position and other
positions, however, were not explained in that study. Prior research has not fo-
cused on the temperature evolution in the cement paste caused by batch-type
reactors. Secondly, it is yet unknown how far the heat effect in cement paste will
actually work.

The effects of PUS-assisted preparation on the mechanical and physicochem-
ical properties of cement-granulated blast furnace slag (GBFS) composite pastes
are examined for the first time by Lisowski et al. [69]. Using PUS in a pulse mode
in the vertical jacketed glass sonoreactor with closed-circuit cooling (Fig. 3), spec-
imens with different particle size fractions were obtained. Comparing the best-
performing cement-GBFS composite to traditional mixing methods revealed a sig-
nificant improvement in Vickers hardness and modulus of elasticity (98 % and 74 %,
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Fig. 3. System for the preparation of cement-GBFS composite under the impact of PUS
(open access status) [69].
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respectively), as well as compressive and flexural 2-day strengths (132% and
58 %, respectively). In a similar vein, after 2 days, the BET surface area grew
by about 111 %, the cumulative heat release increased by roughly 34 %, and the
Portlandite content dropped by roughly 29 %.

The improved PUS treatment, combined with an effective cooling system to
regulate the mixture temperatures, makes this study unique when compared
to earlier research on PUS in cement systems. This enables progress in identifying
the effects of PUS on the hydration and strength development of cement systems
containing GBFS. The sonofragmentation (particle size refinement during the
PUS treatment) of GBFS particles was tuned to maximize the effectiveness of
the PUS treatment (Fig. 4).

C+S(K125) ( S(F125) 10 min.

PUS
treatment

-

Fig. 4. SEM images of cement-GBFS composite without PUS and under the influence of PUS
(open access status) [69].

Another interesting way to increase the early strength of concrete that con-
tains SCMs is the PUS technique. Without sacrificing early strength perfor-
mance, it is possible to substitute up to 30 % of the cement in concrete with
SCMs by using the PUS treatment during the mixing phase [61, 70]. Further-
more, Serelis et al. [71] discovered that high-frequency PUS treatment can deag-
glomerate the SF and microfine cement powder particles. Xiong has also re-
ported similar effects [63]. On the other hand, equally pre-dispersed graphene
oxide (GO) was adsorbed on the surface of cement particles and quickly lost its
redisperse ability when the cement paste was mixed with the GO aqueous solu-
tion [72]. Consequently, PUS is anticipated to enhance the matrix’s mechanical
properties and microstructure while preserving the graphene oxide’s advanta-
geous dispersion state throughout the mixing process. In addition to examining
the dispersion and strengthening mechanism of the cement paste modified with
GO, Xiong et al. [73] suggested the PUS-assisted mixing technique. The modi-
fied cement paste’s GO particle size was significantly reduced as a result of the
PUS-assisted mixing treatment. In cement composites, PUS-assisted mixing is
expected to be a viable way to disperse GO and contribute to the realization of
nanoengineering’s wide-ranging applications.
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When the hydrated cement pastes contain polycarboxylate superplasticizer
(PCS), Wang et al. [57] examined the impact of the PUS treatment on cement
hydration. The PUS treatment significantly reduces the setting time and in-
creases the 1-day compressive strength of mortars containing PCS, according to
the results, but it does not affect the reference mortar.

PUS’s influence on hydration kinetics and deaeration performance by mea-
surement of trapped air in concrete and mortar are two examples of how PUS
works in cement-based composites, in spite of the fact that PUS has been used
in industry for a variety of purposes [74, 75]. Additionally, bespoke PUS equip-
ment that can perform sonication at different power and frequency levels is also
needed. Vaitkevicius et al. [76] used a PUS (water-cooled transducer) to dissem-
inate fresh 3D printed concrete and discovered that the cavitation effect of PUS
greatly aided in the early growth of ettringite.

Furthermore, the mechanism of PUS’s cavitation effect in the cement paste is
not systematically discussed in the literature that is currently available; instead,
it usually concentrates on the cement hydration acceleration from the perspective
of PUS. Furthermore, more investigation is required to ascertain whether the
PUS treatment causes temporary or permanent cavitation.

5. Concluding remarks and future trends

The possibilities of sonication to improve dispersion in cementitious systems
and affect the properties of cement-based composites have been summarized in
this work. Prior research found that PUS improved pozzolanic activity by facili-
tating the dispersion of natural pozzolans and mineral additives in cementitious
systems. The amplitude and intensity of the sonication might be changed to
provide stronger sonication effects on the early strength development of cement-
based composites. Entrapped air spaces in hardened cement pastes and cement
suspensions were eliminated by the PUS-induced degassing action, enhancing the
mechanical characteristics that followed. The PUS technology is superior to some
conventional procedures in a number of ways. Advantages include low energy us-
age (sustainable processing), easy scaling (viability), decreased or eliminated
use of hazardous solvents (greener processing), and reduced or eliminated heat
(non-thermal processing). Regarding the technology’s scalability and commer-
cialization, there are still a lot of obstacles to overcome. Despite being a ‘green’
technology with several possible field applications and multiple proven results
from lab-scale operations, there aren’t many viable PUS applications being im-
plemented at the industrial scale. The lack of scale-up techniques for reactors
to fulfil industrial demands is a significant barrier to the technology’s further
development. Without a thorough understanding of physical and chemical phe-
nomena, it is impossible to manage the sensitivity and vulnerability of PUS
systems to operating parameters. As a result, the current study also attempts to
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examine the primary parameters that should be taken into account when cavi-
tational activity intensifies. Uniform distribution of cavitational activity inside
the reactor, the precise term ‘Sonoreactor’ [77, 78], is one of the most significant
issues in the PUS treatment scale-up design. Even though these reactors have
higher operating costs than conventional ones, Lisowski et al. [69] proposed that
a sonoreactor with closed-circuit cooling may be more cost-effective because of
its unique ability to regulate mixture temperatures, which advances the under-
standing of PUS effects on cement-based composites’ hydration and strength
development. The impact of sonotrode position and cycle (pulse control mode)
on the cement paste treatment by PUS has not been investigated in any of
the aforementioned studies. A sonoreactor’s design must include energy conver-
sion, high volume operation, process efficiency, and rates that might result in
higher treatment costs. Furthermore, because it is challenging to precisely repli-
cate the Sonoreactor geometry and PUS environment that are comparable to
laboratory-scale reactors, along with an even distribution of cavitational activ-
ity, it is crucial to make sure that the design of industrial-scale sonoreactors can
achieve maximum efficiency. Since scaling up the process is still a significant dif-
ficulty, this approach is now far from being completely developed. The thorough
investigation and understanding of a number of critical operating parameters, in-
cluding temperature, ultrasonic frequency, sonication time, irradiation intensity,
and sonoreactor design, are essential to bringing the lab-scale process to the level
of industrialization. Designing and developing effective power ultrasonic systems
(generators and sonoreactors) that can be tailored to each unique industrial pro-
cess is also crucial. A description of the cavitational activity within the sonore-
actor and the geometrical aspects of the employed sonoreactor should always be
documented in terms of fundamental laboratory experiments. The comparabil-
ity of various setups is sadly limited by the frequent absence of key elements
in literature reviews, particularly those published in non-specialist publications.
As it is being developed, the state-of-the-art for defining the entire spectrum
of PUS’s chemical and physical impacts is still limited, even though this work
compiles existing data and offers recommendations on how to employ analytical
techniques to harness ultrasonic potential. A deeper understanding of the in-
tricate physical-chemical processes that underlie PUS’s activities and how they
impact its functional and technological qualities will also help reinforce the po-
tential uses of PUS technologies in the cement and concrete industry in the
future. In many industrial processes, the efficient application of high-intensity
PUS will have a promising future.
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The paper presents preliminary results obtained on a laboratory test rig designed
for analyzing the efficiency of spur gear transmissions. The investigated object
was a simple gear pair consisting of two gears with a module of 1, made of C45
steel. The analysis covered efficiency measurements as a function of load torque
and rotational speed, under both ‘dry’ operation and after lubrication with ¥.T-4
grease. The obtained results indicate that the efficiency of the gear increased with
the load torque, reaching a maximum of over 99.7 %. It was found that lubrication
improved efficiency by 0.5-1 percentage points compared to dry operation, especially
at higher speeds. The results confirm the correctness of the test rig operation and
its suitability for further studies on different types of gears and lubrication conditions.
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1. Introduction

Gear transmissions are among the most commonly used power transmission
elements in engineering, and their efficiency significantly affects the overall per-
formance of drive systems. In the era of device miniaturization and mechatronics
development, research on small gear transmissions is gaining importance, partic-
ularly in mobile robotics, automation, and precision equipment.

