Open Access Article. Published on 24 Februar 2025. Downloaded on 24.02.2026 09:45:40.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

PCCP

¥® ROYAL SOCIETY
PP OF CHEMISTRY

View Article Online

View Journal | View Issue

’ '.) Check for updates ‘

Cite this: Phys. Chem. Chem. Phys.,
2025, 27, 5056

Received 11th December 2024,
Accepted 12th February 2025

DOI: 10.1039/d4cp04667f

rsc.li/pcecp

1 Introduction

Crack control in dried ferro-colloidal droplets:
effect of particle aspect-ratio and magnetic field
orientationst

Deeksha Rani®* and Subhendu Sarkar

Crack formation in dried colloidal films is a common phenomenon encountered in diverse fields, from
coatings and materials science to biological and environmental applications. Understanding the
mechanisms behind crack patterns and their dependency on external factors is crucial for tailoring
deposit structures. In this study, we investigate the impact of an externally directed magnetic field on
the crack morphology and self-assembly in dried deposits composed of anisotropically shaped ferro-
colloidal particles of varying sizes. Employing a sessile drop configuration, distinct crack patterns are
observed in ring-like deposits as the magnetic field is applied in parallel, perpendicular, and oblique
orientations. Notably, crack propagation in the oblique field direction transitions from wavy to helical-
shaped patterns depending on the size of the nanoparticles, in contrast to the patterns seen in parallel
and perpendicular fields. Our findings demonstrate that ferro-colloids align with the magnetic moment
along the tensile stress direction, particularly at the edges of the deposits where cracks propagate. The
particle orientation and self-assembly in the deposits were controlled by the interaction of
hydrodynamic and magnetic forces, with force calculations revealing that this interaction strongly
depends on particle size and field angle. This interaction leads to crack alignment along the particle’s
long axes, emphasizing the influence of the magnetic field on the deposit's structural integrity.
Additionally, ferro-colloid concentration significantly impacts crack density, with higher concentrations
promoting the development of prominent cracks at the rim edges of the deposits. By leveraging the
interplay between magnetic interactions and evaporation dynamics, we can develop novel strategies for
manipulating nanoscale structures for advanced technology.

understood to compromise the mechanical integrity and dur-
ability of the coatings,* which is critical in applications such as

Cracks in colloidal particle films have been extensively investi-
gated and recognized as a prevalent phenomenon in colloidal
systems.” During the drying of colloidal dispersions, colloidal
particles are progressively drawn together, ultimately forming a
continuous film as the suspending medium evaporates. Following
this, the film undergoes additional shrinkage due to the increased
capillary and van der Waals forces acting between the particles.’
As these forces intensify, stress accumulates within the film,
leading to the nucleation and propagation of cracks.*® The energy
released during crack formation has been quantitatively deter-
mined to match the energy required to generate new surfaces
along the crack edges.® The occurrence of particulate fractures is
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drug delivery,” biosensing,® photonics,” microfluidic devices,’
microelectronics,'® and the self-assembly of defect-free layers
of micro- and nanoparticles."* Crack dynamics in colloidal
films are influenced by a range of factors, including particle
shape and size,'> particle concentration,'® the presence of
additional components in the dispersion,"* and external sti-
muli such as temperature variations or applied electric
and magnetic fields."” Studies on the evaporation behavior of
colloidal suspensions on different substrate surfaces have
unraveled various phenomena, including the coffee-ring effect
and the self-assembly processes of nanoparticles during droplet
drying.’® While much of the earlier research has focused on
spherical particles, providing insights into particle deposition
patterns and structural evolution during evaporation,'”'® the
introduction of non-spherical, anisotropic particles has added
new complexities to these systems.'® The shape anisotropy of
such particles introduces directional dependencies in particle
orientation and assembly, significantly affecting the final
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morphology of the deposited film. Moreover, diverse crack
morphologies, such as circular, radial, spiral, and wavy pat-
terns, have been experimentally observed in particulate films,
with their formation dependent on the specific drying
conditions.>*® In recent years, the integration of external
stimuli into this research paradigm has opened up new dimen-
sions of control and manipulation.

