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Slot-Die Coating Operability
Window for Nanoparticle Bed
Deposition in a Microscale
Selective Laser Sintering Tool

This work seeks to develop a fundamental understanding of slot-die coating as a nano-
particle bed deposition mechanism for a microscale selective laser sintering (u-SLS) pro-
cess. The specific requirements of the u-SLS process to deposit uniform sub-5 um metal
nanoparticle films while enabling high throughput fabrication make the slot-die coating
process a strong candidate for layer-by-layer deposition. The key challenges of a coating
system are to enable uniform nanoparticle ink deposition in an intermittent layer-by-
layer manner. Ildentifying the experimental parameters to achieve this using a slot-die
coating process is difficult. Therefore, the main contribution of this study is to develop a
framework to predict the wet film thickness and onset of coating defects by simulating the
experimental conditions of the u-SLS process. The single-layer deposition characteristics
and the operational window for the slot-die coating setup have been investigated through
experiments and two-dimensional computational fluid dynamics simulations. The effect of
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coating parameters such as inlet speed, coating speed, and coating gap on the wet film 3

thickness has been analyzed. For inlet speeds higher than the coating speed, it was found 'S

that the meniscus was susceptible to high instabilities leading to coating defects. Addi- o

tionally, the study outlines the conditions for which the stability of the menisci upstream S

and downstream of the slot-die coater can affect the uniformity and thickness range of 2

the coating. [DOI: 10.1115/1.4049668] B
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1 Introduction severely limited by the geometric and design constraints, thereby g

According to ASTM F42 standards, additive manufacturing
(AM) is defined as the “process of joining materials” in a layer-by-
layer manner to make three-dimensional (3D) objects from digital
design data as opposed to subtractive manufacturing methodolo-
gies [1]. The innovations in design automation and optimization
have opened a plethora of complex yet multifunctional designs
with considerations for strong and lightweight structures, opti-
mized material usage, improved structural and electrical proper-
ties. Therefore, at its core, the fundamental value addition of AM
lies in its ability to deposit and consolidate material in a layer-by-
layer manner, thereby enabling fabrication of complex geometries
[2,3]. Most industrial applications of commercial AM machines
have been targeted toward rapid prototyping of noncritical and cus-
tomized parts in the automotive [4], aerospace [5], and biomedical
[6] sectors. A leading area of research in AM community is to
leverage the design independence afforded by AM for fabrication
of microscale geometries with applications in semiconductor,
micro-electromechanical — systems/micro-opto-electromechanical
systems, and medical devices industries. While the initial interest
in AM as a micromanufacturing process was generated with the
advent of microstereolithography, it was limited by photopolymer-
izable materials. A potential application of microscale AM is in the
fabrication of wafer-scale metallic interconnects in micro-
electronics packaging, currently achieved using a combination of
lithography, and electroplating and etching techniques. However,
most commercially available metal AM machines have a resolu-
tion limit of around 50 um, preventing them from expanding into
the micro-electronics packaging sector where sub-10 um features
are critical [7]. Micromanufacturing techniques included in back-
end-of-line semiconductor processes (including IC packaging) are
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introducing scalability issues. Furthermore, with the constant
demand for miniaturization, there has been a gradual shift into
codesigning 3D chips with geometric and functional requirements.
This is where microscale AM processes capable of fabricating
true-3D metallic parts become important. One recently proposed
way to address this gap through the development of a microscale
selective laser sintering (u-SLS) process is designed to fabricate
true-3D metallic parts with a resolution of 1 um [7-10].

1.1 Brief Introduction to u-Selective Laser Sintering. The
basic working principle of u-SLS revolves around same ideas
encompassed by conventional SLS [2,11]. In this process, a 3D
geometry is divided into several two-dimensional (2D) layers using
a slicing software. After that, a material bed is deposited on the
substrate to form the first layer. The laser then selectively scans
across the material bed to fuse together the particles in the first
layer. After the first layer is sintered, the next layer of material is
deposited on top of it, followed by selective sintering using the
laser. The process is repeated until all the sliced layers of the 3D
geometry are deposited on top of each other to form the part.
Excess material is then removed to obtain the 3D part. The key
requirements of the u-SLS system are to obtain true-3D geometries
with a resolution of 1 um and provide a part fabrication throughput
comparable to those of other back-end-of-line processes. To
achieve this, the u-SLS system has three main subsystems—
deposition mechanism, optical subsystem, and the translation
subsystem to move and align the substrate between under the depo-
sition and optical subsystems, the detailed design and integration
of which have been discussed in previous works [7,12,13].

1.2 Material Considerations and Bed Deposition Mecha-
nism Selection for u-Selective Laser Sintering. Typical powder
bed fusion (PBF) processes like selective laser sintering and selec-
tive laser melting targeted toward metal part fabrication use dis-
crete solid-state mesoscale and microscale powders as the starting
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material. A uniform and narrow particle size distribution ensures a
high-quality sintering. There are three widely incorporated bed
deposition mechanisms in PBF processes—laser powder bed, e.g.,
SLS, laser powder fed, e.g., laser engineered net shaping, and
binder jetting [2]. The typical powder spreading mechanisms for
laser powder bed and binder jetting include depositing and spread-
ing the layers using rollers [14,15], while laser powder fed proc-
esses use an air-blown nozzle to deposit powders [16].

One of the key requirements for the u-SLS process is to achieve
a feature size resolution of 1 um, which means that the discrete
material to be used needs to be at least an order of magnitude
smaller than the resolution. Therefore, nanoparticle-based (NPs)
powders need to be used for fabricating microscale parts of the
desired resolution. However, a significant disadvantage of NPs is
the high surface area-to-volume ratio due to which they tend to
agglomerate and reduce the effective surface energy of the system
[9,17]. Additionally, NPs are susceptible to oxidation and thus,
they need to be processed under high vacuum systems. Therefore,
nanoparticles suspended in a solvent are critical to avoid the
issues associated with agglomeration and oxidation. Roy et al.
studied the compatibility of Cu nanoscale powders and nanopar-
ticle inks (NP inks) for the u-SLS process and investigated effect
of particle size and morphology to ensure uniform sintering char-
acteristics [18]. A concurrent study by Roy et al. determined the
most optimal laser parameters for the ensuring good sintering
characteristics [19]. Based on these findings, Cu and Ag NP inks
were identified, which exhibit good sintering characteristics com-
patible with an near infrared-continuous wave laser.