The efficiency of a gear transmission depends on many factors: gear geom-
etry, materials, manufacturing quality, lubrication conditions, and load [1]. Ex-
perimental studies are essential for verifying theoretical models of power losses.

Previous test rigs allowed the analysis of material and geometrical properties
of gears efficiency [2-4]. However, those setups were relatively large, costly, and
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not easily adapted to educational purposes. Moreover, they were mainly intended
for testing multi-stage gearboxes rather than single meshing pairs [5].

For instance, the Lukasiewicz — Institute for Sustainable Technologies in
Radom has designed a number of tribological rigs for testing various types of
gear systems. The T-30 test rig enables the analysis of scuffing and pitting wear
mechanisms in spiral bevel gears under controlled thermal and load conditions,
enabling the evaluation of gear oils and low-friction coatings [6]. Another sys-
tem, the T-34 test rig, allows the measurement of start-up friction torque and
friction torque under dynamically steady conditions in a climatic chamber oper-
ating from —50°C to +50 °C, making it possible to assess gear losses in extreme
thermal conditions [7].

Similarly, studies carried out at Silesian University of Technology [8] have con-
tributed to the development of experimental infrastructure for testing bevel and
planetary gears, focusing on the tribological performance, load-carrying capac-
ity, and influence of lubrication. These systems, although advanced, are typically
designed for large or medium-sized gearboxes and industrial applications, often
requiring high-power electric drives and complex instrumentation.

The aim of this work was to design and build a compact test rig enabling
efficiency measurements of small spur gears in a micro-drive system. The paper
presents the device construction, measurement methodology and exemplary test
results.

2. Research methodology

The test rig was based on the classical power recirculation method, in which
the energy supplied by an electric motor circulates through the test and reference
gears in a closed-loop system. The flow of mechanical power in such a system
is shown in Fig. 1. In the power recirculation method, power circulates between

~ , B/?_“\\
f A GO v

Efficiency-related i
1

torque loss b

Fig. 1. Power flow in the power recirculation system.
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the elements of the mechanism, being dissipated as friction and viscous losses,
while the motor compensates for the losses. The mathematical description of the
method was adopted from [5]. Since total losses in the mechanical system can be
divided into load-dependent and load-independent components, Piota1 = Par+ Ps
where P); is the load-dependent power loss and Pg is the no-load loss, the use
of a two-step measurement allows for their separate determination.

In the measurement with a preloaded clutch, M. # 0 the motor must over-
come both types of losses, Pr1 = Py;+ Ps. In the measurement with an unloaded
clutch, M, = 0 the motor compensates only for no-load losses Pry ~ Pg. Thus,
the load-dependent losses can be determined as Py; = Pp; — Pro, and the mesh-
ing efficiency is calculated as:

1 /]
Mm=1—-—g—"

" 2 Msprz * Wil

The division by 2 results from the load being distributed between two gears. The
total system efficiency is then:

np=1-— P
2- Msprz : wsil'

During the tests, not only the motor current was recorded, but also the
temperature in the gear contact zone and, in selected cases, the acoustic emission
of the system. Temperature monitoring enabled the observation of changes in
operating conditions over time, which was particularly important for longer test
cycles. Acoustic monitoring was considered an auxiliary parameter, providing
potential for future extensions towards vibration analysis and gear condition
diagnostics.

The testing procedure involved mounting the selected gear pair, applying the
preload torque using a lever with weights, and starting the motor. After stabi-
lizing the operating conditions, measurements were taken at various torque and
speed values. The obtained data were used to generate efficiency characteristics
as a function of load, which were then compared.

3. Test rig design

The developed test rig was designed as a compact laboratory device, with
a primary focus on ease of operation and quick exchange of test gears. The
construction was based on a steel frame, providing sufficient stiffness and stability
during measurements. The frame carried a drive unit based on a DC motor, along
with fixtures for mounting both the test and reference gears. The drive motor
is an 80 W maxon motor DCX32L brushed DC unit providing a nominal torque
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of 120mNm at 6640 rpm. The maximum load applied during testing has been
determined at 10 Nm at the stationary gear shaft.

Special attention was given to the precise adjustment of the center distance,
achieved using a linear guide enabling smooth displacement of one module.
The screw used to alter the axis distance is equipped with a locknut, ensuring
preload stability under vibration conditions. The other half of the screw has been
manufactured to tight tolerances, making sure any play present is omittable. This
solution allowed for testing different gears without major modifications to the
setup. The overall concept was inspired by the FZG test machine, widely used
for similar research [9], and described in detail in [10].

The measurement system was integrated with the structure in a simple and
reliable manner. Efficiency calculations were based on measuring the current
drawn by the motor, which eliminated the need for strain gauge torque sen-
sors, significantly simplifying and reducing the cost of the rig. Additionally, the
setup provided for temperature monitoring in the contact zone via an IR tem-
perature sensor and noise level measurement via a MEMS microphone, offering
opportunities for future expansion. For lubrication, a peristaltic pump was im-
plemented to dose grease in a controlled and repeatable way, ensuring stable
test conditions and enabling comparative studies of different lubricants. By ex-
tending the measurement time and applying cyclic torque loads, the test rig can
serve as a platform for investigating fatigue damage and wear processes in small
gear pairs.

Despite its laboratory scale, the rig was designed with ergonomics and modu-
larity in mind, allowing for straightforward replacement of test gears and future
modifications, such as extending the load range or adding more measurement
channels. The CAD model of the device is shown in Fig. 2, while the prototype
is presented in Fig. 3.

Fig. 2. CAD model of the device.
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Fig. 3. Prototype of the test rig.

4. Test results — sample gear transmission

To verify the correct operation of the test rig, preliminary measurements
were carried out using a spur gear pair made of C45 steel, with 48 teeth each
and a module of 1. This was the smallest gear size that could be tested on the
rig. The geometry was selected to replicate operating conditions typical of small
drive systems. A photograph of the tested gears is presented in Fig. 4.

Fig. 4. Tested spur gear pair.
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Measurements were performed at various load torque and speed values to
determine efficiency characteristics. Each measurement involved motor startup,
speed, and temperature stabilization, followed by recording motor current, gear
contact temperature, and acoustic variations. Input and output powers were then
calculated, and gear efficiency was determined. Table 1 presents efficiencies under
dry conditions, while Table 2 shows results after lubrication with £T-4 grease. In
both cases, efficiency increased with load torque. Under dry conditions, efficiency
decreased at higher speeds, while lubrication maintained values above 99 % across
a wide speed range. Data were collected for approximately 30 seconds at each
operating point and averaged.

Table 1. Efficiency results under dry operation.