Ferro-colloids, characterized by magnetic nanoparticles sus-
pended in a carrier fluid, present an extraordinary opportunity to
investigate the intricate relationship between magnetic forces and
evaporative dynamics.”' The behavior of such colloidal systems
under evaporation, particularly when containing magnetic nano-
particles, has been extensively studied using diverse magnetic field
configurations, including permanent magnets, ring magnets, and
electromagnets.”*** Evaporation studies, particularly of magnetic
particle-laden droplets, demonstrate how external fields, both
electric** and magnetic®® affect crack formation in colloidal films.
These interactions play a significant role in modulating the drying
patterns and have led to new insights into how evaporation can be
controlled to achieve desirable deposition outcomes. In ferrofluids,
the dynamic response to magnetic fields has been extensively
studied, particularly in microfluidic applications where uniform
and non-uniform magnetic fields manipulate the fluid flow and
particle alignment.”® The addition of anisotropic particles, such as
ellipsoids, further complicates the system, as these particles
exhibit unique hydrodynamic and magnetic properties.”> The
breakage of rotational symmetry in ellipsoidal particles introduces
anisotropic forces that alter their orientation and arrangement
during evaporation.>”*® When exposed to external magnetic fields,
these particles exhibit complex reorientation and self-assembly
behaviors, with the directionality of the field playing a crucial
role.”® This convergence of anisotropic particle shape, hydrody-
namics, and magnetism opens a fascinating window into colloidal
science, where the interplay of forces can be finely tuned to control
the particle arrangement and deposition patterns.

This study investigates the mechanisms of crack formation
during the drying of ferro-colloid droplets containing particles
with varying aspect ratios, subjected to a directed magnetic field.
Our experiments focus on droplets composed of hematite ellip-
soids, revealing that the size-dependent magnetic properties of
the particles strongly influence the crack patterns in the dried
deposits. The combined effects of hydrodynamic forces and
magnetic force, particularly as modulated by the orientation of
the applied magnetic field, govern the alignment of ellipsoidal
particles during self-assembly. In addition, particle concentration
plays a critical role, particularly in the ring regions, where higher
concentrations lead to denser and enhanced crack development.
These results emphasize how particle shape, size, concentration,
and magnetic field orientation collectively determine the crack
propagation and final arrangement in the dried deposits.

2 Experimental method

Ellipsoidal hematite particles were synthesized via the forced
hydrolysis of Fe™* with urea.®® A mixture of 9.24 g Fe(ClO,);
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(Sigma-Aldrich, India) and 1.2 g of urea (Merck, India) was
dissolved in 200 mL of Milli-Q water (18.2 MQ cm) and transferred
to a clean 250 mL Pyrex bottle. To control the particle size,
NaH,PO, (Merck, India) was introduced into the solution. The
sealed bottle was incubated in a preheated oven at 100 °C for
24 hours. After the reaction, the product was centrifuged at
6000 rpm for 30 minutes and washed repeatedly with deionized
water until the supernatant pH matched Milli-Q water. The final
ellipsoidal hematite particles were resuspended in Milli-Q water
for further use. The aspect ratio of the synthesized particles was
accurately measured using field-emission scanning electron
microscopy (FE-SEM, JEOL). To proceed with the subsequent
experiments, nanoparticles with 4 different ellipsoidal sizes and
a fixed concentration of 2 wt% were prepared. These suspensions
underwent centrifugation and ultrasonic treatment for 15 min-
utes to ensure thorough mixing of the particles. In preparation for
the drying droplet experiments, glass slides underwent a rigorous
cleaning procedure. First, they were immersed in piranha solution
(3:1 volume ratio of H,SO, to H,0,) for 5 minutes to remove
organic contaminants. Afterward, the slides were cleaned using a
0.3 wt% labolene (soap) solution for 10 minutes to eliminate any
remaining residues, followed by a 5-minute rinse with ethanol to
further clean the surface and remove soap traces. Finally, the
slides were rinsed multiple times with deionized water to ensure
complete removal of any chemical residues, making them ready
for the experiments.

