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Solution driven particle transfer on solid substrates has many industrial applications but can be difficult to
control and characterize. In this study, poly(methyl methacrylate) (PMMA) is considered as the binder polymer,
and the effect of the molecular weight (MW) on particle transfer through entrainment is investigated. The
transfer phenomenon of polydisperse spherical rigid micro-particles from the PMMA solution has been analyzed
and two hypotheses are tested here: (i) there exists a threshold polymer content below which only the smallest
particles will be transferred from the bulk; (ii) at the same viscosity of different molecular weight PMMA so-
lution, the solid transfer phenomenon will be similar. By changing the mass and viscosity using three PMMA
samples with different MWs in the 1,3-dioxolane solvent, we observe low, intermediate, and high viscous regimes
of the PMMA-dioxolane solution system. The low, intermediate, and high viscous regimes can be controlled with
the MW and can entrain distinct particle size distributions onto surfaces. This behavior is thoroughly analyzed
and relates to the film formation. These results confirmed our first hypothesis that we could use polymer content
to control the particle size distribution and that a threshold polymer content exists. However, at similar vis-
cosities, higher molecular weight polymers yielded lower average particle sizes and narrower distributions,
which is counter to our second hypothesis. These findings can provide a better understanding of the binder
behavior and its influence on the particle transfer process which opens-up the possibility of particle sorting
process from a polydisperse suspension mixture and high-yield material transfer for porous structure coating and
joining processes. Understanding the particle transfer process can also enable reverse engineering of the liquid
carrier system in a complex mixture, which can be beneficial for industrial applications.

1. Introduction

Solution driven thin-film formation on solid substrates is undergoing
continuous development and is widely used in many industrial appli-
cations [1-3]. Thin films are applied for the production of sensors [4-7],
nano-coating for hydrophobic surfaces [8], particle filtration [9,10],
batteries [11], fuel cells [12], and optical displays [13-15]. This film
formation process can be carried out either directly using physical
processes or indirectly using chemical and electrochemical reactions
[16]. A wide range of film thickness (nanometer to micrometer) can be
achieved from these processes by changing their process parameters
[17-21]. Dip-coating is a simple and facile for the film formation over a
plate, fiber, and irregular shaped object. Materials are transferred at the
solid-liquid interface during the withdrawal of the substrate from the
suspension [22]. The thickness of the polymer film for a non-
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evaporating solution formed over the substrate was first predicted by
Landau and Levich and then Derjaguin which is known as the famous
LLD equation [23,24]. The thickness of the polymer film, in their work,
is dependent on the withdrawal speed (U) of the substrate from the
suspension, the viscosity of the suspension (1), and the capillary length
l. =+/v/pg, where y and p are the surface tension and density of the fluid
respectively and g is the acceleration with respect to gravity. The
entrainment regime is dependent on the capillary number Ca = yU/y
which is denoted as the ratio of the viscous force and surface tension
force. For a small capillary number (Ca < 10’2), the thickness of the
polymer film is determined by the competition between the viscous
force and surface tension force only, and the LLD equation for thickness
is h = 0.941.Ca®3. On the other hand, at larger capillary numbers,
gravity is dominant over the surface tension force which leads the
equation of thickness to be h = 1.Ca’’? and due to the gravitational
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drainage, a non-uniform layer thickness is observed over the substrate
[25]. The relevant parameter to predict the film thickness over the cy-
lindrical substrate is Go = R/l. [26]; where R is the radius of the cylin-
drical substrate and [ is the capillary length. The modified LLD equation
to calculate the film thickness over fiber for Go < 3 is determined as h =
1.34RCa*? [27,28]. Thus, the film thickness from a dilute solution is a
well-studied phenomenon in literature.