The most efficient way of designing a solution analogous to
PBF methods for deposition of NP inks was to use a film-forming
technique. The main requirements for selecting the bed deposition
method for u-SLS are as follows—(1) Enable layer-by-layer dep-
osition of thin films, (2) Ensure sub-5 um deposition thickness, (3)
Target uniform deposition thickness, (4) Ensure uniform thickness
after layer-by-layer deposition, (5) Reduce material wastage, (6)
High throughput capabilities, and (7) Deposit wide range of mate-
rial rheology.

1.3 Selection of Film-Forming Method. The most compre-
hensive usage of film forming techniques at the dimension scales
targeted for the u-SLS process has been explored in the batteries
and photovoltaic cells industry [20,21]. These methods can be
categorized based on single substrate implementation and roll-to-
roll (R2R) implementation. Single substrate printing and coating
techniques involve processes like casting, spin coating, doctor-
blading, screen-printing, ink-jet printing, and pad-printing. In con-
trast to these single substrate techniques, R2R coating techniques
include processes like knife-over edge printing, slot-die coating,
gravure coating, curtain coating, and slide coating. It must be
noted that all these processes have a significant dependence on the
process parameters and material rheology, and are generally vali-
dated by the resulting thicknesses, film morphology, and surface
topography.

While keeping the requirements of the u-SLS deposition mech-
anism in mind, and evaluating some of the available film forming
techniques, the following insights are necessary. Spin coating is
an extensively researched and implemented technique in several
industries including micro-electronics and allows for the forma-
tion of highly homogenous films with a wide range of coating
thicknesses. The basic setup of a spin coating process is straight-
forward where a solution is applied on a rotating substrate. The
angular velocity of the substrate leads to the ejection of most of
the liquid and only a thin film is left on the substrate. The resulting
film characteristics depend on the angular velocity, molecular
weight, solute concentration, viscosity, volatility, and diffusivity
of the solution. While the process is highly reproducible and can
produce sub-1 um films, most of the applied liquid is ejected dur-
ing the process, leading to high material wastage [22]. Moreover,
the integration of a spin coating technique for layer-by-layer
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fabrication without perturbing the deposited and sintered layers
makes it difficult to implement the process for high throughput u-
SLS process.

Doctor blading (R2R analogous is called knife-over edge coat-
ing) uses a sharp edge to linearly spread the coating solution from
a reservoir in front of it [23]. The process produces uniform single
layer films without significant material wastage, but it has been
shown to repeatably produce films down to 20 um. Screen printing
uses a ‘squeegee’ to push the coating solution on the substrate
under contact. However, it requires highly viscous material and
the associated wet film thicknesses achieved using this process are
high (>10 um) [24], which would not work well for the p-SLS
process.

Inkjet printing has been primarily developed for office printing
applications, but over the last decade, it has been a leading candi-
date for droplet deposition in printed electronics and microfabrica-
tion processes. The droplets are typically formed using
mechanical compression (pneumatic, ultrasonic or piezo-electric
actuation) or thermally creating a pressure differential [25,26].
The droplet is then electrostatically charged and deposited on the
substrate at high speeds. However, the process is typically limited
to low viscosity, high surface tension inks, and needs to have
codesigned inks for uniform droplet placement. Although the pro-
cess is more suited for complex deposition patterns, from the per-
spective of ©-SLS, the need to have an accurate control over the
inkjet and process parameters, small print areas, and need for par-
allelization of inkjet heads make it challenging.

Gravure coating uses a two-roller system to transfer the ink to
the substrate and is typically designed for R2R systems only
[27,28]. Slot-die coating is premetered coating technique that
deposits all the liquid that is pushed through a thin slot formed
between two precise die heads on to the substrate [29]. This pro-
cess can attain ultrathin (~1 um) film thicknesses for a wide range
of material viscosity over large areas, and uniformity is theoreti-
cally dependent on the flow rate of the fluid. However, the stabil-
ity of the coating meniscus defines the uniformity of the process
and the steady-state thickness, and it is dependent on several
parameters including substrate speed, die gap and coating gap,
and the distance between the substrate and the die lips.

The compatibility of film-forming techniques for layer-by-layer
thin film deposition for u-SLS applications has been outlined in
Table 1. As it can be seen, slot-die coating stands out as the best
candidate for a high throughput, layer-by-layer deposition of sub-
Spum NP ink films. Conventionally, slot-die coating has been
explored in R2R systems. Furthermore, multilayer coatings using
the slot-die coating process have been done in a simultaneous
manner where two or more liquids are deposited at the same time
through multiple slots. It must be noted that the mechanics of the
u-SLS process makes it a noncontinuous process (unlike R2R),
which introduces additional challenges for intermittent and layer-
by-layer slot-die coating.

1.4 Slot-Die Coating Process Mechanics and Literature
Review. The fundamental ideas behind the slot-die coating pro-
cess are derived from the Landau-Levich approximations of the
film thickness of a liquid dragged by a moving plate [30,31]. In
the slot-die coating process, the liquid enters a fixed gap slot
encompassed by two (or more) precisely machined dies and exits
the die to establish contact with the substrate. The coating gap is
filled with liquid to establish the coating bead which is bound by
the upstream and downstream menisci. After establishing the
coating bead, the substrate is linearly translated to spread the lig-
uid and form a film. The upper meniscus initiates the formation of
the coating bead, while the lower meniscus facilitates the spread-
ing process. Figure 1 outlines the coating bead formation process,
followed by the filling of the coating gap with liquid as it contacts
the substrate and spreading of the liquid due to substrate motion.