A 1 pL droplet of the nanoparticle suspension was deposited
onto the cleaned glass substrate using a micro-pipette and
allowed to evaporate in the presence of an external magnetic
field. The magnetic field was generated by an electromagnetic
setup (Raman Scientific Instrument) and the drying was con-
ducted under controlled ambient conditions at a temperature of
23 £ 2 °C and relative humidity (RH) of 40 + 5%. The experi-
mental arrangement is depicted in Fig. 1, showing a rotating
electromagnet mounted on a circular board with a pole-to-pole
distance of 30 mm. The electromagnet was oriented along the
z-axis, while the droplet remained stationary in the x-y plane.
Experiments were performed under three different magnetic field
orientations: parallel to the substrate (Hparanel = 0°), perpendicular
to the substrate (K, = 90°), and at an oblique inclination

perp
(Heantea = 40° £ 2°). The strength of the applied magnetic field

H

b S

~ g A
c Electromagnet
u

Fig. 1 Experimental setup schematic depicting a sessile drop undergoing
evaporation between the pole pieces of an electromagnet, with the
magnetic field direction denoted as H.
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was maintained at 2000 G, directed from the north to the south
pole, and was continuously monitored using a digital Gaussmeter
(Raman Scientific Instrument). The dried droplet deposition
patterns were analyzed using a (Nikon LV100ND) optical micro-
scope at 10x and 20x magnifications.

3 Results and discussion
3.1 Characterisation of hematite particles

The aspect ratio () of hematite ellipsoids, representing the
ratio of the major axis length to the minor axis length, was
determined as 1.2 + 0.31, 2.9 4+ 0.26, 4.8 + 0.34, and 7.1 £+ 0.17
based on SEM images corresponding to €4, Q;, Q5 and Q, as
shown in Fig. 2(a) and (b). The corresponding magnetic proper-
ties of hematite ellipsoids were investigated by observing the
magnetic moment (M) variation with the applied magnetic field
(H) at 300 K for all samples shown in Fig. 2(c). The observations
reveal hysteresis loops with coercive fields (H.) of approximately
508, 306, 422, and 456 G for Q,, Q3, Qs, and Q,, respectively.
The non-zero coercivity confirms the ferromagnetic behaviour
of hematite ellipsoids, consistent with established literature.*"
The calculated value of magnetic susceptibility, magnetization
saturation, viscosity, surface tension and zeta potential of ferro-
colloids have been reported in Table 1. These properties
provide insight into both the collective behavior of the suspen-
sion and the intrinsic characteristics of colloidal particles. The
data highlight the influence of magnetic properties on particle
interactions, emphasizing the critical role of particle shape and
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Fig. 2 (a) FE-SEM images of hematite nanoparticles of different shapes.
(b) Dimensional measurement of anisotropic-shaped particles with aspect
ratios | — Mtajor-a)u‘s length (2b)
Minor-axis length (2a)
Qy, respectively. (c) The magnetization curve illustrates the magnetic behavior
of hematite particles with different aspect ratios/sizes measured at 300 K.

] of 1, 3, 5, and 7 denoted by €;, Qs, Q5 and

Table 1 Properties of ferro-colloids in the 2 wt% suspension
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size in field-assisted assembly processes.’” This underscores
the interplay between magnetic attributes and the physico-
chemical properties of the system.

3.2 Deposition morphology in the absence/presence of
external fields

In the absence of a magnetic field, anisotropic particle-
containing droplets exhibit distinct deposition patterns based
on particle shape, as shown in Fig. 3. Spheroids (2,) create
radial crack patterns as they aggregate symmetrically around the
droplet’s centre; their isotropic properties facilitate uniform
contraction during evaporation, leading to evenly spaced cracks
radiating outward."® In contrast, ellipsoidal particles (23, 25, 2-)
form annular crack patterns due to their anisotropic nature,
which causes them to align along specific axes, i.e., major-axes.
As the droplet dries, these elongated particles generate localized
stresses along the minor axes that promote concentric cracking,
resulting in a layered appearance.”® This localized stress along the
minor axes leads to the formation of concentric rings, with the
stress being most concentrated at the edges and progressively
dissipating toward the centre. Thus, the differences in particle
shape significantly influence the stress distribution and the sub-
sequent cracking patterns during evaporation. The differences in
particle shape significantly influence the stress distribution and
subsequent cracking patterns during evaporation. In both the

500 um

500 pm 500 pm

(c) (d)

Fig. 3 Desiccation patterns of dried droplets containing anisotropically-
shaped nanoparticles with varying aspect ratios: (a) 4, (b) Qs, (c) Qs, and
(d) Q7 in the absence of an external magnetic field. Fig. S1in the ESIf shows
magnified images for better visualization.