Dry operation

Msprz [Nm] | 115 | 435 | 55 115 | 435 | 55
in [RPM] n_m [%)] n_t [%]
50 98.73 | 99.05 | 99.67 | 97.20 | 98.56 | 99.29
100 98.80 | 99.09 | 99.66 | 97.13 | 98.55 | 99.25
200 98.78 | 99.07 | 99.62 | 96.87 | 9845 | 99.15
300 98.46 | 98.95 | 9955 | 96.39 | 98.28 | 99.05
400 97.99 | 98.77 | 99.33 | 9589 | 98.09 | 98.82
500 97.64 | 9855 | 99.13 | 9551 | 97.86 | 98.61

Table 2. Efficiency results under lubricated operation (ET-4 grease).
Lubricated operation (LT-4)

Msprz [Nm] | 115 | 435 | 55 115 | 435 | 55
in [RPM] n-m [%)] n_t [%]
50 99.34 | 99.43 | 99.77 | 97.79 | 98.92 | 99.39
100 99.45 | 9955 | 99.79 | 97.82 | 99.02 | 99.39
200 99.46 | 99.56 | 99.83 | 97.74 | 99.00 | 99.41
300 99.44 | 9952 | 99.77 | 97.46 | 98.87 | 99.29
400 99.35 | 99.41 | 99.74 | 97.27 | 98.73 | 99.23
500 99.16 | 99.31 | 99.63 | 96.96 | 98.59 | 99.09

Figures 5 and 6 show efficiency characteristics as a function of rotational
speed, at different torque values. It can be clearly seen that efficiency increases
with load torque. Under dry operation, efficiency decreased with increasing speed,
whereas under lubrication, a peak efficiency occurred at medium speeds, followed
by a decrease at higher speeds. This behavior is consistent with typical gear
transmission characteristics, where frictional losses dominate at low loads, but
decrease with increasing torque. At very high speeds, the hydrodynamic effects
of the lubricant become the main source of losses.
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Fig. 5. Efficiency as a function of the rotational speed during dry operation.
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Fig. 6. Efficiency as a function of the rotational speed during lubricated operation.

5. Discussion

The conducted tests confirmed the correct operation of the test rig and the
consistency of the obtained characteristics with theoretical predictions and
literature reports [2, 5, 11]. It was shown that gear efficiency increases with load
torque, resulting from the decreasing relative contribution of frictional losses [2].

The comparison of dry and lubricated operation demonstrated that B T-4
grease significantly improves gear performance, particularly by reducing bound-
ary friction losses and stabilizing the load transfer in the meshing zone. At the
same time, at the highest speeds, a drop in efficiency was observed due to in-
creasing viscous losses in the lubricant, consistent with observations by other
authors [5, 11].

Temperature and acoustic analyses confirmed stable operation of the gear pair
under all tested conditions. The absence of anomalies indicated correct meshing
conditions and proper manufacturing quality of the gears.
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The obtained results should be considered preliminary. The study was limited
to spur gears with a small module; thus, further research should include gears
with different modules, helix angles, and lubricants. An interesting direction
would also be a comparison between spur and helical gears, where axial forces
and friction conditions differ significantly.

6. Conclusions

The objective of this study was to validate the developed test rig by ana-
lyzing the efficiency of spur gears with a module of 1, made of C45 steel. The
obtained results confirmed both the functionality of the measurement system
and its capability to perform tests over a wide range of speeds and loads.

The conducted experiments showed that:

— gear efficiency increases with load torque due to the decreasing relative
share of frictional losses at higher loads,

— under dry conditions, efficiency decreases with speed, while under lubrica-
tion, a maximum occurs at medium speeds, with a decrease at high speeds
caused by viscous losses,

— lubrication with £.T-4 grease improved efficiency by 0.5—1 percentage points
compared to dry operation, clearly demonstrating its beneficial influence
on gear operation,

— acoustic and temperature measurements confirmed stable operation through-
out the tested range, with no indications of meshing irregularities.

In summary, the developed test rig enables obtaining reliable efficiency char-
acteristics of spur gears and forms a solid basis for further comparative studies.
Future work should be extended to other gear types (helical, bevel), different ma-
terials, and various lubricants, providing a broader dataset for design analysis
and better representation of operational conditions.
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We present a report on the fabrication and characterization of chromium-nickel
atomic force microscopy (AFM) probes with a chromium-coated tip and a bi-metallic
cantilever. The introduction of a chromium layer enhances tip hardness and wear
resistance, while nickel improves adhesion and reduces brittleness, enabling higher
probe usability. The fabrication process was optimized through careful substrate
polishing, photoresist selection, and stress control in chromium deposition, which
limited the maximum chromium thickness to ~1 pm. Mechanical testing confirmed
that the probes operate reliably in AFM, achieving imaging quality comparable to
commercial silicon probes, though resolution was constrained by the relatively large
tip radius. Importantly, the design allows for tailoring of stiffness and resonance
frequency by adjusting nickel thickness, broadening the applicability of the probes
for both contact and intermittent-contact AFM modes. These results establish
a proof-of-concept for durable metallic AFM probes engineered for tribological and
high-load applications.
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1. Introduction

Miniaturization is one of the major technological trends observed world-
wide [1]. Along with smaller devices, such as micro-electro-mechanical systems
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MEMS [2], there comes a need for a more sophisticated understanding of micro-
and nano-scale behaviour. Such understanding should provide the ability to an-
ticipate device failure. One of the approaches for small-scale material characteri-
zation is Atomic Force Microscopy AFM, in use since 1986 [3]. The most common
setup includes a silicon probe, which proved to be useful for a high number of
applications [4]. However, one should be aware that some problems depend on
mutual interactions between the sample and probe. Thus, the material of the
probe’s tip should be chosen based on the requirements of a given application.
Examples where this is a crucial aspect of the experiment design are: friction
coefficient measurement [5, 6], adhesion [5, 6], and wear [7]. Notably, yet another
issue is the experimental range of such parameters as the maximum force or res-
onance frequency of the AFM probe. A method that provides a broadening of
the range of materials, stiffness, and tip shapes was shown in [8]. So far, it has
been used for preparing an all-metal cantilever, but made from a single element.
Augmenting this approach for a two-elemental system may have benefits such as
higher stiffness, better adhesion of consequent layers of metal as well as increased
hardness of the tip.

In this work, we showed an improved use of the abovementioned approach to
provide a chromium tip with a chromium-nickel cantilever. A chromium tip has
been chosen to further improve the wear resistance of the apex of the tip. The
chromium-nickel cantilever has been designed for higher stiffness than the pure
nickel cantilever. The addition of nickel also reduced brittleness, thereby in-
creasing usability. The main result of this work is the successful fabrication of
a chromium-tip, chromium-nickel cantilever AFM probe and its proof-of-concept
in a simple tribological test.

2. Experimental

2.1. Probes design

One of the main advantages of the all-metal probes is a possibility to design
a cantilever for a specific stiffness. A nominal stiffness and resonance frequency
for given cantilever dimensions were calculated as follows:

— Effective Young’s modulus E.y; for bi-material cantilever:
Eni - Ini + Ecy - Loy

By = , 1
eff Itot ( )

where En; and E¢, are Young’s moduli of Ni and Cr, respectively, and
Ini, Icr, and Iioy are moments of inertia of Ni part of the cross-section,
Cr part of the cross section, and the total cross-section of the cantilever.
The geometry of the cantilever is defined as shown in Fig. 1.
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— The effective density peg for a bi-material cantilever:

~ PN WNi + per - Ver
peﬁ. - V ) (2)
tot

where pn; and po, are densities of Ni and Cr, respectively, and Vi, Ver,

and Vio are volumes of Ni part, Cr part, and the total of cantilever.

