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ABSTRACT

This paper reports predictions of drying phenomena in deformable porous gel coatings (i.e. a
porous solid elastic network filled with air or solvent). Initially, a gelled coating is saturated with
solvent, but as it dries, liquid-vapor menisci begin to recede into larger pores and the gel becomes
a partially-saturated porous medium. The tensile capillary pressure in the liquid causes a
compressive deformation on the solid skeleton and a consequent reductton in thickness and pore-
size of the coating. A theory coupling the large deformation of the solid skeleton to capillary
pressure in the interstitial liquid is used to predict the course of drying of dip-coated porous gel
coatings. The theory predicts a ‘springback’ effect in late stages of drying as the effects of
capillary pressure diminish, which matches with experimental observations,

INTRODUCTION

The sol-gel methed is a convenient method for producing ceramic coatings with a wide range
of properties and for a wide range of applications, Brinker and Scherer {1990) have shown that
the properties of the ceramic coalings are sensitive to the processing conditions used to coat the

film onto a substrate and drying conditions nsed to remove solvents from the gelled coating. This
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paper develops a theory to describe fully-coupled, multiphase transport in a deformable,
unsaturated porous media and shows how the final properties of a gelled film can depend upon
the processing conditions.

In general, inorganic gels produced from the sol-gel route are viewed as composed of a solid
network whose pores are filled with liquid or gas. Bulk gels and gel coalings have been produced
from the sol-gel method with a wide range of porosity (up to 99,5%) and a wide range of pore-
sizes (Brinker and Scherer 1990, Scherer 1992). Some measurements suggest that the pore-radius
in gels can be on the order of several angstroms, i. e. on the same order as the size of the solvent
molecules. An issue is whether a medium with such small pores can really be called porous or
whether the volume contained in the pores is merely free volume in a continuous medium.
Another issue is whether motecules confined in pores of molecular dimensions have properties
similar to the same molecules in bulk liquid. In gels with larger pore-sizes {on Lhe order of
several nanometers) experiments show that they behave like porous media (supercritical drying
enables the retention of the initial wet gel porosity by the elimination of the main driving force
for shrinkage, interfacial tension in the pores, and reversible springback of gels also indicales
existence of a capiltary stress that vanishes as the matenial nears dryness}). In this paper, we treat
the gel as a porous body with a distribution of pore sizes and assume thal the solvent in the pores
has the same properties as bulk liquids. This model is not specific 1o gels produced from
particulate or polymeric sols and should gnalitatively be valid in both cases. We also assume there
is no molecular adsorplion onto the pore walls and that the liguid remains in the pores cven under
cxtraordinarily large capillary pressures. These assumptions become more valid in gels with
larger pore-sizes (> 10 nm), but in this paper we apply the theory over the whole range of pore-
sizes.

The mode! developed in this paper is composed primarily of four parts; 1) a macroscopic
description of flow in an unsaturated porous media, 2} a simple, microscopic, pore-scate model 1o
obtain the paramelers for the macroscopic model, 3) a solid-mechanics model of the interaclion
between capillary pressure and solid network deflormation {including the saturation effect), and 4)
a lumped parameter (mass transfer coefficient) model for solvent vapor removal from the coating
surface. The model predicts the evolution of moisture (or liquid) content, stress, porosity (fraction
of medium volume occupied by pores), and pore-radius during drying of a gelled coating. Under
appropriate conditions, a drying gel coating can exhibit all the drying stages shown in Figure 1;
this figure depicts drying of a gel coating dunng continuous low-speed dip-coating with a solvent
(coating liquid). Initially, the gel is samrated with sotvemi and has an entrained layer of bulk
the gel can expand back to its original volume, i. €. ‘springback’. The rate of springback is
determined primarily by diffusion of solvent vapor through the gas in the pores and through the
external gas phase. The final coaling thickness is determined by the physical properties of the gel
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(modulus and pore-radius) and the solvent conteni of the drying gas. This paper shows how all

these stages can be predicied from theory.