The generated film can often be used as a delivery vehicle for solid
transfer (i.e., nano- or micro- particles) on a flat, cylindrical, or complex
substrate. In such circumstances, a polymer solution is used as the liquid
carrier solution (LCS), where the immiscible particles are added
resulting in a slurry, suspension, or heterogeneous mixture [9,29,30].
The simple but effective dip coating technique is often the popular
choice for the LCS based delivery technique and the transferred particles
are directly related to the characteristics of the film. The film thickness
over the substrate can be controlled from few nanometers to hundreds of
micrometers with relative ease by changing the dip coating process
parameters [31]. Colosqui and Morris [32] numerically showed that the
required film thickness should be greater than the particle diameter (h >
a; where a is particle diameter ). However, Sauret et al. [33] experi-
mentally demonstrated that a thin film can hold particles of six times
larger than the liquid film thickness. Gans et al. [25] measured the
average liquid film thickness while coating with silicone oil. They
showed the liquid film thickness remains constant over a range of
withdrawal speeds depending upon the diameter of the particle used in
the suspension. They found the average liquid film thickness is 20-30
pm between 0.02 and 0.1 mm/s withdrawal speed for the 20 pm parti-
cles and the film thickness is 100-150 pm between 0.05 and 1 mm/s
withdrawal speed for the 140 pm particles. In another work on dip-
coating, Dincau et al. [34] showed the variation of non-dimensional
liquid film thickness capillary number at different fiber radius and vis-
cosity of the silicone oil. In one of our previous articles [30] we exper-
imentally showed that the critical liquid film thickness for particle
entrainment is h = 0.16a for 6.5 % binder and h = 0.26a for 10.5 %
binder, when the micro-particles were a significantly higher specific
density than the LCS.

The existing model can predict the film thickness of the polymer
solution accurately before drying. Additionally, the film formation and
solid transfer process is often characterized based on solvent evapora-
tion [35,30], rheology of the LCS [3,36], solid loading of transferable
particles [37], and particle size distribution [38,39]. The molecular
weight of polymers is another defining characteristic which determines
the solution properties of polymer chains as well as their capability to
sterically stabilize particles [40,41]. Molecular weight controls the
length of the polymer chain which controls the viscosity of the suspen-
sion. However, the effect of polymer molecular weight on polymer film
formation and the resultant solid transfer phenomenon is scarce in
literature. In a limited experiment [42], change in viscosity is reported
with concentration or % w/v of a light emitting polymer (LEP) in so-
lution. However, the relationship between the molecular weight and the
film thickness for the LEP polymer is inconclusive in that investigation.
In this study, poly(methyl methacrylate) (PMMA) is considered as the
binder polymer, and the effect of the MW on dense micro-particle
entrainment is investigated during dip coating. The polydisperse
spherical rigid micro-particles transfer phenomenon from the PMMA
solution has been analyzed to determine how the PMMA film facilitates
particle transfer. Two hypotheses were tested: (i) there exists a threshold
polymer content below which only the smallest particles will be trans-
ferred from the bulk; (ii) at the same viscosity of different molecular
weight PMMA solutions, the solid transfer phenomenon will be similar.

2. Materials and methodology
The liquid carrier system (LCS) consisted of 1,3-dioxolane as solvent

and poly(methyl methacrylate) (PMMA) as the binder, both procured
from Sigma Aldrich, USA. To observe the effect of the molecular weight
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of the binder on the film formation and particle transfer, we used three
different molecular weights: 15000 (15 K), 120,000 (120 K), and
350,000 (350 K) Da. These molecular weights were reported by the
supplier to be weight average molecular weights (M,,) measured by size
exclusion chromatography (SEC). The molecular weight distributions
were also analyzed by us using SEC on an Agilent 1260 Infinity instru-
ment with three Phenogel (Phenomenex) columns in series with pore
sizes 50, 102, and 10° f\, and a refractive index detector calibrated with
linear polystyrene standards. The mobile phase was tetrahydrofuran
(THF) at a flow rate 1.0 mL min_* with a column and detector tem-
perature of 35 °C. This SEC analysis yielded M,, and dispersity (D) values
for each sample. The density of the solvent and the binder for the LCS
were 1.06 g/cm3 and 1.17 g/cmg, respectively, at room temperature
(RT = 25 °C) as provided by the supplier. A magnetic stirrer was used
overnight to dissolve the binder at different weight percentages in the
solvent. The dissolution of the binder was confirmed by a dynamic light
scattering (DLS) experiment in the LCS solution. With the increase in
molecular weight of the polymer, the size of the polymer chain and the
hydrodynamic volume of the chains in solution increases resulting in
higher viscosities [43]. The LCS solution was transparent and provided
clear visualization of particles in it. The viscosity was measured by an
Anton Paar MCR 302 Rheometer applying a flow curve test using a 50
mm diameter parallel plate with a 0.2 mm gap filled with sample.