The operating limits of a slot-die coating process are bound by
a range of parameters such as flow rate, coating gap, and coating
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Table1 Compatibility of film-forming methods for y-SLS applications

Parameter Spin coating Doctor blading Screen printing Inkjet printing Gravure coating Slot-die coating
Viscosity range (cP) <10 <10 100-10,000 <10 10-1000 10-10,000
Film thickness (um) 1-100 5-100 10-500 1-500 5-100 1-250
Speed (mm/s) — <20 20-1500 20-200 200-5000 5-1000
Intermittent + ++ ++ ++++ ++++ +++
Material wastage ++++ +++ + + + +
Scalability to wafers +4 + ++ ++++ + +4++
+: very difficult/very low, ++: difficult/low, +++: somewhat difficult/high, and ++-++: simple/very high.

Initial coating Coating bead contacts Coating bead spreads

bead formation substrate across the substrate

Die lips
Upstream

Coating bead Meniscus

g - Die Gap (characterized by the shim
thickness between the dies

h - Coating Gap (Distance between the
die lips and the substrate)

Bead pinning
locations

Downstream
Meniscus

Direction of coating

t — Wet Film thickness for a
stabilized coating bead

Fig. 1 General working principle of the slot-die coating process

speed. The operating range is defined as the range of parameters
that yields films free of defects such as ribbing, air entrainment,
and dripping [29,32]. Previous studies have established analytical
models to determine the operating limits of the slot-die coating
process with broad assumptions. Ruschak developed the capillary
model that uses a vacuum pressure at the upstream slot die to con-
trol the meniscus pinning location [33]. The capillary model also
assumes that viscous effects are small, and both the upstream and
downstream meniscus are pinned at their respective slot-die edge.
The operating limits are defined by

1 + cos®  1.34Ca*? 1 — cosf  1.34Ca%/3
+ < < + M
h t h t
where AP represents the vacuum pressure between the upstream
and downstream meniscus, ¢ is a constant liquid surface tension,
h is the coating gap, ¢ is the film thickness. The minimum film
thickness for a system without vacuum pressure can be deter-
mined from inequality Eq. (2) by setting the lower bound to zero

1.34Ca*3  h
r=— @
t 1 + cosf
The viscocapillary model developed by Higgins and Scriven con-
sidered both capillary and viscous forces to govern the operating
limit of a slot-die coating process under vacuum pressure [34].
Like the capillary model, this model forces the downstream
meniscus to pin at the downstream slot-die corner. However, the
upstream meniscus is free to pin along the slot die within the coat-
ing gap. The operating limit is given by
6uVl  12uVit 1.34Ca*3a _ a(costl + cosb)
h? h? t h
12uvl 12uVie  1.34Ca*Pc  a(cosO + cosb)
- 0 " t h

< AP

3

where pu is the solution’s viscosity, V is the coating speed, and 6,
is the static contact angle of the upstream meniscus against the
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slot-die surface. The minimum film thickness can be determined
by setting the lower bound of inequality Eq. (3) to zero. Our sys-
tem does not utilize a vacuum pressure due at the upstream menis-
cus as having a vacuum box would constrain the layer-by-layer
operation and reduce the overall throughput of the process. There-
fore, an operational range cannot be accurately determined from
these described models. Additionally, both models assume the
downstream pinning location to be at the slot-die edge, which lim-
its the operational range of the coating process. From previous
studies and experimental results, the downstream meniscus cannot
reliably be pinned at the slot-die edge; therefore, we investigate
an operational range that allows for a downstream dynamic con-
tact line that can go beyond the slot-die edges [35,36]. Lin et al.
found for a large die angle the downstream meniscus likely pins
on the outside shoulder [36]. One of the proposed solutions to
minimize this effect involved altering the die geometry; however,
it is difficult to change die geometry because that would require
machining new die for each set of processing conditions. Addi-
tionally, the coating windows vary widely based on the type of
solution coated and the experimental setup. Therefore, the pre-
dicted minimum film thicknesses obtained from these models
might not be precisely adapted to our system. Hence, there is a
need to develop a model that can determine an operational win-
dow for a specific fluid rheology and operational setup of the u-
SLS process.

1.5 Motivation Behind This Work. The following work
presents a discussion of the slot-die coating setup for the p-SLS
process and a computational fluid dynamics (CFD) investigation
of the limiting process parameters for achieving a desired film
thickness for single layer coating. Despite the unique advantages
of engendered by the slot-die coating process for nanoparticle bed
deposition for u-SLS applications, the intermittent nature of the
process needs a more detailed exploration to understand the coat-
ing mechanics. Initial experimental studies on this process have
revealed a need to develop computational models to track the free
surface flow and meniscus formation process. Previous analytical
models that quantify the film thickness as a function of capillary
number such as the capillary model and viscocapillary model
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Fig. 2 Design embodiment of the slot-die coating system for u-SLS. The following components have been
shown in the figure: 1. Syringe pump 2. Vertical positioner 3. Slot-die head assembly 4. IR heater 5. Microme-
ter screw for tip-tilt correction 6. Pivoting bracket 7. Air pilot valve 8. Flow visualization setup 9. Slot-die
coater inlet. The left inset figure shows a cross section of the slot-die coater with the following labels: 10.
Fluid inlet 11. Air pilot valve connection 12. Die gap 13. Distribution reservoir 14. Die lip.

Prime Slot Die Set Coating Gap Set Coating
Coater Fluid —>{ with the z- > Speed and Inlet |
Lines positioner Speed

Establish
Coating Bead

Move Substrate at
+—» Coating Speed to ]
coat the NP ink

Perform Sintering at
the Optical Station

Repeat for n layers

Fig. 3 Schematic representation of the slot-die coating process adapted for nanoparticle bed deposition in

the u-SLS tool

define a set position for the meniscus location, which might not be
representative of recorded operational conditions. Additionally,
the liquid properties such as surface tension, viscosity, and contact
angle vary drastically between different studies, which makes it
imperative to develop a simulation framework to determine the
operational range. This study presents a CFD model that captures
the key parameters of the slot-die coating process and outlines an
operating region within which thin sub-5 um dry/partially dry film
thicknesses can be repeatably obtained. These physics-based two-
phase models are required to explain the underlying phenomena
and optimal process parameters required for the slot-die coating
process.