SOLVENT MASS CONSERVATION

An example of steady-siate, low-speed dip-coating of a porous gel coating is depicted in

Figure 1. We use the approach of Martinez {1995)

lo describe 1wophase flow in a partially-



Downloaded by [ ] at 15:06 10 April 2015

1818 CAIRNCROSS ET AL.

saturated porous medium. The sieady-state equation of mass conservation of solvent in both the

liquid and gas phases is:
~Vo[F + X,Fy +1,]+C Ve, =0 m

F;, and X,/F, are the convective mass ftuxes of solvent in the liquid (liquid is assumed to be pure
solvent) and gas phases relative Lo the motion of the solid porous network, v, J,, is the diffusion
flux of solvent vapor in the gas phase. C, is the bulk concentration of solvent in both phases per
unit volume of porous medium; so the last term represents the convective flux of sotvent moving
with the porous solid. The convective flux in the gas phase is negligible because pressure
gradients in the gas phase are small under the conditions explored in this paper. The convective
flux in the liquid is calculated using Darcy's law for multi-phase flow porous media and accounts
for the reduction in permeability of the liquid phase as the saturation decreases. The diffusion
fiux of vapor is calculated using Fick's law. The pore liquid and solvent vapor are assumed to be
in local equilibrium by the Kelvin equation. More detail on these equations is given in Cairncross
etal. ( 1996).

MICROSTRUCTURE MODEL OF POROUS MEDIUM

In pantially saturated coatings, the physical properties and 1he saturation depend upon the
pore structure (porosity, pore-radius, and pore-size distribution) and the capillary pressure of the
liquid; when the capillary pressure is zero, the porespace is saturated (filled) with solvent, but as
the capillary pressure rises the saturation fails to zero. There are many empirical comrelations for
liquid on its surface; at this point the coating is stress free. When the bulk liquid evaporates, the
gel coating is exposed 10 air and begins drying and shrinking, Initiaily the drying rate is nearly
constant because the gel is saturated with solvent and changes in the porosity and solvent partial
pressure are small. Later, as the capillary pressure in the liquid stans to rise rapidly, the rate of
coating shrinkage increases, and the coating enters its most compressed state. As the capillary
pressure rises, the largest pores in the media empty and the gel becomes partially saturated. In a
partially saturated gel. the capillary pressure force, which causes the ge! to shrink, decreases and
the dependence of physical properties of porous media in a variety of materials, We used a simple
pore microstructure model to determine the properties as a function of the capillary pressure and
porosity of the medium. The simple model treats the pore-space as a bundle of mndomly oriented
capillary tubes with a distribution of pore-sizes (Bear and Bachmat 1990). The pore-size
distribution used in this paper follows a weighted exponential probability density function about a
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mean pore-size, where the mean pore-size is a function of the porosity {Cairncross et al. 1996),
The sawration, permeability, and relative permeability are all calculated from this pore-size

distribution function.

THEORY OF STRESS IN POROUS COATINGS

Sol-gel films are deformable. The extent of deformation is delermined by conservation of
the elastic energy in the solid nelwork subject to the forces imparted on it from exiernal sources
and from the interstitial fluid, Because the coatings are thin and the rate of deformation is small,

gravilational and inenial forces are neglecied Lo gel a quasi-static momentum equation:
VsT,, =0 @

Here T, is the total stress tensor for the medium including both the stress in the solid porous
network and in the interslitial fluids.

In an unsaturated porous medium, the total stress is a sum of the partial stresses in all the
phases plus any additional momentum due t0 aclion along the interfaces between the three
phases.

The stresses in the interstitial fluids are normally isotropic and represented by the capillary

pressure,. p; = p, - p1. The gas pressure is assumed (o be ambieat pressure everywhere, and the

liquid pressure is tensile (lower than atmospheric) for wetting liquids. This tensile capillary stress
causes the solid network 1o be in compression. Normally, the total stress is split into an “effective
stress" or "drained network stress” and an isotropic pressure stress (Biot and Willis 1957,
Zienkiewicz et al. 1990):

K
Tiar = Feft _[I'K—n(l"f‘)]SpcI &)
s

This is the effective stress law for partially-saturated porous media in which the bulk
modulus of the porous network (Ky, )} may be close to that ot the solid material { K ), this
relationship has good theoretical foundations for saturated porous media (S = 1) and is pormally
also used in partially saturated porous media.