Brazing powder (Nicrobraz LM; procured from Wall Colmonoy
company, Ohio; Spherical dia range ~ 0-100 pm) was used as solid
inorganic particles which were added into the LCS. The particles were
sorted using a Gilson Performer III shaker through Stainless Steel 635
Mesh (20 pm) in our lab to reduce polydispersity. After sieving, the
reduced particles were imaged using SEM and analyzed for their particle
size using ImageJ. The average particle size of the distribution was 7.56
+ 3.98 pm and the particle density was 7.97 g/cm>. AISI 1006 mild steel
cylindrical rod with an average diameter of 1.06 mm (procured from
ClampTite LLC) was used as the dipping substrate. An ultrasound bath
filled with acetone was used for 10 min at 50 °C to remove the passive
film over the rod substrate.

Solid particles in the LCS mixture created a density imbalance which
facilitated the sedimentation and separation in the mixture. External
kinetic energy in the form of agitation was provided to counteract the
gravitational force of the particles by using a magnetic stirrer at 750 rpm
and it created a uniform distribution of particles in the LCS, acting as
pseudo-suspension. An in-house custom made dip coating setup was
used for all the experiments as described in one of our previous articles
[3]. During the experiments, the immersion time was 10 s and the
withdrawal speed was 20 mm/s. When the substrate was inserted into
the suspension, a thin film of PMMA and solvent was created over the
substrate and particles were entrained on the substrate. The entrained
particles and their size will depend upon the characteristics of this
PMMA film. After dipping, the solid substrates were dried in an oven and
images were captured using VHX 7000 Digital 4 K microscope (KEY-
ENCE corp.) for further analysis. The influence of MW at the same vis-
cosity was analyzed by measuring the solvent evaporation following
similar experimental protocols. A 23 pL droplet of LCS solution of same
viscosity (4 mPa.s) at different MW (15 K, 120 K and 350 K) of PMMA
was placed on a glass slide. The droplet mass was measured every 30 min
for a total of 180 min.

The characteristics of the transferred particles from the image was
important to analyze but challenging due to the lack of contrast between
substrate surface and particle. Due to the deep drawing fabrication of the
metal rod, a rough and irregular surface morphology is common (Fig. 1-
b & c). After entrainment of the particles, it created a heterogeneous
image of the particle-substrate (HIPS) system. The pixel contrast be-
tween particle and substrate in HIPS was difficult to differentiate with
existing image analysis tools (e.g., ImageJ, variable thresholding) and
they generated significant error in particle analysis without labor
intensive semantic knowledge-based post processing. To address these
challenges, a deep learning object detection algorithm based on YOLOvV5
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Fig. 1. Images and comparison of (a) bulk particle distribution and entrained particle distribution after dip coating in PMMA-Dioxolane (LCS) system with (b) 120 k
PMMA low (0.92 mPa s) and (c) 15 k PMMA high (6.05 mPa s) LCS viscosity. Scale bar is 25 pm.

has been developed in our prior work [44] and used here to analyze the
entrained particles. The developed artificial intelligence based auto-
mated computational tool has demonstrated >97 % accuracy for iden-
tifying and analyzing the polydisperse particles in HIPS. Three locations
(bottom, middle and top) along the dipped rod were selected for imaging
and three pictures were taken in each location. Thus, a total nine images
were used as the datasets for each composition to analyze the transferred
particles size distribution and surface coverage (Table 1).

3. Results
3.1. Characterizing the liquid viscosity and evaporation

The liquid carrier solution was prepared by mixing the solvent with
polymeric binder at different concentrations. The molecular weight

(MW) of polymers and the polymer concentration both work to resist the
solvent flow. High MW polymers exhibit a long molecular chain that

Table 1
Composition of suspension mixture, viscosity, and particle size.

enhances the intermolecular interactions which resists solvent flow and
increases the viscosity. Moreover, at higher concentration more polymer
molecules (chains) exist causing overlaps and entanglement within the
solution space which reduces the mobility and increases the viscosity
[45]. In this work, the influence of both the MW and concentration
variation have been discussed in relation to the particle transfer mech-
anism. Three different MW of PMMA (15 K, 120 K and 350 K) were used
in the polymer solution at different PMMA volume fraction and the
viscosity of the LCS was measured with a rheometer. A predictive model
was generated with polynomial curves fitting for each molecular weight
by assuming that the concentrations were sufficiently dilute and the
polymer were dissolved in a good solvent enabling use of Huggin's
equation for viscosity [46]. Thus, a quadratic equation reasonably fit the
data (R2 = 0.99) for estimating the viscosity at different MW of PMMA as
shown in Fig. 2.