— Theoretical stiffness keg and resonance frequency woeft:
FEeo - b+ b3
ket = T s (3)
)\(2) Eg h 1

(03] = — ey, 4
T 93\ per L2 2r )

where A\g — constant equal to 0.596864 - 7.

chromium layer.

nickel layer

Fig. 1. Geometry of the designed chromium-nickel cantilever with chromium coating on the
tip. Dimensions used for stiffness and resonance frequency calculations are indicated.

The Young modulus and theoretical density are determined by the choice of
materials; however, the fabrication design can influence keg and wgeg through the
cantilever geometry. As shown in Table 1, an appropriate choice of dimensions
enables the design of probes suitable for both contact and intermittent-contact
AFM modes. The calculations were performed for a fixed cantilever length of
450 um and a chromium layer thickness of 1 um.

2.2. Probes fabrication

An experimental fabrication process was conducted as shown in Fig. 2.

In step 1, a sacrificial substrate is polished to a mirror finish. Step 2 is in-
denting the substrate to prepare a mold for the cantilever’s tip. Step 3 consists of
photoresist deposition on the substrate with dimensions equal to the dimensions
of the cantilever and its base. Step 4 is an electrodeposition of Cr for a designed
thickness with subsequent deposition of nickel, aiming for a designed total thick-
ness. One should note that after this step, a tip is prepared from nickel as well
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Table 1. Calculated stiffness and resonance frequency of chromium-—nickel cantilevers for
various nickel thicknesses and widths (chromium layer thickness fixed at 1 pm).

For the chromium-nickel cantilever
Width b [pum] | Nickel thickness h [um] | Stiffness k& [N/m] | Resonance frequency wo [kHz]
20 0.25 0.028 5.895
50 0.25 0.071 5.895
200 0.25 0.282 5.895
20 0.5 0.047 6.828
50 0.5 0.117 6.828
200 0.5 0.468 6.828
20 0.75 0.072 7.765
50 0.75 0.18 7.765
200 0.75 0.721 7.765
20 1 0.105 8.705
50 1 0.263 8.705
200 1 1.051 8.705
20 2 0.335 12.475
50 2 0.838 12.475
200 2 3.353 12.475
20 5 2.526 23.809
50 5 6.316 23.809
200 5 25.264 23.809
20 10 15.131 42.712
50 10 37.827 42.712
200 10 151.308 42.712
1) 5)
2 u
\ 4
6)
: .
| |
7)
4)
-—=
- A =

Fig. 2. Schematic of the fabrication process: (1) substrate polishing, (2) tip mold preparation
by indentation, (3) photoresist deposition, (4) chromium and nickel electrodeposition,
(5) mold preparation for base, (6) nickel deposition of base, (7) substrate removal.
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as the whole Cr-Ni cantilever. The following steps include: 5 — preparing a thick
photoresist layer as a mold for a cantilever base; 6 — electrodeposition of nickel
to fill that mold. Finally, step 7 is etching a sacrificial substrate to reveal the tip,
cantilever and base.

This approach resulted in a tip with increased hardness, better adhesion of the
first (Cr) layer to the second (Ni) layer than for the Ni-Ni interface, and higher
stiffness. For chrome deposition, Chrome Plating Solution (dr Galva, Germany)
with the following parameters: temperature = 25°C, voltage = 3V, current
density = 24 A/dm2, and time = 220s. Initially, the rest of the parameters
were the same as in [8]. However, for improving the quality of the fabricated
cantilevers, the process was optimized and a comparison of initial and final results
will be shown as well as the final fabrication process.

3. Probes testing

Probes were tested after each fabrication step with optical microscopy (DSX
500, Olympus, Japan) or scanning electron microscopy (Zeiss Crossbeam 350,
Zeiss, Germany). For performance testing of the ready-to-use probe, AFM (Flex-
AFM, Nanosurf, Switzerland) was used. Comparison with the commercially avail-
able HQ:CSC17/Al BS (MikroMasch, USA) silicon probe was carried out on the
O-doped NbN sample. AFM data were treated in the Gwyddion open-source
software.

4. Results

4.1. Polishing

The substrate roughness is a direct predictor of the roughness of the as-
deposited metal. The first deposited layer (step 4 in Fig. 2) forms the backside

Defects resulting from insufficient polishing
of the copper substrate

Fig. 3. Polished substrate surface. Smoother finish ensures reduced cantilever backside
roughness and improved AFM laser reflection.
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of the cantilever, which reflects the laser beam. Therefore, low surface roughness
Sa is required to ensure a high-quality laser signal. However, since Ra and Sa
are statistical parameters, they may not fully capture local surface imperfections.
Inadequate polishing of the substrate can lead to residual material irregularities,
which are then reproduced in the deposited layers. Such imperfections, if located
near the tip mold on the front side of the cantilever (step 2 in Fig. 2), may
strongly deteriorate the probe quality. For this reason, each cantilever is inspected
for polishing-related defects, as shown in Fig. 3.

5. Photoresist

One of the crucial steps of the fabrication of metal probes is the photoresist
deposition of the substrate. Details of this process are shown in Fig. 4.

- Rl

a0

Fig. 4. Process of photoresist deposition: 1) droplet application on the substrate,
2, 3) spin-coating for uniform distribution, and 4) soft-baking for stabilization of the layer.

In step 1 photoresist droplet is deposited on the substrate. Step 2 is centrifug-
ing this droplet by rotating the substrate. As the smooth layer of photoresist
covers the substrate, in the final step, the whole system is soft-baked for 1 min
at 80°C and then for 15min at 135°C. The rotation speed was selected accord-
ing to the photoresist thickness characteristics provided by the manufacturer and
was set to 1500 rpm, which resulted in a layer thickness of 50 um. With this re-
sult, the photoresist thickness can be chosen according to the desirable cantilever
thickness.

Yet another issue connected with photoresist is its chemical resistivity. In
the earlier work, it was shown that AZ 15nXT photoresist can be readily used
with a Ni electrodeposition bath as a suitable mask. Preliminary tests with Cr
electrodeposition bath showed that this photoresist is highly deteriorated during
the process (Fig. 5a). Chemically resistant AZ125-10B was used, both without
(Fig. 5b) and with additional baking (Fig. 5c). Results for Cr structures are
shown in Fig. 5.

Changing the photoresist to AZ125-10B as well as applying additional baking
led to a significant increase in the quality of electrodeposited Cr structures.
This allows this process to be used to fabricate cantilevers. Fabrication of the
third photoresist layer for AFM probes presents several challenges. Substrate
preparation takes about an hour, and exposure can last up to thirteen hours,
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Fig. 5. Effect of photoresist selection during chromium electrodeposition: a) AZ 15nXT
degraded, b) AZ125-10B stable, ¢) AZ125-10B with additional baking. The optimized process
yielded high-quality chromium layers.

making it difficult to maintain stable environmental conditions. Variations in
temperature and humidity lead to uneven resist thickness and defects. Selecting
the correct exposure energy is critical: too low energy results in incomplete cross-
linking, while too high energy can cause cracking or stress.

Common failure modes include (Fig. 6): a) electrolyte penetration beneath
the photoresist, which can be minimized by proper exposure energy; b) pho-

outside the cantilever area

Fig. 6. Example of photoresist defects observed during fabrication of the third photoresist
layer for AFM probes.
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toresist cracking, controlled by adjusting the exposure dose; ¢) photoresist sep-
aration from the copper substrate, prevented by thorough surface cleaning and
optimized exposure; d) wave-like surface irregularities, reduced by selecting the
appropriate resist thickness and exposure parameters; e) substrate warping caus-
ing layer misalignment, addressed through careful attachment before polishing;
and f) substrate warping causing layer misalignment, addressed through careful
detachment after polishing.