Particulars Q, Q5 Q5 Q,

Magnetic susceptibility () 43 x 107 1.4 x 1071 9.1 x 107° 6.1 x 107°
Saturation magnetization (M) 1.9 Am® 2.4 Am® 1.8 Am? 1.5 Am®
Viscosity (17) 0.0038 Pa s 0.0015 Pa s 0.0014 Pa s 0.0016 Pa s
Surface tension (};) 64.06 nN m ™" 60.26 NN m ™" 56.47 nN m™" 62.59 nN m ™"
Zeta potential (¢p,) 49 mv 28 mV 38 mvV 24 mvV
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Without magnet \ With magnet

33

@) (b)

Fig. 4 Deposition morphologies illustrating the arrangement of spheroi-
dal particles (@) and crack propagation at the ring of the deposit in the
(a) absence and (b) presence of an external magnetic field.

presence and absence of a magnetic field, spherical particles in
dried deposition exhibit similar morphological characteristics,
primarily forming radial crack patterns, as shown in Fig. 4(a).
Without a magnetic field, the isotropic nature of the spherical
particles allows them to distribute uniformly as the droplet evapo-
rates, leading to the development of cracks that radiate outward
from the center due to uniform stress distribution."® In the
presence of a magnetic field in all directions, while the particles
may experience some alignment along the field lines, the overall
deposition morphology remains similar (Fig. 4(b)). The magnetic
interactions may enhance local ordering but do not fundamentally
alter the radial nature of the cracks formed. Up to 2000 G, the
cracks remain unchanged, with particles aligning along the field
lines, while at higher field strengths, particle alignment is more
pronounced, enhancing local ordering without affecting the over-
all radial nature of the cracks.

3.3 Self-assembly of ellipsoidal particles with an external
magnetic field

During the evaporation process of a sessile drop influenced by a
magnetic field, particle orientation near the contact line was
determined by both fluid flow direction and magnetic field
orientation. Ellipsoids generally align with their major axis
parallel to the solvent flow direction, i.e., radially outward.®
Simultaneously, the magnetic field aligns the ellipsoids with their
minor axis along the field direction, as the magnetic moment is
confined to the minor axis due to the Fe** spins located in the
basal plane of the hematite.** The orientation of particles at the
contact line was decided by the relative strength of magnetic
particles in the evaporating fluid and the external magnetic field.
It was established that for ellipsoidal magnetic particles, the
superimposition of hydrodynamic and magnetic characteristics
influences the deposition patterns of the particle.”®?

3.3.1 Electromagnet parallel to the substrate. As shown in
Fig. 5(a), sessile droplets containing hematite ellipsoids undergo
evaporation under the influence of external magnetic fields
aligned parallel to the substrate, featuring varying particle sizes.
The resulting crack morphology exhibits linearity, following the
chord of the coffee ring formed in the particulate deposit, a

This journal is © the Owner Societies 2025
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(a) After drying
(b)
Fig. 5 (a) Schematic displaying the experimental setup with the magnet

oriented parallel to the sessile droplet along the x-axis and the creation of
the resulting deposition patterns. (b) FE-SEM and optical images illustrate
the particle alignment and fracture direction during the deposition of
various aspect ratios of 3, 5, and 7, respectively. For better observation
of the deposition pattern, refer to Fig. S2-S4 in the ESI.{

consistent observation across all cases. However, enhancement
of crack width occurs in the reverse order of the ellipsoidal
aspect ratio. This phenomenon was accompanied by the assem-
bly of particles (with a major axis) in a perpendicular direction to
the field, facilitated by the orientation of the magnetic moment
of particles parallel to the applied magnetic field.*"*> The crack
width was maximum for Q; and lowest for 2, as shown in
Fig. 5(b). Additionally, the optical figures presented illustrate
distinct regions: the exterior corresponds to the area outside the
coffee-ring particulate deposit, while the interior designates the
space within the deposit. The majority of ellipsoids were depos-
ited in the annular region, contributing to the observed crack
patterns due to stress build-up at the end of the evaporation.>*