The 1,3-dioxolane is an evaporative solvent and the generated dry
film thickness clearly depends upon the evaporation characteristics of

Molecular wt. Solution viscosity PMMA Particle vol ~ Solvent vol PMMA vol PMMA wt  Average particle Capillary Particle count/
(mPa.s) weight (g) % % % % size (pm) number, Ca mm?
15 K MW 0.72 0.06 10 89.28 0.72 0.46 4.61 +2.33 5.47 x 107* 443
PMMA 0.75 0.15 10 88.21 1.79 1.15 3.75 + 1.56 571 x 107* 913
0.81 0.22 10 87.31 2.69 1.74 3.62 +1.35 6.19 x 107* 395
1.91 0.58 10 83.07 6.93 4.45 6.68 + 2.76 1.5x 1073 1942
3.99 1.12 10 76.55 13.45 8.60 7.31 £+ 3.06 2.98 x 1072 3353
6.05 1.33 10 74.03 15.97 10.19 7.77 + 3.68 4.43 x 1073 3276
120 K MW 0.92 0.06 10 89.28 0.72 0.46 3.46 +1.17 7.00 x 107* 2265
PMMA 1.46 0.15 10 88.21 1.79 1.15 5.42 4+ 3.11 1.11 x 1072 1710
1.91 0.19 10 87.71 2.29 1.47 5.04 +1.71 1.52 x 1073 2101
2.04 0.22 10 87.31 2.69 1.74 4.11 +£1.99 1.55 x 1073 1630
3.99 0.42 10 84.94 5.06 3.26 5.81 +2.19 3.02 x 1073 2184
6.05 0.58 10 83.03 6.97 4.48 6.82 + 3.18 452 x 1073 2516
350 K MW 1.91 0.06 10 89.28 0.72 0.46 4.70 +£1.11 1.53 x 1072 5318
PMMA 3.99 0.15 10 88.21 1.79 1.15 4.94 + 2.84 3.04 x 1073 3575
6.05 0.22 10 87.31 2.69 1.74 5.70 £+ 2.80 4.56 x 1072 4020




B. Khoda et al.

il = 0.0336x% + 1.2561x + 0.4458 IOk P
W= . s 120K PMMA
2 T + 350K PMMA
!
f

10 4 i
= !
& ! y = —0.0058x + 0.9149x + 0.4495
T 81 / R* =099
— / ‘,
el
? ' ” : ’ .
5 A R | I ”

/ £ i
4 ! ’ = “F
b4 s ‘ -
F} . T
2 / - s 5
= [ . _ -~ " y=00227x* - 0.0305x + 0.7311
il — - 1
ey R? =099
V== . . D R L L .
0 2 4 6 8 10 12 14 16 18

Volume Fraction (%)

Fig. 2. Predictive viscosity of liquid carrier system (LCS) by polynomial fitting
of the measured data points.

the solvent during and after the dip coating process. In our prior work
[30], we observed that the measured film thickness of 15 K PMMA was
lower than the theoretical thickness derived from the LLD equation. We
also observed that the solvent evaporation rate becomes slower with the
increase of binder concentration and viscosity due to a formation of a
viscous top layer of PMMA. The remaining solvent after evaporation is
plotted against time in Fig. 3 using the technique discussed in the
methodology section. For the same viscosity, the 15 K PMMA had a
slightly lower evaporation rate compared to 120 K and 350 K PMMA due
to the higher concentration of polymer at 15 K to reach the same vis-
cosity as the other polymer solutions. This finding follows the evapo-
ration theory of polymer solution discussed in Geng et al. [47]. Higher
concentration of polymer provides more resistance for solvent evapo-
ration which results in relatively higher viscous layer thickness that
accumulates more polymer molecules on the surface of the substrate.
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3.2. Solid loading and pseudo suspension