Even minor defects in the mask can significantly affect probe geometry, mak-
ing precise control of the process essential.

6. Tip-mold

Typically, the indentation impression perfectly resembles the indentation tip
shape as well as other indentation-related phenomena. This leads to the visible
re-creation of a pile-up pattern of the deposited metal, as shown in Fig. 7a.

Projection
of pile-up

Replication of a
damaged
indenter

Fig. 7. Tip defects resulting from a blunted indenter during mold preparation.

This effect may be mitigated by lowering the indentation force as well as
changing the indenter shape. However, it should be noted that pile-ups are sig-
nificantly lower than the height of the nominal impression. Another reason for
inspecting the tip of as-received cantilever is indentation tip blunting. The result
of damaged indentation tip on the cantilever’s tip is shown in Fig. 7b.

It can be seen that the very apex of the tip is of irregular shape. It means that
the indentation tip for tip molding should be renewed. Yet another possible issue
with tip molding is residual photoresist in the mold before metal deposition, as
described in Fig. 8.

This problem occurred when the removal of untreated photoresist was too
fast. Successful removal of the photoresist from the bottom of the 15 um tip
impression was achieved by using an acetone bath in an ultrasonic cleaner for
15 minutes.



4. Thick Chromium Atomic Force Microscopy Probes... 67

Residual
photoresist

Fig. 8. Tip-mold defects caused by residual photoresist: a) photoresist remaining in the mold,
b) metal electrodeposition with residual resist trapped at the bottom of the mold, c) after
substrate etching the residual resist formed the tip instead of metal, d) optical image of
a probe with residual photoresist on the tip.

7. Bi-layer cantilever

Initially, we intended to fabricate cantilevers with a wide range of Cr and Ni
thicknesses ratio. However, Cr coating with a thickness over 1 um proved to be
highly internally stressed, as shown in Fig. 9.

Fig. 9. Scanning electron micrograph of chromium-nickel cantilever showing intact bilayer
structure with chromium thickness limited to ~1 pm to prevent delamination.

Such stresses led to the detachment of the Cr layer from Ni the layer. Re-
stricting the fabrication process to the Cr layer not thicker than 1um led to
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intact cantilevers. However, those cantilevers should also meet other require-
ments. The most basic function of the cantilever is to apply a normal force for
tip-sample interaction. Being able to control that process means that back-side
of the cantilever has to reflect the laser beam into the four-quadrant diode. This
can happen only for a sufficiently smooth surface. In Fig. 10, the OM images of
the nickel surface of the back-side of the cantilever are shown in the as-deposited
state as well as after mechanical polishing.

Fig. 10. Optical micrographs of nickel cantilever backside: a) as-deposited surface with high
roughness, b) polished surface enabling laser reflection.

Adding a polishing step is an important change compared to the original
process flow. Here, the surface roughness of as-deposited Ni on Cr was signifi-
cantly higher than for all-Ni cantilevers. Mechanical polishing was carried out
with 1 pm diamond suspension. Such an approach led to slow material removal,
which provided control over the resulting thickness of deposited Ni as well as the
small roughness needed for laser reflection.

8. Cantilever testing

With the successful fabrication of Cr-Ni AFM probes, mechanical testing in
AFM was carried out. The probe used for those tests is shown in Fig. 11.

Measurements were carried out with the fabricated chromium-—nickel probe
using a Nanosurf Flex AFM, as shown in Fig. 12a, while Fig. 12b presents a ref-
erence measurement obtained with a commercial silicon probe. Although the im-
ages acquired with the chromium-nickel probe are not of the highest resolution,
they remain comparable to those obtained with silicon probes. This limitation is
mainly attributed to the relatively large tip radius of the fabricated probe.

The result of roughness Sa on the O-doped NbN sample for both Si and Cr-Ni
AFM probes is shown in Fig. 13.
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Fig. 11. Images of fabricated chromium-nickel probes: a, b) optical microscope images of
completed probes, and ¢, d) scanning electron microscopy (SEM) images of fabricated probes.

opm 5 10 15 20 25
365 nm b) o 805 nm

300 J

Fig. 12. AFM measurements of O-doped NbN sample: a) acquired using the fabricated
chromium-—nickel probe, b) reference measurement obtained with a commercial silicon probe.

Statistical analysis of the surface roughness measurements yielded a mean
Sa = 94.2 £27.8nm for the chromium-nickel probe and Sa = 65.3 +1.2nm
for the silicon probe (n = 63 and n = 66, respectively). While the chromium—
nickel probe exhibited a higher measurement dispersion, this behavior reflects its
increased stiffness and robustness, which makes it suitable for high-load and tri-
bological AFM applications. Despite the larger tip radius, the chromium-nickel
probe provided imaging quality comparable to the silicon probe and demon-
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Fig. 13. Comparison of surface roughness (Sa) values measured on O-doped NbN sample
using chromium-nickel probe and commercial silicon probe.

strated mechanical durability which enables stable operation under demanding
measurement conditions.

9. Discussion

The fabrication of chromium-nickel AFM probes presented here demonstrates
both the feasibility and challenges of extending bi-metallic approaches to the
AFM probe design. The introduction of a chromium layer at the tip region im-
proved wear resistance, while the nickel underlayer mitigated brittleness and
facilitated adhesion between layers. Nevertheless, several fabrication challenges
were encountered, particularly stress accumulation in thick chromium coatings.
These stresses limited the maximum practical chromium thickness to approxi-
mately 1 um, which constrained the design space. The necessity of additional pol-
ishing steps further underscores the sensitivity of the optical readout to surface
roughness, highlighting that the introduction of chromium requires process mod-
ifications compared with all-nickel probes.

The successful operation of chromium-—nickel probes in AFM measurements
confirmed that they can reach imaging quality comparable to that of commer-
cial silicon probes. While the resolution was limited by the relatively large tip
radius, the tribological benefits of chromium — particularly hardness and wear
resistance — are expected to enhance probe longevity in demanding applications.
The fabrication approach also demonstrated flexibility: by tuning nickel thick-
ness, a wide range of cantilever stiffness values and resonance frequencies can
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be achieved, offering opportunities for tailoring probes to specific experimental
requirements. However, scaling the process and ensuring reproducibility remain
open issues. Variability in photoresist stability, substrate preparation, and tip-
mold definition will need to be systematically addressed before the probes can
become competitive alternatives in routine AFM applications.

10. Conclusions

We have demonstrated a chromium—nickel AFM probe architecture that com-
bines a chromium tip with a nickel-supported cantilever. This design improves
hardness, adhesion and stiffness while maintaining functional imaging capabil-
ity comparable to silicon probes. Although fabrication challenges — particularly
stress management in chromium layers — currently limit process robustness, the
concept opens a pathway towards durable metallic probes tailored for high-load
and tribological AFM experiments. Future refinements in tip shaping and stress
control should enable probes with both higher resolution and enhanced longevity,
broadening the experimental scope of AFM in materials science and nanotech-
nology.