3.3.2 Electromagnet perpendicular to the substrate. In the
schematic of Fig. 6(a), the application of a magnetic field in a
perpendicular direction results in the formation of a coffee
ring, but with a distinctive alteration in the crack pattern
exhibiting concentric rings like depositions. This phenomenon
can be explained by the continuous evaporation of fluid from
the drop surface during sessile drop evaporation, where the
maximum evaporative flux occurs at the three-phase contact
line.*® The nonuniform evaporative flux, combined with the
external magnetic field applied perpendicular to the surface,
induces a more rapid outward radial flow of the particles
towards the contact line of the drop.’® This radial flow, coupled
with the effective force applied to the particle, determines the
deposition pattern of the ferrofluid. The resulting interaction
forces accumulate stress in the gel region during the final
stages of evaporation, initiating cracks in the circular for-
mation. FE-SEM images of Fig. 6(b) demonstrate that the cracks
align along the periphery of the drop, tracing the direction of
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(a)

After drying

(b)

Fig. 6 (a) Schematic of the experimental setup where a magnet aligns
perpendicularly (along the z-axis) to the sessile droplet situated within the
x—y plane with the resulting deposition pattern formation after drying.
(b) Optical and FE-SEM images of the deposition of different aspect ratios
(3, 5 and 7) with the crack propagation and particle alignment. For enhanced
clarity, magnified optical images are provided in Fig. S5-S7 of the ESI.{

the major axis of the ellipsoidal particles. The crack width was
observed to intensify for smaller particles (Q3) as compared to
the larger particles. Despite particle alignment in the direction
of the crack, the assembly was more regular for Q, due to its
higher restraining effect attributed to a large amount of force
applied to these particles.

3.3.3 Electromagnet at the canted direction to the sub-
strate. In the presence of an oblique magnetic field, the
evaporation of ferrofluids generates distinctive and intricate
crack patterns in the dried deposition, shaped by both the
external field and the inherent properties of the colloidal
particles. As shown in Fig. 7(a), the experimental setup high-
lights the evolution of these cracks at the canted direction of
the external field. The images in Fig. 7(b) reveal that cracks
along the y-axis are more pronounced, dense, and randomly
oriented compared to those along the x-axis, where they exhibit
more circular and organized structures. This variation in crack
morphology is primarily attributed to the shape anisotropy and
long-range ordering of the ellipsoidal particles, which lead to
preferential crack propagation along directions where less
energy is required for the crack to advance.”® When the
magnetic field is neither perfectly parallel nor perpendicular
to the surface of the drying droplet, the morphology of the
cracks transitions from helical or hook-like formations to
circular patterns, depending on the local influence of the
magnetic field at various regions of the deposit. The observed
transition highlights the role of the canted magnetic field in
modulating the stress for crack propagation, effectively guiding
cracks along preferential pathways dictated by the field
orientation.'® For instance, in the case of Q; particles, wavy
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Fig. 7 (a) Schematic of the experimental setup showing the creation of
the deposition pattern after drying, with magnets positioned at an oblique
direction that is neither parallel nor perpendicular to the sessile droplet
located within the xy plane. (b) FE-SEM and optical images show the
deposition of various aspect ratios (3, 5, and 7) along with particle
alignment and crack propagation along different deposit sites. Magnified
optical images are presented in Fig. S8-S10 within the ESIf for enhanced
detail and visualization.