The addition of rigid particles on the LCS solution modifies it to a
phase separated mixture due to their high specific-density difference
(~8 times). The external kinetic energy provided by a magnetic stirrer at
just-suspending-speed helps the particles rotate continuously and evenly
throughout the LCS solution which transforms it to a pseudo suspension.
Suspensions with different volume fractions of particles have been
divided into three regimes: dilute (¢, < 0.01~0.02), semi-dilute (¢, <
0.25), and concentrated (¢, > 0.25) where ¢, is the particle volume
fraction [36]. A suspension in the dilute regime is considered as a
Newtonian fluid and in the concentrated regime it is a non-Newtonian
fluid. In the semi-dilute regime, the suspension behaves approximately
like a Newtonian fluid. Gilbert et al. identified Newtonian behavior on
glass bead suspension of 80 ym to 100 pym particle diameter at ¢, =
34.3% [36]. Also, Pasquino et al. [48] observed Newtonian behavior
PMMA spheres (~ 14 pm dia.) in polyisobutylene and poly-
dimethylsiloxanes carrier suspensions for a volume fraction ranging
from 2 % to 10 %. In this work, the particle volume fraction, ¢, = 10%
was added to the LCS to create the pseudo suspension which was
assumed to be a Newtonian fluid. Also, no coagulation was observed in
the mixture, confirming their non-Brownian behavior.

4. Discussion
4.1. Expected viscosity behavior

The rheology of the LCS varies depending on the MW or concentra-
tion variation of polymer. Einstein provided a linear relationship be-
tween solid loading and viscosity for dilute suspension. This relationship
can be extended to polymer solutions considering the polymer coil as an
impenetrable sphere through which the solvent is unable to flow [49].
Thus, the viscosity () of dilute polymer solution can be expressed as a
function of polymer concentration:

n=n,1+cn) )]

where 7 is the viscosity of the solvent, c is the polymer concentration,
and [#] is the intrinsic viscosity. The expected viscosity (1) of polymer
solution is plotted as a function of polymer concentration, c, in Fig. 4
considering the linear relationship of Eq. (4). The higher concentrations

1004 =
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Fig. 3. Solvent evaporation as a function of time at different MW polymer solution.
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Fig. 4. Viscosity as a function of concentration for 350 K (diamond), 120 K
(circle), and 15 K (square) PMMA in solution over the entire sample range. The
orange curve represents only dilute regime of 15 K PMMA with higher R? value.

the 15 K PMMA deviate from linearity, suggesting non-dilute solutions
at higher concentrations.

After considering the dilute conditions below 0.05 g/mL of 15 K
PMMA, a more linear trend with higher R? valued is plotted on Fig. 4.
This reveals that several concentrations for 15 K PMMA cannot be
considered dilute conditions and should follow a higher degree expres-
sion as:

n=n,(1+clnl +kuc* i) 5)

where kg is the Huggins coefficient, which is a measure of excluded
volume effects due to polymer solvent interactions [50]. These in-
teractions become more significant at higher concentrations and the
solution will behave differently from dilute conditions at higher con-
centrations. Considering only the dilute regime or linearity, the intrinsic
viscosity [#] can be calculated using the slopes in Fig. 4. The solvent
viscosity 7 is provided by the supplier as 0.59 mPa.s and the calculated
intrinsic viscosity [5] for each molecular weight is reported in Table 2.
The intrinsic viscosity is a function of molecular weight following the
Mark-Houwink equation [51], expressed as:

[n] = km* ©

where k and a are constants. To perform a more accurate analysis using
Eq. 6, the weight average molecular weight (M,y) was measured by SEC
(Table 2). The measured values for the 15 K and 350 K agreed well with
the supplier reported value, but, interestingly, the 120 K sample
appeared to have a significantly lower M,, than reported. This deviation
may be due to the supplier for this sample using significantly different
SEC analysis conditions for their analysis than the other samples. From
the data in Table 2, the parameters are calculated to be a = 0.84 and k =

0.84
0.016%(%"1) . A theoretical ratio of the intrinsic viscosities for

different molecular weights using this Mark-Houwink equation implies

Table 2
Intrinsic viscosity and measured molecular weight data of different molecular
weight of PMMA in 1,3-dioxolane.