Although the fabricated Cr—Ni probes exhibited slightly higher roughness
dispersion compared to commercial silicon probes, their durability and resistance
to wear make them promising for high-load or tribological AFM applications.
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This study investigated two-phase flow patterns in microfluidic cross-junctions
at low capillary numbers. Four distinct flow patterns were observed: at-Junction,
Downstream, Parallel Flow, and Bi-modal. The occurrence of these patterns depends
on the flow rate ratio and channel aspect ratio. A novel Bi-modal pattern was discov-
ered, where two droplet formation modes appeared alternately to produce droplets
of two distinct sizes, challenging the conventional understanding of uniform droplet
generation. This pattern arises from the interplay between the droplet-phase thread
length, its receding dynamics, and the channel geometry. These findings expand our
understanding of droplet formation mechanisms in microfluidic devices and may
enable novel applications in drug delivery, material synthesis, and diagnostics.
Keywords: microfluidics, cross-junction, flow-focusing device, droplet formation,
two-phase flow.
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1. Introduction

Droplet microfluidics, a specialized branch of microfluidics, has transformed
biomedical applications by enabling precise high-throughput techniques for single-
cell analysis [1, 2], drug delivery [3], and point-of-care diagnostics [4]. This method
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leverages multiphase flow to create droplets — tiny, isolated compartments formed
by immiscible fluids, typically oil and water — within microscale channels on chips.
Droplets range in size from nanoliters to a few microliters and act as miniature
reactors capable of isolating and encapsulating cells, molecules, or nanoparticles
for controlled experiments [5]. Their small volumes reduce reagent consumption,
minimize waste, and allow rapid and efficient mixing of fluids for various chemical
and biochemical processes [6, 7].

Microfluidic devices can generate and manipulate thousands of droplets per
second with remarkable consistency and efficiency. These droplets facilitate com-
plex operations, such as mixing [8], merging [9], splitting [10, 11], sorting [12, 13],
and trapping [14]. By combining these operations, advanced protocols such as on-
demand concentration gradient generation [15] and droplet digital counting [16]
can be achieved, significantly expanding the scope of droplet microfluidics ap-
plications.

At the heart of a droplet microfluidic device is a droplet generator that pro-
duces a micro-sized volume of liquid in a non-immiscible liquid. The most com-
mon type of droplet generator is a passive-type, in which droplets are generated
based on the interaction between two (or more) immiscible fluids flowing through
a junction of two or more channels. In the area of single-cell analysis, for ex-
ample, microfluidic junctions such as co-flow, T-junction, and flow-focusing are
commonly used to produce monodisperse droplets with sizes ranging from a few
tens to hundreds of microns for high-throughput cell culture experiments [17].

A thorough mechanistic understanding of droplet formation is essential for
the effective use of microfluidic junctions in various applications. In particular,
droplet volume control requires careful consideration of flow conditions, channel
geometry, and fluid properties. Because the dimensions of microchannels typi-
cally range from a few tens to a few hundreds of micrometers, conventional body
forces, such as gravity and inertia, have only a minor effect on the flow. Instead,
fluid behavior at this scale is dominated by the interplay between viscous and in-
terfacial forces. To capture this balance, the capillary number (Ca) is commonly
used, representing the ratio of viscous forces to interfacial forces.

In multiphase systems involving two immiscible fluids, variations in the cap-
illary number alone can give rise to at least ten distinct flow patterns [18]. The
range of possible patterns expands further when additional factors are introdu-
ced, such as the geometry of the microfluidic junction [19] and wetting properties
of the liquid—surface interface [20]. These considerations highlight the inherent
complexity of multiphase flow in microfluidic channels and underscore the impor-
tance of understanding the physical mechanisms governing droplet generation.

For flow patterns that produce droplets, it is widely accepted that fixed flow
inputs generate monodisperse droplets — droplets with uniform size. This phe-
nomenon has numerous applications, the most common of which is as a tool for
single-cell analysis [21]. However, our research demonstrates that by subtly mod-
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ifying the hydrodynamic junction geometry, it is possible to produce two or more
distinct droplet sizes using fixed flow inputs, without incorporating additional
active control elements.

In this unique flow pattern, two different droplet formation modes alternate,
resulting in the production of two (or more) consistent droplet sizes. We have
termed this pattern ‘Bi-modal’ owing to its characteristic dual-size output. This
study aims to provide a comprehensive description and analysis of this novel flow
pattern, exploring its mechanisms, potential applications, and implications for
microfluidic technology.

The discovery of the Bi-modal pattern challenges the conventional under-
standing of droplet generation in microfluidic systems and opens up new pos-
sibilities for precise control over the droplet size distribution. That is, two or
more droplet size distributions can be produced precisely without any additional
control elements for the flow input, whereas previously, only a single droplet size
distribution could be produced from such a system.

2. Materials and methods

2.1. Experimental setup

Five microfluidic cross-junction devices were fabricated in-house for the pur-
pose of this study. The chip is made of two polycarbonate (PC) plates (Macrolon).
Channels were engraved on both plates using the CNC milling machine (Erg-
wind MFG 4025P), which has a resolution of 5 um. The two plates were bonded
together using a hot press at 135°C for 12min. There was no modification to
the surface of the microfluidic channel. Each device has rectangular cross-section
channels with a constant aspect ratio, as shown in Table 1.

Table 1. Dimensions of the five chips prepared for the study of the droplet formation.
W and H are the width and height of the channel, respectively. The device aspect ratio,
W/H, is defined as the ratio between the width and height of the channel.

Width W [um] Height H [pum] Aspect ratio W/H [-]
2010 494 4.07
1510 495 3.05
955 469 2.04
752 525 1.43
501 525 0.95

As illustrated in Fig. 1, the continuous phase (CP) and droplet phase (DP)
liquids were delivered using separate computer-controlled syringe pumps (Ce-
toni Nemesys) loaded with 1mL glass syringes (ILS 2624016) or 500 uL glass
syringes (Hamilton 81220). Each syringe pump controlled the flow rate of the
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Fig. 1. Schematic of the experimental setup for droplet formation in a cross-junction device.

CP and DP, which are denoted as Q¢ and @ p, respectively (see Fig. 1). The CP
and DP fluids were hexadecane 95 % (Sigma Aldrich) and fluorinated oil FC-40
(3M), respectively. The fluid pairs were chosen to ensure the wetting condition
of the PC surface channel with CP without the need for a surfactant. Thus,
the effect of the surfactant was excluded. The interfacial tension between the
CP and DP, ~, is 7.3 N/m, which was measured using the pendant drop method
at 21 °C. The viscosities of hexadecane and fluorinated oil are puc = 3.6 mPa-s
and up = 4.1 mPa-s, respectively, as measured using a falling-ball viscometer
at 21 °C. Initially, testing was performed at the lowest flow rates to ensure that
no flow fluctuations were caused by the mechanical components of the pump
within the range of parameters investigated in this study [22]. The syringes were
connected to the inlets of the devices using polyethylene (Beckton-Dickinson
PE-60) or polytetrafluoroethylene (Bola S1810-10) tubing. The same tubing was
used to connect the outlet of the chip to the waste container.

2.2. Image acquisition

A stereo microscope (Zeiss Stemi 508) equipped with a CCD camera (IDS
UI-3274LE-C-HQ) was used to observe the droplet formation. In the high tempo-
ral and spatial resolution experiments intended to observe the formation process
at the junction, the recording frame rate was set to 45 fps. For experiments to
measure droplet length and observe various flow patterns, a frame rate between 1
and 20 fps was used, depending on the flow rate of the DP. In a device with a high
aspect ratio and a very low flow rate, the period between droplet pinch-off can
be longer than 30 min, or in other words, approximately one hour per droplet.
Thus, low frame rate recording reduces the video file size and does not affect the
measurements in these experiments.

2.3. Image processing

The recorded images were analyzed using a script written in the Python 3 pro-
gramming language, utilizing various packages supporting image analysis [23, 24].
The typical droplet image analysis procedure (algorithm) is as follows:
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1. An RGB image was flattened into a grayscale image, as shown in Fig. 2a.

2. If a background image containing an empty junction is available, the in-
terface of a forming droplet can be easily extracted by subtracting the
intensity of the droplet-containing image from the background image, as
shown in Fig. 2b.