2 Slot-Die Coating Process Components and
Schematic

The experimental setup of the slot-die coater with the different
subcomponents is shown in Fig. 2. The slot-die coating system
consists of the positioning mechanism, syringe pump, and the die
assembly. The positioning mechanism is used to translate the die
vertically over the substrate to set the coating gap. It consists of a
precision ball screw-based linear rail driven by a 0.36 deg micro-
stepping motor, which can achieve a position repeatability of 3 um.
A cylindrical flexural pivot is used to enable in-plane positioning
of the die head and ensure the parallelism of the lips with the sub-
strate. The syringe pump (Kloehn/IMI Norgren V6 series) consists
of a zero dead volume tip syringe with a 60 mm stroke, driven by a
brushless DC (BLDC) motor. The syringe pump also includes a
three-way rotary valve assembly operated by a NEMA 23 stepper
motor to alternate between the intake, aspiration, and distribution
functions with the slot-die coater. The coating gap between the die
and the substrate is measured using a laser triangulation sensor
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(Keyence 1L030). The die gap is set using a 50 um (2 mil) polyether
ether ketone shim. Figure 3 shows a detailed schematic of the steps
critical for the startup and continuation of the slot-die coating pro-
cess in the pu-SLS system. First, the fluid lines connecting the
syringe pump to the slot-die coater is primed with the NP ink to
ensure no air bubbles inside the system. The die lips are then
zeroed on to the substrate to establish the home position and then
moved using the vertical positioner to set the coating gap, which is
measured by the laser triangulation sensor. The slot-die coater is
then primed with the NP ink and purged of the air bubbles to estab-
lish the initial coating bead. Next, the substrate is moved under-
neath the coater to spread the ink across the substrate, while
continuously replenishing the slot die with ink. As the substrate
starts moving at the specified coating speed, the inlet flow rate of
the liquid entering the die is kept constant at a rate that can main-
tain a stable bead. The upstream meniscus of the bead is under
ambient pressure as a vacuum chamber is not used in this study due
to the design constraints in an intermittent layer-by-layer coating
process. The coated layer then passes under an IR heater (Heraeus
Noblelight America LLC, 600 W) to remove excess solvent and
partially dry the ink before moving under the optical station for sin-
tering. Previous work [37] on design and preliminary studies with
the slot-die coating setup showed that it is expensive to understand
the process with just using experimental studies and it needs some
baseline understanding of the slot-die coating process physics
using simulation models.

3 Development of the Computational Fluid Dynamics
Model

The experimental investigation of slot-die coating parameters
to identify a nominal operating region is resource and time
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VZ V3 V33 V34 V35

Fig. 4 Representation of the 2D CFD simulation domain divided into the following sections—1. upstream
region, 2. menisci region, and 3. downstream region. In this figure, g is the die gap (50 um), h is the coating
gap (50-150 um), 6 is the die angle (45 deg), W is the width of the domain (2mm) and D is the length of the
domain (10 mm). Here, the subzones are definedas V;, V, V5 .... V35

intensive. To further analyze the physics behind the coating pro-
cess, a 2D, transient Volume-of-Fluid-based CFD model was
developed and simulated using ANSYS ACADEMIC FLUENT ™ Release
18.1. In this section, we outline the CFD model to understand the
meniscus formation, free surface tracking, and effect of key varia-
bles on the final wet film thickness of the ink. The CFD model
was built using the following design considerations—(1) Identity
the key material properties to approximate the ink rheology, (2)
Define the geometric domain, (3) Setup the meshing parameters to
accurately capture the effects of the free surface flow, (4) Specity
the boundary conditions to emulate experimental settings, and (5)
Select the numerical solvers to solve a system of coupled, linear-
ized algebraic solutions.

In the slot-die coating process, the air in the geometric domain
is displaced by the coating ink, which results in a two-phase flow
field. One of the most robust modeling frameworks for two-phase
flow investigation is the volume-of-fluid (VOF) method, which is
used to track the interfaces between the fluids. The VOF method
calculates the scalar volume fraction of the liquid, o, which is
the volume occupied by the discretized computational cell. The
value of o, is zero when the cell does not contain any liquid and
is set at one when it just contains the liquid. At the interface, the
value of varies o;,c from zero to one to indicate the presence of
both fluids. The model for the volume fraction is given by Eq. (4)

Ottink
ot

+u. Vo =0 “4)

where u is the velocity vector components in x and y-directions
and o, 1s volume fraction of the ink at a given time-step. The
VOF framework in FLUENT can be used to solve for coupled multi-
phase flow of two or more immiscible fluids by solving for a sin-
gle set of velocity and momentum equations and tracking the
volume fractions of the fluids throughout the computational
domain. The method can be used with a pressure-based solver and
must have regions within the domain predefined with the fluid,
which depends on the nature of the problem.

3.1 Geometric Domain and Meshing. The computational
domain used in the study is illustrated in Fig. 4. The domain was
modeled based on the actual geometry and experimental design of
the slot-die coater to include a 50 um die gap, a coating gap vary-
ing from 50-150 ym and die land angles of 45 deg. The domain is
divided into the following sections to enable differential meshing
and reduce the computational load—(1) upstream region, (2)
menisci zone, and (3) downstream region. The menisci zone rep-
resents the overall area within which the meniscus is supposed to
exist and has been divided into 35 equally spaced subzones of
50 um x 50 um to extract the volume fraction of the liquid and
track the film thickness at different time-steps along the length of
the domain. The entire plane is meshed using a combination of
smooth quadrilateral elements and refined to have a 2.5 um ele-
ment size in the menisci zone to ensure a good interface tracking
and the 10 um everywhere else. Initially, a smaller computational
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domain was defined to ease the computational load, but a longer
downstream domain was defined to capture the uniformity in film
thickness.