PMMA M,, (kDa) b Measured intrinsic viscosity (mL/g)
15K 16 2.3 42.0

120K 49 4.8 227

350 K 320 1.7 588

Progress in Organic Coatings 176 (2023) 107394

that the 350 K PMMA has 4.8 and 12 times higher intrinsic viscosity than
the 120 K and 15 K PMMA samples. Similarly, the 120 K sample has 2.6
times higher intrinsic viscosity than 15 K PMMA. We hypothesize that
any differences in particle size, distribution and surface coverage can be
attributed to the variation of intrinsic viscosity and resultant polymer
content in the LCS solution which is discussed in this section.

4.2. Formation in low viscosity regime

While the substrate is pulled out from the suspension, a thin liquid
film is formed on the substrate. The liquid film provides the viscous drag
force and particles entrain on the substrate when the viscous drag force
becomes larger than the resistive capillary force. This liquid film con-
tains the polymer binder and entrapped solvent which is influenced by
the viscosity of LCS solution and the concentration of binder present.
When the viscosity of LCS remains low (~ 1 mPa.s), the solvent evap-
oration becomes faster due to the thin polymer shell and a relatively
thinner film forms on the substrate. Similarly, solutions with low binder
content have a high evaporation rate and results in a thin liquid film
which cannot provide enough binding strength for larger particles due to
minimal contact area. Therefore, large particles are dragged down easily
from the substrate and a mono-disperse (narrow size range) particle
distribution can be observed as shown in Figs. 5 and 6. Only particles
less than ~10 pm are observed in this low viscosity regime. For example,
a 120 K PMMA LCS solution with 0.92 mPa s viscosity exhibits particle
entrainment ranging from 2 pm and 10 pm with an average of 3.46 pm
diameter. At 0.81 mPa s viscosity of 15 K PMMA LCS solution provides
particle entrainment from 2 pm to 9 pm with an average of 3.62 pm
diameter. Interestingly, at low viscosity (< 1 mPa s), the number of
entrained particles per unit area are significantly lower (<1000 parti-
cles/mm?) than at viscosity values above 1 mPa s in most circumstances
(except for 120 K PMMA ~2265/mm?, which may be due to its higher
dispersity) as presented in Table 1. This phenomenon may be attributed
to only the smallest particles being possibly entrapped and excluding the
larger particles of the bulk particle distribution (Fig. 1a). Therefore, the
15 K molecular weight polymer in this regime is too small to efficiently
entrap particles at this lower concentration.

4.3. Transformation to the high viscosity regime

When the viscosity of the LCS solution increases, larger particles tend
to adhere on the liquid film than the low viscosity regime due to higher
film thickness. Between 1 mPa s to 2 mPa s viscosity, the size distribution
of accumulated polymers started shifting towards mixed ranges (mono-
and poly-disperse) at different MW of polymer binder. For example, an
almost monodisperse (narrow size range) and polydisperse (original
bulk distribution) particle distribution can be observed with 350 K and
15 K PMMA at ~2 mPa s viscosity, respectively. However, 1.46 mPa s
and 2 mPa s of 120 K PMMA shows an intermediate (between mono-
disperse and polydisperse) distribution of particles as shown in Figs. 5
and 6. The distribution also shows that significantly more smaller par-
ticles are entrained than larger particles (left skewed). The different
behavior the 120 K PMMA compared to the other two samples may be
due to the higher dispersity of this polymer sample leading to wider
range of molecular weight influences (Table 2). Additionally, this phe-
nomenon can be explained by a polymer content effect. For a similar
viscosity, a lower molecular weight polymer will have higher polymer
content (% wt) as compared to the higher molecular weight polymer. As
a result, 15 K will have the highest polymer content in the LCS solution
resulting in a lower relative evaporation rate and a thicker dry film than
120 K and 350 K materials. This helps entrain both smaller and larger
particles and the distribution becomes close to the bulk distribution.
Alternatively, 350 K has the least amount of polymer content resulting in
a higher relative evaporation rate and thinner dry film than 120 K and
15 K. However, for 120 K PMMA, the intermediate polymer content
entrained both small and large particles. Since, the distribution shows a
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Fig. 5. Comparison of particle size distributions for LCS with the same wt% PMMA down a column. Scale bar is 50 pm.

higher number of smaller than larger particles (skewed left), this
composition (120 K and ~1.46 mPa s) may have the threshold film
thickness value for larger (>10 pm) particles or the broad molecular
weight distribution may lead to effects from large and small polymers
and not only the average MW. Similarly, the threshold film thickness for
15 K PMMA is between 0.81 mPa s and 1.91 mPa s. Interestingly, at this
transformative viscosity range (1-2 mPa s) of the PMMA-dioxolane
system, the number of entrained particles per unit area is close to
2000,/mm> except for the 350 K PMMA (z5318/mm2) as presented in
Table 1. This different behavior for the 350 K PMMA could possibly be
due to entrapment of the small particles to the surface when submerged
because of a larger interfacial region of adsorbed polymer.