3. If the background image is not available, it can be produced using an-
other image processing technique. In the case of a bright-field image with
uniform light coming from the back of the chip, a background image can
be created by taking the maximum intensity from many images with dif-
ferent droplet positions. Because the interface of a droplet is a shadow
(low-intensity value), the interface is replaced with higher-intensity pixels
from other images.

e ==

~~—pinch-off

area DP

t(s)

Fig. 2. Example of image processing result: (a) original grayscale image, (b) image containing
the droplet shadow only as a result of subtraction with the background image, (c) image
containing a filled droplet (these images were useful for measuring the droplet area),

(d) image containing an outline of the droplets is useful for measuring the parameters
obtained from the interface, (¢) measurement result of Lt versus time. A jump in L7 marks
the pinch-off of the droplet formation. In the filling stage, the droplet flows into the junction
at the rate of the DP flow rate, @p. Thus, the increase in the droplet area is equal to Qp/H,
as illustrated in the three images with the shaded areas. Images were sourced from [25].
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4. The grayscale droplet image was then converted into a binary image by
applying a threshold value.

5. Image noise was reduced by executing one or a combination of morpho-
logical operations, such as erosion, dilation, opening, closing, and removal
of small objects.

6. After noise removal, the resulting image contained only a droplet outline
(Fig. 2d), and various parameters were measured. If required, the area
enclosed by the outline can be filled by replacing the zero values within
the outline with a binary value of 1, as shown in Fig. 2c.

The exact implementation of the algorithms varies depending on the quality
of the recorded images. An example of the resulting measurement of the droplet
tip position, Ly, is shown as red circles in Fig. 2e.

A jump in the L value indicates a pinch-off. Following the pinch-off, the DP
recedes into the cross-junction and starts to grow at a rate proportional to the
filling rate of the DP, that is, C%—tT o g—fv. More accurately, the filling rate of
the DP can be approximated by measuring the area within the growing droplet
over time (see images with a red overlay). The rate of change in the droplet area
is approximately equal to @ p/H. This method can be used to verify the DP flow

rate, Qp.

3. Results and discussion

3.1. Flow patterns at low Ca regime

Multiple flow patterns can arise when two immiscible fluids flow through
microfluidic junctions. The emergence of these patterns depends on the channel
geometry, relative magnitudes of the two liquid flow rates, and physical properties
of the fluids, such as viscosity and interfacial tension.

Consider a cross-junction device (see Figs. 1 or 2), where the droplet phase
(DP) enters with a flow rate of @p and encounters the continuous phase (CP)
with a flow rate of Q¢. The flow at this length scale and within a confined space is
dominated by viscous and interfacial forces, which are captured by the Capillary
number,

pueQc
Ca = WH' (1)

where uc is the viscosity of the CP, « is the interfacial tension, and W and H
are the channel width and height, respectively.

The behavior of droplet formation strongly depends on Ca [18]. At higher Ca,
the viscous drag from the CP is sufficient to deform the DP without requiring the
DP to occupy the junction. Droplet breakup then occurs via the dripping or jet-
ting mechanism, producing droplets smaller than the channel width [19]. In con-
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trast, at low Ca, the droplet formation occurs only after the DP grows large
enough to obstruct the outlet channel. This obstruction causes the CP to accu-
mulate, squeezing the DP and eventually breaking it into a droplet larger than
the channel width. This mechanism is known as squeezing droplet formation, and
it depends on the junction geometry [26]. Bi-modal droplet generation is also ge-
ometrically dependent and has been found in this low Ca regime. Therefore, the
present study focuses exclusively on the low Ca regime. Since only a single fluid
pair is used in this study, uc and v are constants. Thus, Ca depends on the device
aspect ratio (see Table 1) and the CP flow rate, Q¢. In this study, the operating
CP flow rate ranges from 0.01mL/h to 14mL/h, covering Ca values between
7 x107% and 5 x 1073 across different devices.

Within this Ca regime, a variety of flow patterns emerge as a function of the
ratio between two flow rates:

_%p

1= 00 (2)

These results are summarized in flow pattern maps (see Fig. 3), where the key
control parameter is the flow rate ratio in combination with the channel aspect
ratio, W/H. Four distinct flow patterns were observed:

1. at-Junction: For small ¢, the CP pinches off the DP near the junction,
causing the DP thread to recede into the inlet channel (see blue regions
in Figs. 3a-f).

2. Downstream: At an intermediate ¢, droplet pinch-off occurs further
downstream. After pinch-off, the receding DP thread remained inside the
outlet channel, leading to a different breakup mechanism (see orange re-
gions in Figs. 3a—f).

3. Parallel Flow: For a higher ¢, the CP flow was insufficient to deform and
break the DP. Instead, the two phases flow side by side, forming a stable
filament (see green regions in Fig. 3a—f).

4. Bi-modal: In a narrow range of ¢, both at-Junction and Downstream
modes appear alternatingly, producing droplets of two distinct sizes. This
occurs primarily in channels with the cross-sectional aspect ratio, W/H,
equal to or larger than two, as indicated by the yellow-cross markers in
Figs. 3d-f.

As shown in Figs. 3b—f, the flow pattern map is unique for each device aspect
ratio. This implies that the transitional flow rate ratio depends on the device
W/H. The transitional flow rate ratio between Parallel Flow and Downstream is
denoted as gp_,p, while the transitional flow rate ratio between Downstream
(including Bi-modal) and at-Junction is denoted gp_,;. As shown in Figs. 3g
and 3h, both ¢p_p and gp_,; decrease with increasing device aspect ratio.
We observed that the inverse of gp_, p was linearly proportional to the device as-
pect ratio, which is in agreement with the previous report by Humphry et al. [27].



80

T. Kurniawan, M. Sahebdivani, S. Blonski, P.M. Korczyk

@ g Parallel flow

A Downstream

@ at Junctionr

(b)

\ %o /02 0.4 06
Qc(mL/h)

x107*
0.00 1.04 312
1 1
W/H =0.95

— Qp = qp-pQc
re === Qp=qp_;Qc

Ca
2.08
1

$3 Bi-modal
(d) Ca x107* (e) Ca X107
0.00 3.04 6.07 9.1 000 092 183 275 367 458
STw/H =2.04 0TW7H =3.05
2.5
6-
g gzo— ] ’
3 3
E4 E 15 /.
o o |
< SENE = @ @
27 ]
054 W
e o ©
0 00 : : : : !
0 1 2 3 00 05 10 15 20 25
Qc (mL/h) Qc (mL/h)
© (1)
3.0
74 +qDa.|
2.5
o
5 2.0
5 7
@4- @15—
1
1.0
2
W 0.5+
0
i 3 3 i 00 3 ] i
WIH WIH

Ca %1073
0.347 0.694 1.041 1.388
L L L L

W/H =1.43

Qp (mL/h)

0 2 3 4
Qc (mL/h)
® Ca X104
0.00 1.38 2.76 4.14
as : ‘ ‘
W/H =4.07
2.0
—
§ 1.5
) 0
A1.0 Q
< ® ®
051 ® o ®
8 o o
0.0 T T '\
1 2 3
Qc (mL/h)
(1) 1.75
| - glp
150 —— g5, , = 0.46W/H —0.42

1 2 3 4
WIH

Fig. 3. Observation of flow patterns in the low-Ca flow regime: (a) flow pattern emerging
owing to different flow-rate ratios, (b)—(f) flow pattern maps for different device aspect ratios,
(2) ¢p—p and (h) gp— s decrease with increasing device aspect ratio W/H, (i) Linear
proportionality of the inverse of gp— p against W/H. Images (a)—(f) were adapted and images
(g)—(i) were reproduced from [28].

