Dynamics of Single Polymer Molecule in Slot Coating Flow
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Introduction

Slot coating process, as one of pre-metered coatings, plays an important role in manufacturing 1T
products such as flat panel displays, secondary batteries, etc. The final purpose of this coating process is
to coat thin uniform liquid layer on the web or the substrate. Many researchers have studied dynamics and
stability of slot coating system with the aid of appropriate approximations (Ruschak, 1976; Higgins and
Scriven, 1980). One of recent interesting issues is to incorporate polymeric coating liquids with non-
Newtonian characteristic nature in the coating system. Therefore, it will be important to analyze the
molecular orientation of polymer chains in coating liquids for the better quality control of coating
products.

Recently, development in direct visualization methods (Smith and Chu, 1998; Smith et al., 1999),
coupled with Brownian dynamics simulations (Larson, 2005; Shagfeh, 2005), has allowed the dynamics
of polymer molecule in simple flows to be studied with unprecedented details. Also, Duggal and Pasquali
(2004) reported the flow visualization of A-DNA in a micro roll coating equipment. In this study, we have

investigated the conformation of a single polymer chain in the slot coating flow which can be regarded as

1 Unpublished. ISCST shall not be responsible for statements or opinions contained in papers or printed in its
publications.



a kind of microfluidic channels, by combining Brownian dynamics with the conventional computational

flow dynamics simulations.

Brownian dynamics and slot coating simulation

Coating bead flow for Newtonian liquids in slot coating system has been calculated by two-
dimensional model using the commercial CFD package Flow-3D under the various operating conditions,
as depicted in Fig. 1(a). We applied bead pressure condition between upstream and downstream menisci
for stabilizing the coating bead flow (Gates, 1999). Flow field inside coating bead regime can be

represented from the flow type parameter (o) defined as
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where, |D| and [[Q are the magnitudes of the deformation and vorticity tensors, respectively. Flow

type parameter (o) varies from -1 (purely rotational flow), 0 (purely shear flow), to 1 (purely extensional
flow). Brownian motion has been estimated by the following stochastic equation, Eq. (2), based on the
fact that external forces on each bead sum to zero (Shagfeh, 2005). It was assumed here that coating
liquid is theta solvent, and thus molecule is a phantom chain. Moreover, it is noted that the
microstructural change of polymer molecules is not significantly affected by the flow field in the
Newtonian system (Suen et al., 2002). In Eq. (2), spring force of worm-like chain model is chosen, which

is good for stiff polymers.
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The velocity components in slot coating flow regime have been evaluated from two dimensional
simulations with rectangular meshes. A steady profile in slot coating bead region with the velocity
magnitude contour is portrayed in Fig. 1(a). To effectively characterize the flow field, a flow strength

(Vv) as well as flow type parameter (o) has been considered (Lee et al., 2007). The temporal pictures of a



single molecule were plotted along its streamlines on Fig. 1(b). The molecule entered at xo= +50um from
the slit centerline was strongly stretched at the downstream, because of the extensional-like flow
generated by the free surface curvature. Another molecule started at x,=-50um was slightly extended in
the upstream region when it turns below upstream die lip, however, it will eventually be recoiled by the
plug flow acting on the downstream region (Lee et al., 2008).

Fig. 2 represents the relationship between flow characteristics and polymer chain extensions in
downstream region, following three different streamlines entered at x,= -50, 0, and +50um from the slit
centerline, respectively. Dimensionless mean extension (<x>/L) of polymer chains has been influenced by
variation of flow characteristics such as Vv or a. As exhibited in Fig. 2, the flow type plays a key role in
the molecular conformational change of polymer chains. Even though o could not evolve to purely
extensional flow (i.e., a<0.2 under the operating conditions involved in this study), molecule
conformation has changed from the coiled state to the stretched state (Graham, 2003). It has been found
that a small change of flow type from pure shear to extensional flow can remarkably extend flexible
polymer chains, and their conformation can be controlled by further drying strep. The hybridization
method between computational fluid dynamics and Brownian dynamics simulations used in this study can

be a useful tool to qualitatively estimate conformations of polymeric molecules in coated films.
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Figure 1. (a) Velocity magnitude contour under the operating conditions considered in this study.
(b) Conformational change of around polymer molecule along different streamlines in the slot

coating flow.
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Figure 2. (a) The changes of flow strength (Vv) and flow type parameter (o) around polymer chains
entered at three different positions and (b) the change of extension (<x>/L) of each molecule
along the flow directions (x).