crack patterns appear at the top and bottom of the droplet. The
application of magnetic forces to these particles’ magnetic
moment induces greater deviations in particle alignment,
causing significant disruptions in the overall crack structure.
As particle size increases, as observed with Q5 and Q, particles,
spiral-shaped cracks become more pronounced along the
y-axis, intensifying with particle size. Additionally, the width of
the helical cracks expands with increasing particle elongation.
This phenomenon arises from a reduced packing efficiency within
the self-assembled deposits, as elongated particles encounter
steric hindrances that restrict their arrangement into tightly
packed structures. The resulting lower packing density creates
more noticeable voids between particles at Q,, disrupting the
uniformity of the assembled network and giving rise to wider and
less defined crack patterns in systems containing larger and more
anisotropic particles. Thus, the deposition pattern of a particle
gets intricately linked to the forces it experiences, which can be
controlled by its orientation and the particle’s magnetic moments
in the external magnetic field and the ambient flow field.

3.4 Interplay of forces in fluid governing deposition pattern
evolution

It is thus observed that the drying patterns of ferrofluid
droplets are significantly influenced by both the direction
and intensity of the external magnetic field. Crack propagation
in the film is primarily governed by the balance between
surface tension and the resistance experienced by the particles

This journal is © the Owner Societies 2025
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during drying.*® Additionally, the final particle deposition is
directly related to the magnetic forces acting on the particles
under a directional magnetic field. Fig. 8 illustrates the forces
(F) acting on a particle within the droplet as a function of the
magnetic force (F,) and hydrodynamic force (F,). The total
force on a particle can be expressed by the equation:

F = F,,coS ¢, + Fp, (1)

where cos ¢y, is the horizontal component of the magnetic field
in the x-y plane, and F}, was estimated based on Stokes’ law,
assuming a low Reynolds number regime where viscous effects
dominate.” This force experienced by a particle of hydrody-
namic radius r, ~ b (semimajor-axis) moving with velocity v in a
fluid of viscosity 7 is given by F}, = 6nyryv. The effective magnetic
force acting on a particle during drying under an applied
magnetic field, H is given by Fn, = uoVpx(HpVH),” where H,
represents the magnetic field associated with the particle’s
magnetic moment, which aligns along its minor axis, y is the
magnetic susceptibility of the ferro-colloid, and V;, is the volume
of the particle. Since forces are vectorial quantities, both magni-
tude and direction influence the resulting deposition patterns.
The hydrodynamic and magnetic forces act at different orienta-
tions, contributing to the alignment and distribution of parti-
cles. As illustrated in Fig. 8, the total maximum forces, on the
order of 10 * N, increase with particle size, leading to enhanced
alignment in the particles. Larger particles experience stronger
magnetic torques, leading to more pronounced alignment along
the field direction. Additionally, hydrodynamic interactions vary
with particle size, as larger particles experience greater drag
forces, modifying their motion within the evaporating droplet.
For Hparaniel, the forces reach a maximum of 5.7x 10~ N for Q,.
These magnetic forces influence particle orientation by aligning
the magnetic moments along the field direction, resulting in a
linear arrangement of particles and cracks in the deposit. The
hydrodynamic force, although lower in magnitude compared to
the magnetic force in the present study, plays a role in the local

6x107%

4x10713 1

Total Force (N)

2x10713 1

H

H canted

Field

Fig. 8 Total forces for the various particle sizes (Qz, Qs, and Q) in
dependence on the direction of the magnetic field acting on the sessile
droplet during evaporation.

parallel
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mobility of the particles before deposition. As evaporation pro-
gresses, competition between hydrodynamic drag and magnetic
attraction dictates the final alignment. Additionally, the influence
of electrostatic forces was considered negligible as it is of the
order of 107%° N, though a detailed zeta potential analysis could
provide further insight into potential electrostatic interactions.
For instance, the Q, particles show intensified crack patterns
across all directions of the magnetic field, with applied forces
ranging from 2 x 10~ "® to 5.7x 10~ N. The increase in force with
particle size leads to significant deviations in their alignment,
contributing to distinctive crack patterns and particle alignment.
In cases where particles aggregate unevenly, certain regions experi-
ence elevated stress, leading to more pronounced cracks. These
stressed areas are prone to forming complex crack structures, such
as hook-shaped or spiral cracks, driven by the uneven force
distribution within the droplet.>®*® This highlights the complex
relationship between magnetic field orientation, particle arrange-
ment, and evaporation dynamics in shaping the final deposition
patterns in ferrofluid films.