3.2 Governing Equations and Boundary Conditions. The
temperatures throughout the computational domain are main-
tained at a constant, which reliably approximates the experimental
conditions. Therefore, the energy equation is not solved in this
model. For incompressible fluids under flow with negligible iner-
tia, the velocity vector field can be solved using the continuity and
momentum equations along the x- and y-directions and shared
between the different phases, which are given by

dp B

E—FV.(pu)fO %)

I(pu)
ot

+ V.(puu) = —VP + V1 + pg+ Fy 6)

where p is the density, u is the velocity vector components in x
and y-directions, P is the pressure, T is the stress tensor, g is the
acceleration due to gravity, and Fj, is the source term to capture
surface tension effects. These intermolecular forces at the interfa-
ces of the fluids are modeled using the continuum surface force
framework developed by Brackbill et al., treating it as a 2D effect
across the interface [38]. For two-phase flow, the source term
incorporated in the momentum equation due to surface tension
effects is given by

Svaink(fxinkpink + O(airpair)
O.S(Otink + Otair)

Fy=o0 (7)

where ¢ is the surface tension and ¢ is the curvature of the
interface.

The boundary conditions are set to emulate the experimental
setup of the slot-die coating process. Figure 5 shows the different
boundary conditions used in the study. The domain is at a constant
atmospheric pressure of 101 kPa. The effects of gravity are con-
sidered at a negative y-direction 9.81 m/s”. The inlet is taken as a
velocity inlet for the desired liquid that can be defined for any
flow rate. The inlet area in between the slot-die lips is predefined
with a volume fraction of 1 (100% liquid) prior to the start of the
simulation to emulate a slot die filled with liquid. The slot- die
walls, which include the inlet as well as the exterior walls, are
taken as no-slip stationary walls with a standard roughness model
of roughness constant 0.5. The slot-die surfaces have a constant
contact angle with the liquid as described by goniometer measure-
ments of the NP ink. Wall adhesion is considered to account for
the contact angle curvature of the surface near the wall. The sub-
strate is a moving wall toward the positive x-direction set at the
desired wetting speed. The substrate, similarly, has a no-slip con-
dition and uses the standard roughness model. The subzones
defined are taken as an interior zone where no interaction occurs
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Fig. 5 Representation of the boundary conditions (BCs) setup in the CFD model. 1. Atmospheric pressure
condition (Pga4e = 0), 2. Moving wall condition specified by the coating speed in mm/s 3. Fluid inlet BC 4. No-
slip stationary wall condition 5. Patched zone to predefine a region with Ag NP ink.

between the interfaces. An atmospheric pressure outlet is set as
the surrounding boundary of the slot-die domain.

3.3 Numerical Methods. The VOF framework defined
within FLUENT, Release 18.1 provides an option for explicit and
implicit formulation based on the problem definition. The explicit
formulation has been explored by coating models to accurately
track and differentiate between the interfaces [39,40]. However, it
is applicable for transient models only and the time-step is limited
by the Courant number, which can introduce divergence errors
during the solution. The most used interface tracking scheme is
Geo-reconstruct, which has a high accuracy if a sharp interface is
desired, but the convergence speeds are slower. Conversely, the
implicit model is suitable for both steady-state and transient calcu-
lations, does not have a Courant number limitation and can be run
with larger time steps. This is critical for the length scales at
which the current slot-die coating simulation is being run where
the domain length is approximately two orders of magnitude
larger than the slot-die gap and the coating gap in order to accu-
rately determine the film thickness after achieving a good coating
bead stability. The compressive scheme within the implicit VOF
framework provides an optimal combination of accuracy and
speed compared to the first order, second order, QUICK and
modified HRIC scheme [41,42]. However, the numerical diffusion
at the interface does not accurately capture its curvature and pres-
ent a sharp boundary between the two phases, which might be a
source of error for the simulation results. To counter that, the film
thickness is averaged across the last five subzones to obtain a film
thickness window. The pressure and velocity are coupled using
the SIMPLE scheme and discretized throughout the domain using
the PRESTO and second-order upwind, respectively. The underre-
laxation factors of 0.3, 1, 1, and 0.7 are used for the pressure, den-
sity, body forces and momentum, respectively.

4 Results and Discussions

4.1 Experimental Procedure. Commercially available silver
nanoparticle inks (Novacentrix Metalon Conductive Ink, JS-
A102, Austin, TX) designed to produce highly conductive electri-
cal circuits for printed electronics applications was used as part of
the experimental study. The key physical properties of the ink
based on the manufacturer’s specifications are outlined in Table 2.
These properties were also used in the setup of the simulation
model to accurately define the fluid. Inlet flow out of the slot-die
coater for varying syringe speeds was approximated using mass
conservation law, lengths of the pipes, and slot-die coater reser-
voir and gap volume. It was measured by collecting the volume of

041012-6 / Vol. 8, DECEMBER 2020

fluid output from the die exit for the time that takes the syringe to
provide 60 mL of fluid to the slot-die coater (also known as the
syringe speed). The need for measurement was to get a rough esti-
mate of the range of inlet speeds that must be defined for the sim-
ulation to be representative of the actual process. An in situ flow
visualization setup was developed using a CMOS camera (Sen-
tech/Omron STC-HD133DV) to track the meniscus formation and
spreading across the substrate (Fig. 6(a)).

The experiment consists of varying the coating speed and
flow rate. A constant coating gap of 100 um is used for each trial.
The experimental syringe speed was set such that enough fluid is
provided into the slot-die system to maintain a stable coating
bead throughout the coating process. The 60 mL syringe limited
the maximum syringe speed that can be achieved before all
the liquid was dispensed. The silver NP ink was coated onto
50mm x 75mm glass slides. The experimental parameters
revolved around the physical limitations of the slot-die coating
system, given by the syringe volume and substrate size. The
resultant film deposited onto the substrate was visually validated,
with the help of the CMOS camera, to be free of defects such as
coating bead breakup, neck-in, air entrainment, and streaks.
Figures 6(a) and 6(b) shows the flow visualization setup and the
coating process as captured by the camera. The coating gap
domain is quickly overflowed with liquid at the start of the coating
process but as the glass substrate is dragged along the x-direction
the upstream and downstream meniscus quickly forms and
reaches a steady-state (i.e., the pinning location does not vary sig-
nificantly, thereby maintaining a uniform coating thickness) at
about 2.4 s into the coating process. The in situ flow visualization
allowed for adjustments in the experimental parameters as needed.
The verification ensured that an optimal operating range were
used to deposit repeatable film thicknesses. After verification of
film quality, the coated substrate is placed on top of a 100 °C hot
plate to remove the NP ink solvent. The dry film thickness was
then recorded using an optical profilometer (Keyence VK-X1100)
at nine different locations. Due to the initial startup of the coating
process, high and nonuniform thicknesses were seen at regions