4.4. High viscosity regime

When the LCS viscosity becomes higher than 2 mPa.s, all of the LCS
solutions with different MW of PMMA entrained polydisperse particles
size distributions (bulk distribution), except for 350 K, as shown in
Figs. 5 and 6. For the 350 K polymer, a monodisperse particle distri-
bution can still be observed at 1.91 mPa.s and the distribution is poly-
disperse at 3.99 mPa.s in our experiment. Thus, the large particle
threshold viscosity for 350 K is between 1.91 mPa.s and 3.99 mPa.s,
which are higher viscosities than 120 K and indicates that the large

particle threshold is molecular weight dependent. Since the molecular
weight affects viscosity, maintaining the viscosity at different molecular
weights require different polymer contents. At higher viscosities, during
drying the polymer shell is thicker because of higher polymer concen-
trations, which reduces solvent evaporation and increases the liquid film
thickness. With a greater liquid film thickness, entrained particles have
more contact area and a higher binding strength during entrainment.
For example, both 15 K and 120 K PMMA yield the entire bulk particle
distribution by entraining large particles, which is possible since they
have a high enough concentration of polymer to exceed the threshold
film thickness for large particle entrainment. However, around 2 mPa.s
LCS viscosity, the 350 K PMMA yields a narrow particle distribution of
smaller particles because it has a lower concentration of polymer which
increases the solvent evaporation and reduces the liquid film thickness
as compared to the 15 K and 120 K PMMA of same viscosity. This thin
liquid film remains below the threshold value for large particle
entrainment and cannot provide enough strength to adhere large
particles.

4.5. Effect of LCS viscosity and polymer content on surface coverage

The LCS solution viscosity is mainly driven by the variation of the
MW of PMMA and its concentration. When the viscosity is similar for
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different MWs, more polymer is required for a low MW polymer at the
same volume of LCS mixture. High polymer content tends to reduce the
mobility of solvent flow. For LCS solutions with similar viscosities, 15 K
has the maximum polymer content and it resists the solvent evaporation
more, forming a thicker liquid and dry film on the substrate. Therefore,
more particles adhere in the liquid film covering more surface area than
the high MW counterpart, which has a lower polymer content at a
similar viscosity. Also, for a higher viscosity and polymer content, the
liquid film is thicker which helps large particles adhere in the liquid film
limiting the gravitational effect. Therefore, in the high viscous regime,
larger particles are entrained on the substrate, covering more surface
area. These phenomena can be observed in all compositions in the dilute
polymer content regime. It should be noted that at 4 and 6 mPa s using
the 15 K PMMA are not in the dilute (linear) regime as indicated in
Fig. 4. This concentrated regime will create different flow behaviors,
independent of viscosity. The increased polymer-polymer interactions in
the non-dilute regime could lead to a more gel-like behavior, slowing
particle movement relative to the dilute system. For example, comparing
samples with 6 mPa s viscosity, the 350 K PMMA suspension yields
smaller particles (avg. dia. 5.7 pm) and lower surface coverage (12.7 %)
due to a thinner film. In contrast, the 15 K PMMA suspension at 6 mPa s
captures large particles (avg. dia. 7.77 pm) and more surface coverage is
achieved on the substrate (19 %) shown in Fig. 7 due to its high con-
centration of polymer.