3.5 Effect of variation in concentration in the crack
propagation

As the concentration of particles of €, in a droplet increases
from 0.5 wt% to 5 wt% under the influence of a magnetic field,
as shown in Fig. 9, the crack patterns exhibit distinct variations.
At a concentration of 0.5 wt%, radial cracks emerge, directed
towards the rim. As the concentration increases to 2 wt%, the
stronger magnetic forces facilitate greater alignment of parti-
cles, particularly in Hparaierr This alignment results in more
organized crack patterns, with elongated and interconnected
cracks. At the highest concentration of 5 wt%, crack propaga-
tion is constrained, leading to wider and complex fracture
networks. For Hpp, crack propagation becomes less complex,
resulting in an annular crack pattern similar to deposition
obtained without a magnetic field. Additionally, when particles
are canted relative to the magnetic field, Heantea, the cracks
display intricate patterns that suggest a hybrid influence of
both parallel and perpendicular alignments, resulting in

Hparallel Hcanted No field

wt% 3 1 P e

100 pm

Fig. 9 Optical images illustrating crack propagation at the rim on the top
side of the deposit as a function of varying concentrations of Q; ferro-colloid
suspension in the absence and presence of an external magnetic field.
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Hparallel Hcanted Hperp No field
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Fig. 10 Crack density measurement for varying concentrations of
deposits at different magnetic field orientations.

slanted/tilted crack patterns containing helical-shaped cracks
at the nanoscale.

Fig. 10 provides insights into the crack density that offers
valuable information about the behaviour of the dried deposits.
Crack density, determined as the total number of cracks per
unit rim area in the ring pattern of micrometre-scale deposit
films, exhibits a pronounced decreasing trend with increasing
ferro-colloid concentrations of Q.. At lower concentrations of
0.5 and 1 wt%, the crack density is within the order of 107,
whereas higher concentrations of 2 and 5 wt% exhibit a
significant reduction to the order of 10~°. This decline corre-
lates with an increase in rim width as the ferro-colloidal
concentration rises. The measurement demonstrates that the
canted magnetic field direction (Hcantea) plays a crucial role in
influencing crack density, especially at higher concentrations
(2 and 5 wt%). In this orientation, the combination of reduced
crack numbers and increased rim width enhances particle
alignment and densification, resulting in slightly lower crack
densities compared to those observed in parallel or perpendi-
cular magnetic field orientations. However, in the absence of a
magnetic field, the crack density increases comparatively for
higher-concentration deposits totally depending on the capil-
lary stress that induced cracking.'® Thus, increasing particle
concentration not only intensifies the magnetic interactions
but also transitions the crack propagation from simple radial
patterns to complex networks that are heavily influenced by the
magnetic field orientation. These preferential outcomes of
ellipsoidal ferro-colloid deposition, influenced by an oriented
magnetic field, exhibit promise for applications in field-driven
self-assembly and the development of advanced coatings.

4 Conclusions

In conclusion, our study explores crack formation mechanisms
during the drying of ferro-colloid droplets with ellipsoidal
particles of varying aspect ratios (Q = 1, 3, 5, 7) under a directed
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magnetic field. The findings demonstrate that crack patterns
and particle alignment are significantly affected by the direction
of the particles magnetic moments and the applied magnetic
field, resulting in a combination of circular, wavy, and helical-
shaped cracks in the deposit patterns. This observed behavior
was driven by the interplay of magnetic and hydrodynamic
forces, whose combined effects varied with particle size and
the angle of the magnetic field, establishing a complex relation-
ship that governs particle distribution and orientation during
self-assembly. Furthermore, the concentration of the particle
suspension influenced crack propagation. Higher particle con-
centrations amplified the development of helical cracks, high-
lighting the role of particle anisotropy and concentration in
directing self-assembly. This simple technique can be useful in
controlled deposition, and crack patterns under the influence of
external stimuli can give further insight for applications in
materials science, surface engineering, and nanotechnology.
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