Table 2 Silver nanoparticle ink specifications

Novacentrix JS-A102 Units
Ag content 40 Wt%
Viscosity 8-12 cP
Surface tension 19-30 dyne/cm
Z-avg particle size 30-50 nm
Specific gravity 1.6 Dimensionless
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Fig. 6 (a) Flow visualization camera setup focused on the slot-die coating exit. (b) Camera
images to track the establishment and progression of the coating bead for the coating speed
of 10mm/s and a coating gap of 100 um through times t=0 — 2.4s At around 2.4s, the
upstream and downstream meniscus pinning location undergoes minimal variation, thereby

indicating better coating uniformity.

where the coating bead has not yet stabilized. Therefore, only the
region along the sample where the coating bead stabilized were
considered. The dry film thickness was then converted to wet film
thickness using the weight percent loading of silver to solvent.

4.2 Computational Fluid Dynamics Results Discussion.
The 2D time-dependent CFD model forwarded in this study was
used to obtain the resulting film thicknesses and the uncertainties
associated with them for a range of parameters. A three-factorial
design of experiments, as outlined in Table 3, was developed to
obtain single layer thicknesses. The three main parameters simu-
lated in this study are—inlet speed (mm/s), coating speed (mm/s)
and coating gap (um). As mentioned in Sec. 3, the die gap was
fixed at 50 yum and the computational domain was extended to
capture the film thickness uniformity. The film thickness was
determined by spatially averaging the volume fraction encom-
passed by the last five subzones defined within the computational
domain and multiplying it by the area of the subzone. The follow-
ing sections (Secs. 4.2.1-4.2.3) provide the trends obtained from
the simulation results.

4.2.1 Effect of Inlet Speed (mm/s) on the Coating Bead Stabil-
ity and Film Thickness Uniformity. Using the CFD model, the
meniscus formation and resulting film thickness can be visualized.
The variation of the coating bead location and size with the inlet
speed has been shown in Fig. 7. While there was no clear trend

Journal of Micro- and Nano-Manufacturing

Table 3 CFD Simulation design of experiment parameters and
setup

Parameter Value Units

Inlet speed 2.5,5,7.5,10,12.5,15,17.5,20,22.5,25 mm/s

Coating speed 2.5,5,7.5,10,12.5,15,17.5,20,22.5,25 mm/s
Coating gap 50, 100, 150 Hm
die gap 50 pm
Ink Novacentrix Metalon JS-A102 Ag NP ink

Ink viscosity 10 cP
Ink surface tension 25 dyn/cm
Ink specific gravity 1.6

Ink contact angle 0.5 degrees

seen on the wet film thickness for varying inlet speeds, tracking
the coating bead position for varying inlet speeds within the
domain provided critical information about the bounds of the
coating region and the onset of defects. The lower bound of
the simulation results in an unstable coating bead as shown in
Fig. 7 top left, where the upstream meniscus recedes back toward
the slot-die exit. This can cause bead breakup resulting in regions
without any coated liquid on the substrate. As the inlet velocity is
gradually increased to 5 mm/s, the coating bead stabilizes and has
meniscus pinned near the slot-die shoulders. As it can be seen in
Fig. 7 top right, this behavior is similar to the downstream
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Fig. 7 VOF contour plots to visualize coating bead stability for varying inlet speeds. The bead stability and onset of defects
for coating speed of 25 mm/s and the following inlet speeds have been shown (top left)}—2.5 mm/s (top right) 5 mm/s (bottom
left) 10 mm/s (bottom right) 25 mm/s. As it can be seen from Fig. 7 top left, the coating bead starts to recede into the slot-die
exit, thereby indicating a bad coating due to eventual bead break up. The beads remain stable in top right and bottom left fig-
ures. However, as seen in bottom right figure, higher inlet speeds lead to formation of vortices and air bubbles within the
menisci zone, leading to air entrainment defects.

Ag NP Ink
Volume
Fraction

t =1.26 sec
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formation nea progresses
upstream underneath
meniscus the die exit

(top-left)

t =1.29 sec
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along the bed
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uniformity
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X

Fig. 8 Tracking vortex formation leading to air entrainment defects for a coating gap of 100 um, inlet speed of 20 mm/s and
coating speed of 25 mm/s through visualizing the bubble formation in the VOF contour plots. (top left) At this time-step, the
vortex starts forming near upstream meniscus, indicating potential air entrainment (top right). The vortex spreads across the
bed as the ink is coated (bottom left) =1.29s.
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Fig. 9 Tracking Ag NP ink film thickness progression across the subzones within the domain at different
time-steps. (a) Example of a uniform thickness output (coating gap = 150 um, inlet speed = 7.5 mm/s, coating
speed = 20 mm/s). (b) Example of a nonuniform thickness output (coating gap = 100 um, inlet speed = 25 mm/s,
coating speed = 15 mm/s).
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Fig. 10 Fluid velocity contours tracking the coating bead sta-
bility for coating gap at 100 um, coating speed 25 mm/s and inlet
speed (top) 10 mm/s (bottom) 25 mm/s

meniscus pinning entailed in previous studies. The coating bead
maintains its stability at higher flow rates such as 10 mm/s as the
downstream climbs up along the lower slot-die shoulder, as shown
in Fig. 7 bottom left. The stability of the bead is also related to the
position of the upstream meniscus. As it climbs too high, with an
increase in the inlet speed, as shown in Fig. 7 bottom right, the

Coating Gap = 50 um

coating defects start to appear such as air entrainment and large
vortices in the downstream meniscus region, which marks the
upper bound of the coating window.