In the similar polymer weight experiments, the polymer content
remained fixed in the LCS solution, but the viscosity varied with the
change of polymer MW. At the same polymer content, high MW polymer
in LCS solution yields higher viscosity and the polymer layer resists the
evaporation of solvent, yielding a thicker liquid and dry film. This liquid
film facilitates transfer of all sizes of particles and limits gravitational
effects. Thus, the surface coverage as well as the particle size increased
with the higher viscosity. For example, at 1.74 wt% of the different MW
polymer in the LCS, the 15 KPMMA has the lowest viscosity (0.81 mPa s)
and it yields only 0.46 % coverage of particles with an average particle
diameter of 3.62 um. However, the 350 K PMMA LCS has a higher vis-
cosity (6.05 mPa s), and it provides significantly higher surface coverage
(12.7 %) than the similar weight of 15 K PMMA suspension. The sig-
nificant jump in surface coverage at same PMMA mass loading (Fig. 7a)
can be also explained by the Mark-Houwink relationship. The 350 K
PMMA has 2.3 times higher intrinsic viscosity than 120 K and 8.9 times
higher intrinsic viscosity than 15 K PMMA, which will lead to the
additional surface coverage that is visible at all the same mass loading
values in Fig. 7. Moreover, the similar weight samples are all in the
dilute polymer regime, so their particle size is dictated by viscosity of the
polymer solutions and the amount of polymer in the solution. Low
polymer content leads to smaller particles because they are small
enough to adhere to the surface with little polymer ‘glue’ while the
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larger particles cannot adhere.

When the cumulative size distribution of similar weight and similar
viscosity samples is compared to the bulk particle, in Fig. 8, a systematic
shifting of the particle size distribution can be observed. For a similar
viscosity, 80 % of all entrained particles are <10 pm in the dilute regime
of the LCS. However, the concentrated gel-like samples of 15 K at 4 and
6 mPa s viscosity showed almost similar distribution like bulk particles.
In similar weight samples, the cumulative particle size distribution is
shifted towards left side compared to bulk distribution reducing the
average particle size since all these LCS samples are in the dilute regime
because of the low polymer concentration in the LCS.

The variation of polymer MW and its mass loading changes the vis-
cosity as well as capillary number, (Ca) of the pseudo suspension. As the
particle concentration is constant (¢, = 10%) and the concentration of
polymer changes with their MW, the capillary number varies with the
viscosity changes which can be presented with Krieger & Dougherty
equation, described in our previous work [30]. At a similar viscosity of
the LCS, the capillary numbers remain close to each other for different
MW of polymer although the polymer mass loading varies. This varia-
tion of polymer mass loading results in different particle sizes entrained,
which is independent of capillary number as shown in Fig. 9. In general,
at the same capillary number, the average particle size decreases with
increasing PMMA MW. For example, at a Ca of 3 x 107> the 350 K
PMMA has an average particle size of 4.94 pm whereas the 15 K PMMA
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has higher average particle size of 7.31 pm closer to the bulk particle size
(7.56 pm). This analysis further supports that the liquid film thickness
due to solvent evaporation rate and the dry film thickness due to total
polymer content can be used to control the particle size. Furthermore, by
using the higher MW PMMA, less polymer can be used to achieve the
same results as a lower molecular weight polymer.

5. Conclusions

In this paper, the entrainment of solid, high-density micro-particles
using three different MW of PMMA in a LCS mixture was investigated to
understand the influence of polymer binder on the solid transfer process.
For the LCS solution, the effects of polymer mass loading and polymer
MW was certainly visible on the particle size, distribution, and surface
coverage. In experiments, the samples with <2 mPa s viscosity showed
dilute solution behavior which resulted in smaller particle size distri-
bution compared to the bulk particles. However, for 4 mPa s and 6 mPa s
viscosities of 15 K samples, the solution followed a concentrated gel-like
behavior and yielded a similar particle size distribution as the bulk
particles which is independent of the viscosity of pseudo suspension.
These results confirmed our first hypothesis that we could use polymer
content to control the particle size distribution and that a threshold
polymer content exists. However, at similar viscosities, higher molecular
weight polymers yielded lower average particle sizes and narrower
distributions, which is counter to our second hypothesis. This behavior
was attributed to higher evaporation rates and less polymer leading to a
thinner polymer layer to hold on to particles. These results provide a
better understanding of the binder behavior and its influence on the
particle transfer process which opens-up the possibility of particle
sorting process from a polydisperse suspension mixture and high-yield
material transfer for a porous structure joining process. Additionally,
the work demonstrates that by using higher MW polymers less polymer
is needed to achieve the same results, which could lead to cost savings
for coatings. Understanding the particle transfer process can also open-
up the reverse engineering of the liquid carrier system for a complex
mixture, which can be beneficial for industrial applications including
blood analysis, wastewater treatment, and others.
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