3.2. Droplet formation — at-Junction

Three-dimensional images illustrating the droplet formation process in the
cross-junction device with W/H of one and four are shown in Figs. 4a and 4b, re-
spectively. The experimental images of at-Junction droplet formation are shown
in Fig. 4c. From the image sequence, parameters such as the droplet tip length L
and the local maxima and minima of droplet E were measured and plotted over
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Fig. 4. Three-dimensional illustration of droplet formation in a cross-junction with W/H:
(a) 1 and (b) 4. (c¢) Evolution of the droplet tip L7 and local maxima/minima of the forming
droplet, E, in a single droplet formation cycle. (d) at-Junction droplet formation stages:
filling, necking, and pinch-off. The filling stage ends when the DP blocks the outlet channel
and attains a straight droplet shape, £ = W. The necking time is taken from the end of the
filling stage t = 0s up to pinch-off ¢ = 7. Experimental images and measurements were
obtained from the device with W/H = 4.07 at Q¢ = 1.00mL/h and Qp = 0.30mL/h.
Images (a), (b), and (d) were reproduced, and image (c) was adapted from [28].
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time, ¢t (Fig. 4d). As shown in the image sequence, at-Junction droplet formation
consists of three stages:

— Filling. This is the stage when the DP flows through the junction and has
not yet occupied the outlet channel. The CP flows through the junction
and directly to the outlet channel with minimal interference from the DP.
Eventually, the DP becomes sufficiently long to fill the junction and outlet
channels. The end of the filling stage is marked when the droplet becomes
a straight plug, £ ~ W, as shown by the II markings in Figs. 4c and 4d.

— Necking. Time zero of the necking stage is taken when the DP forms
a straight plug, as shown by the III markings in Figs. 4c and 4d. As the
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DP occupies the outlet channel and blocks the path for the CP, it in-
creases the flow resistance for the CP flow passing through the droplet.
Consequently, the CP accumulated upstream of the droplet tip and be-
gan to squeeze the DP. This process is called necking (see IV in Figs. 4c
and 4d). The necking process ends when the neck of the droplet becomes
thin enough to become unstable owing to the Plateau—Rayleigh instability.

— Pinch-off. The instability drives the collapse of the thin neck, producing
a droplet of DP (see V in Figs. 4c and 4d). This process occurs in a very
short time and is called the pinch-off.

3.3. Droplet formation — Downstream

The Downstream droplet formation process is similar to the at-Junction
mode, except that because of the higher flow rate ratio, necking occurs much
further downstream of the junction, as shown in Fig. 5a. After pinch-off, the

(@

Necking
(start)

Pinch-off

Necking
(start)

()1
111

104 &

0 100 120 140

0 20 40 60

Fig. 5. (a) Downstream droplet formation occurs in two stages: necking and pinch-off.
(b) Droplet tip length cycle shows that the process begins with the relaxation of the DP
thread, continues with the necking phase, and concludes with the pinch-off. Experimental
images and measurements were obtained from the device with W/H = 4.07 under flow
conditions of Q¢ = 1.50mL/h and @p = 0.90mL/h. Images were sourced from [25].
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droplet thread (i.e., the droplet phase that is part of the DP supply line) re-
cedes and stops inside the outlet channel. The process is then followed by the
necking stage, skipping the filling stage. Thus, the Downstream droplet forma-
tion consisted of only two stages: necking and pinch-off, as shown in Fig. 5a. The
measurement of Lz in this mode (see Fig. 5b) also shows that after the jump
(pinch-off), Ly evolves almost linearly with time until it jumps again. This is
in contrast to the evolution of Lz in the at-Junction mode (Fig. 4d), where there
are two different regions of Lt evolution.

3.4. Bi-modal droplet formation

Bi-modal droplet formation consists of two formation modes: at-Junction
and Downstream. The two modes appeared alternately, as shown in the image
sequence in Fig. 6. The image sequence with green (dark) and brown (light)
backgrounds shows the at-Junction and Downstream modes, respectively. Ini-
tially, the droplet undergoes the normal at-Junction droplet formation process:
filling, necking, and finally pinch-off. However, because the thread is sufficiently
long, the receding thread after pinch-off remains inside the outlet channel. Next,

Necking

Fig. 6. Image sequence of one full cycle of bi-modal droplet formation. At-Junction (green) is
followed by Downstream (brown), and then followed again by at-Junction (green). Images
were captured from the device with W/H = 4.07 at Q¢ = 0.50mL/h and Qp = 0.20mL/h.
Images were sourced from [25].
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the thread grows inside the channel while undergoing necking until pinch-off.
The key to the process that allows the alternating condition between two modes
is that there must be a sufficient length of droplet thread during at-Junction
droplet formation, such that the receding thread after the pinch-off stops inside
the outlet channel, allowing subsequent droplet formation in the Downstream
mode. However, the droplet thread (resulting from the at-Junction mode) can-
not be too long; otherwise, only cycles of the Downstream droplet formation can
occur.

The two modes produced two distinct droplet sizes. The droplet size produced
in the at-Junction mode was larger than that produced in the Downstream mode.
This is because the overall droplet formation duration is shorter in the Down-
stream mode, as shown by the measurement of Lt in Fig. 7a. The evolution of
Ly clearly indicates the alternating modes, with the green and brown regions
appearing alternately, showing the at-Junction and Downstream modes, respec-
tively. The at-Junction mode takes a longer time — shown by the wider green
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Fig. 7. (a) Evolution of Ly shows two modes of droplet formation: at-Junction (green) and
Downstream (brown). (b) Experimental image showing two distinct droplet sizes.
(c) Sequential pattern of two different droplet sizes. Measurements were taken from the device
with W/H = 4.07 at Q¢ = 1.50mL/h and Qp = 0.85mL/h. Images were sourced from [25].
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area in Fig. 7a — because each cycle consists of filling and necking stages. Be-
cause the time for droplet formation was longer, the size of the droplet produced
by the at-Junction mode was larger (see Fig. 7b). The Downstream mode only
has cycles of the shorter necking stage, producing a smaller droplet size. The
measurement shown in Fig. 7c shows the sequential alternating of two droplet
sizes.

4. Conclusions

This study provides a comprehensive analysis of two-phase flow patterns in
microfluidic cross-junction devices, focusing on the low capillary number regime.
Four distinct flow patterns were identified: at-Junction, Downstream, Parallel
Flow, and Bi-modal. The transitions between these patterns were found to de-
pend on both the flow rate ratio and channel aspect ratio. Of particular interest
is the novel Bi-modal pattern, which produces alternating droplet sizes under
fixed flow conditions. This pattern challenges the conventional understanding
of droplet generation in microfluidic systems and opens up new possibilities for
precise control over the droplet size distribution.

This study provides detailed insights into the mechanisms of droplet forma-
tion for the at- Junction, Downstream, and Bi-modal patterns. The at-Junction
mode consists of three stages (filling, necking, and pinch-off), whereas the Down-
stream mode involves only necking and pinch-off. The Bi-modal pattern alter-
nates between these two modes, resulting in the production of two distinct droplet
sizes. This unique behavior is attributed to the specific conditions that allow
the dispersed-phase thread to recede and stop within the outlet channel after
pinch-off.

These findings may have significant implications for various applications of
droplet microfluidics, including single-cell analysis, drug delivery, and advanced
diagnostics. The discovery of the Bi-modal pattern, in particular, offers new op-
portunities for generating controlled distributions of droplet sizes without the
need for additional active control elements. This breakthrough could potentially
revolutionize fields that rely on droplet-based technologies, enabling sophisti-
cated and precise manipulation of microscale fluid dynamics.
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