The development of defects such as air entrainment is captured
within the VOF contour plots where the coating parameters fall out-
side the operational range because of an unstable bead. Figure 8
shows the development of a bubble as air is trapped inside of the
coating gap. The air entrainment causes nonuniformities within the
resultant film thickness, forming ripples that cause the film thickness
to be thicker at random positions along the length of the substrate.

The nonuniformity in deposited film thicknesses is further cap-
tured by plotting the film thickness for subzones along the domain
versus the simulation time. Figure 9(a) shows the film thickness
development for a stable coating bead where the initial peak in
film thickness around 0.6 s is the region where the coating bead is
first stabilizing. The film thickness for each subzone across the
domain then stabilizes around a constant film thickness, this is
categorized as a stable coating bead that has reached a steady-
state. This initial high film thickness during the startup of the
coating process shows a trend similar to the variation in the exper-
imental film thickness measurements along the coated sample.
Design points where the flow rate is higher than the coating speed
results in coating bead instability. This leads to uneven down-
stream meniscus growth and formation of large vortices. The
unstable coating bead and vortices cause ripples where excess lig-
uid is coated onto the substrate deteriorating the uniformity of the
deposited thin film. Figure 9(b), shows the ripple effect in action
where the film thickness remains unstable after the initial forma-
tion of the coating bead. A second peak in film thickness at 1.3s
indicates excess liquid deposition onto the substrate.

Coating Gap = 100 zm
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Fig. 11 Wet film thickness (um) versus Ca number for different inlet speeds for coating gaps: (a) 50 um, (b)
100 um, and (¢) 150 um. The operating points shown in these curves correspond to the film thicknesses
within the desired range. The plots show different inlet speeds for the same coating speed and gap.
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Fig. 12 Plot of wet film thickness (f) normalized by the coating gap (g) versus the Ca num-
ber for varying coating gaps and experimental coating for an inlet speed of 10 mm/s and
coating gap of 100 um. The t/g ratio increases with the substrate speed and coating gap, fol-
lowing a similar trend outlined by theoretical models present in the literature.

The instability in the coating bead can also be visualized in the
velocity contours plots shown in Fig. 10. For a given flow rate and
coating speed that yield uniform coating, the velocity contour
shows a steady coating bead that has minimal to no vortices for-
mation in either the upstream or downstream meniscus. Mean-
while, for a flow rate that exceeds the coating speed, the bead is
unstable and large vortices form in the downstream meniscus that
result in air entrainment and irregular film deposition. Physically,
it shows that the inlet speed of the fluid is unable to provide
enough fluid for the speed at which the coating happens, thereby
leading to regions of uneven coating thickness, which manifest in
the form of nonuniform coating and zones without any liquid in
the actual experiments. Therefore, for a flow rate that exceeds the
coating speed, the downstream meniscus tends to grow large
enough to cause excessive vortices to form in the meniscus that
result in defects. From these recorded defects, an operational win-
dow can be determined for uniform film thickness.

4.2.2 Investigation of Coating Speed (mmls) versus Film
Thickness (um) for Varying Coating Gaps (um). Using the CFD
model and the outlined design of experiments, several simulations
were carried out to understand the effect of coating speed on the
wet film thickness. Based on the simulation results, the set of
design parameters for which the wet film thicknesses were above
15 um and where coating defects were seen are filtered out as they
are outside the desired range for our applications. See Supplemen-
tal S2 available in the Supplemental Materials on the ASME Digi-
tal Collection provide plots for each design parameter simulated
which show the points outside the operating range. These points
were filtered out of the data shown in Figs. 11 and 12 because
they were either leading to nonuniform and high coating thick-
nesses or causing air entrainment and other associated defects.
Figure 11 shows the variation of wet film thickness as a function
of capillary number for different coating gaps. As the capillary
number increases, the wet film thickness increases if there is

041012-10 / Vol. 8, DECEMBER 2020

sufficient fluid to maintain a coating bead. The increase in film
thickness is consistent for each coating gap, 50 um, 100 um, and
150 um. The wet film thickness versus Ca number follows the
same trend as found in the experimental results. From the perspec-
tive of the u-SLS process, Fig. 11 shows the set of operating
points, which can attain wet film thicknesses from 4 to 14 um.
These results can be used to identify the operating range to obtain
a certain thickness based on the required resolution of the micro-
scale part being formed.

4.2.3 Investigation of Coating Gap (um) versus Film Thick-
ness (um) for Varying Coating Speeds (mm/s). The wet film thick-
ness (#) is normalized by the coating gap (/) to obtain a comparable
metric, to obtain a dimensionless #// ratio. The CFD results have a
trend similar to the theoretical capillary and viscocapillary models.
Figure 12 outlines the variation of the #/g ratio for different Ca
numbers and outlines the regions within which a uniform coating
can be achieved. The previous models and our results follow the
same trend of increasing film thickness as the capillary number
increases. The #/h ratio increases with the Ca number and each
coating gap has a different range within which a uniform film
thickness is achieved. The difference in t/h ratio for a 100 um coat-
ing gap between the CFD results and theoretical models may result
from simplifications that derive from Couette and Poiseuille flow
using which the theoretical models are developed. Furthermore,
the difference between the experimental data for 10 mm/s inlet
speed and 100 um coating gap can be explained by the nonlinear-
ities in the experimental setup, while setting up the coating gap and
the vibrations produced by the translation system. The CFD results
indicate that such analytical equations for predicting film thickness
may fall short when fluid—gas interface, contact lines, and other
fluid rheological effects are considered. It is important to character-
ize this operating region to identify the limits to the process
throughput, while satisfying the requirement to have a uniform
coating zone. It must be noted that as outlined in the previous

Transactions of the ASME

[10952299/2 101 ¥0/¥/8/1Pd-8jollE/BuLINioBNUELIOUBUOIOIL/BIO"BLISE UONI8]|00[E)BIPaWSE//dRY WOl Po

0 800 wuwi

d'zL0LY0

USY0) BSEI{ P!

Ny 9Z UO J8sn unsny Jy sexa] Jo Ausienlun Aq 31 ZAMANON LYZXP-S-unborZ ANIMO-NAnyTOWaZ-NNIAS LLMdEZAN JoayEXINEO-6U: VYV YB.0208d.21MG


http://dx.doi.org/10.1115/1.4049668

Table 4 Regression model parameters and statistics

Coefficient Estimate p-value
Intercept () 4.639 3.16x10°1°
Inlet speed () —4.939x107° 0.182
Coating speed (f3,) 3.119x 107 3.228 x 107"
Coating gap (f33) —6.525% 1073 0.0507

Model: wet film thickness = fj+ f3; (inlet speed) + 5, (coating speed) +
P (coating gap) + (error)

sections (Secs. 4.2.1 and 4.2.2), the points outside the regions pre-
sented in Fig. 12 present an unstable coating bead and uneven
meniscus, leading to poor coating uniformity and very high coating
thicknesses. These trends also define the operating points for multi-
ple layer coating. However, the coating window is hypothesized to
be smaller for layer-by-layer coating depending on the interlayer
interaction between layers with varying liquid viscosities, as the
previously coated layer undergo partial drying and sintering.

4.24 Model Fitting. The simulated model was further eval-
vated using a multivariate linear regression model to understand
the dependence of the coating thickness on the three main process
variables—coating speed, inlet speed, and coating gap. The model
details and statistics are presented in Table 4. The refined simula-
tion data consisted of 86 design points within the desired film
thickness range. The data were randomly partitioned to create
training (85%) and cross-validation (15%) sets. The objective
behind this was to avoid overfitting of the data while using more
advanced regression models, like artificial neural networks
(ANNSs) or support vector machines (SVMs). However, the per-
formance of these machine learning models was comparable to
that of the multivariate linear regression model. The details of the
model formulation and predicted thickness values using various
models are presented in the Supplementary Information available
in the Supplemental Materials on the ASME Digital Collection.
Figure 13(a) shows the departure of the residuals from following
a normal distribution, characterized by the heavy tails. The model
was used to predict the film thickness of the validation dataset,
which yielded a mean absolute error of 9.2% between the pre-
dicted value and simulated value across the validation dataset.
The model predicted thickness for the experimental parameters
shown in Fig. 12 had a mean absolute error of around 27.5%.
Figure 13(b) shows the model predicted thicknesses against the
simulated thicknesses. As seen in Table 4, the changes in the inlet
speed predictor are not significantly affecting the wet film thick-
ness, which affirms the simulation results discussions presented in
the previous sections (Secs. 4.2.1-4.2.3) that the inlet speed must

Normal probability plot of residuals
0.99 +

0.95 - %

x %
09 - k‘!})‘

=
2 05 Xg
- o
= &
0.25 - ,;gx
01+ K
,” x x
005+ 7 x
5 x
L x
0.01 |
3 2 1 0 1 2 3

Residuals

(a)

be sufficiently high to avoid coating bead breakup. Therefore,
according to the model, the wet film thickness can be changed by
changing the coating speed and coating gap, if a sufficient inlet
speed is maintained to avoid coating defects. According to the
model, for the same coating gap and inlet speed, to obtain a wet
film thickness increase of 1um, the coating speed must be
changed by 3.2 mm/s.

5 Conclusion

A slot-die coating approach for film forming to lay down metal-
lic nanoparticle beds in a microscale additive manufacturing sys-
tem has been outlined in this paper. In addition to an experimental
validation of the technique for single layer coating, a CFD model
is created that can determine an operating window for a range of
parameters. The layer-by-layer slot-die coating process is inter-
mittent in nature, operating without the forced pinning of the
upstream and downstream menisci using external vacuum. The
model explores a large range of operating parameters as it does
not assume downstream meniscus pinning location to be at the
slot-die edge. The model parameters were chosen based on the
preliminary results where the stability of the coating bead was
poor, and there were experimentally verified based on the flow-
visualization setup as well. For example, the lower limit of the
inlet speed was at 2.5 mm/s based on the models result, where the
coating bead started receding back into the slot-die coating exit
(as seen in Fig. 7 top left), and the upper limit was set at 25 mm/s,
where the coating bead climbs up too high along the shoulder of
the slot die and vortices start to form (as seen in Fig. 7 bottom
right). The deposited film maintains uniformity as the downstream
meniscus pins outside of the slot-die edge until the flow rate nears
or exceeds the coating speed. The CFD model expands upon exist-
ing models to fit an operational window to our specific experimen-
tal setup and fluid properties, which are outside of what can easily
be modeled analytically. The results are in good agreement with
minimum film thickness predictions with the models presented in
the literature. The operating limits are bound by a flow rate such
that sufficient fluid must be provided into the slot die to maintain
a coating bead and not too high of a flow rate such that the down-
stream meniscus grows sufficiently to cause large vortices to
form. An operational window for each set of coating gaps, 50 um,
100 um, and 150 um, is more suitable as the #/A ratio varies for dif-
ferent coating gaps. The model is valid for low capillary number
flows (0.003-0.01), which are defined by the fluid properties and
the process conditions that are a part of our design space. This
model informs the future work based on the knowledge gained
from the good operability window for single layer coating and
extending it to multilayer coating process.
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Fig. 13 (a) Normal probability plot of residuals for the training dataset. (b) Predicted wet film thickness ver-

sus simulated wet film thickness for validation dataset.
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The experimental work done shows the validity of slot-die coat-
ing process to reliably deposit sub-5 ym partially dry films for the
u-SLS additive manufacturing process. The CFD model can
extrapolate a coating window for given parameters that yield uni-
form film thickness free of defects. The simulation and experi-
mental investigation of the coating window will allow for greater
control in deposited film thickness for a targeted desired resolu-
tion. These single-layer simulation studies will also form the basis
of the multiple layer studies where interlayer properties and layer-
on-layer interactions become significant.
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Nomenclature

Fy = surface tension force component
g = acceleration due to gravity
h = coating gap
t = film thickness
V = coating speed
o = volume fraction
AP = vacuum pressure between the upstream and downstream
meniscus
0 = contact angle
U = viscosity
p = density
¢ = liquid surface tension
T = stress tensor
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