The effective stress relates the solid network stress to the state of strain in the network. We

use a large-strain constitutive equatton:

. . Ka
T._‘:'t = ZGHE +Kne I—[l— K‘ (l—¢)]SpcI 0}
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G and K, are the elastic shear and bulk moduli of the porous get, respectively, E* is a dilation-
free large-deformation strain tensor (Segalman et al. 1992) e*= J(dctlF‘I " l) is the large-

deformation dilation of the porous medium with F the deformation gradiemt. This equation
reduces 10 a standard NeoHookean constitutive equation in the limit of small strains. The bulk
modulus of the porous medium varies in a power law with the porosity of the medium as shown

by Scherer,1989. The porosity varies with the dilation of the porous medium:

dedF| = % )

¢y 5 the porosity of the medium in the undeformed state (when F=1)
Because the coanng is in steady-state maotion, the porous medium convects through the domain
and deforms as it passes through the domain. The velocity ofthe porous solid is related to the

velocity that the solid would have if it were undeformed, v, and to the state of deformation
{Oden and Lin 1986):

vi=vygeF (6)

Thus, the deformation gradient maps the velocity from the stress-free-state to the deformed sate.
This relationship is used 1o calculate the bulk convection term in the mass balance equation (1).

EVAPORATION CONDITION FOR FREE SURFACE

At the free surface of drying coatings, the rate of internal solvent transport to the surface
equals the external mass wransfer rate. In this paper, we treat the mass transfer in the external
phase by a lumped-parameter mass transfer coefficient model. Thus, we get a flux boundary
condition a1 the free surface;

n.[F|+vag +JV_CIVS=KG(pv"pw)] )

The lefi-hand side of equation (7) represents the normal mass flux of solvent to the surface of the
coating, and the right-hand side represents the mass flux of solvent away from the surface on the
gas side. n is a unit norma! to the surface, Kq is a mass transfer coefficient based on a gas phase
concentration driving force, p, is the concentration of solvent vapor in the gas at the surface of
the coating and p, is the concentration of solvent in the gas phase far away from the coating. In
this paper, the mass transfer coefficient is treated as a constant along the free surface. The solvent
vapor density is related to the capillary pressure by the Kelvin equation and the ideal gas law.
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RESULTS

The theory described in this paper was solved using the finite element method as described

elsewhere (Schunk et al. 1995, Caimncross et al. 1996). The equations are sglved on subdomains
{elements) in a mesh as pictured in Figure 2a, Because the coating is thin (< 5pm), gradients in
propenties through the coating depth are small, and only two elements through the thickness of
the coating were needed to oblain accurate resulis; however, the gradients in properties paralle! 1o
the substrate are steep, requiring fine discretization in thai direction. The results compare well
with experimental data of Samuel et al. 1996 and Prakash ct al. 1995.
Figure 2 shows a prediction of drying of a low-speed dip-coated gel film using standard values of
Lhe physical properties (see Cairncross et al. 1996). This prediction reproduces al) Lhe stages of
drying shown in Figure | and qualitatively matches the experimental data of Prakash el al. 1995.
Initially the decrease in film thickness is nearly linear, corresponding 10 a constant-rate period
(see Figure 2b); nearly constant-rate drying rates are ofien observed in during early removal of
wetting liquids from porous media (Sherwood 192%). At a distance of about 0.5, the rate of
shrinkage increases, this acceleration in shrinkage coincides with a rise in the capillary pressure.
The rising capillary pressure creaies a pressure gradient parallel to the substrate that drives liquid
flow through the pores, a phenomenon commonly referred to as wicking. At a distance of about
0.5, the saturation begins to decrease as solvent emptics outl of the largest pores. When the
saturation falls, the capillary-induced stress in the coating is reduced, and the coating expands.
The rate of expansion is dictated primarily by the drying conditions and diffusion of solvent vapor
through Lhe pore-space; more rapid diffusion results in slower springback. Some additional
calculations have shown that solvent vapor diffusion in the external gas phase can also delay
springback, which would make the predictions match bener with the experimental data of
Prakash et al, 1995,

Figure 3 compares predictions of springback over a range of coating properiies. The plots
show the minimum thickness of the coating as it dries, the fina! thickness of the coating, and the
ratio of final thickness to minimum thickness, which we call the springback ratio. In gels with
small pores or gels with high modulus, the springback ratio approaches one, i.e. there is no
springback under these conditions. In the small pore case, the coating does not springback
because the pores are small enough that the liquid never empties out of them. In the high
modulus case, Lhe coaling is so stiff that the shrinkage is negligible. The springback ratio exhibits
a maximum with respect to both pore-radius and modulus, but due to computational difficulties
we could not oblain results showing the springback ratio returning 1o one in the cases of large
pores and low modulus. In the large pore case, springback is sudden because the saturation falls
rapidly over a short range of capillary pressuze, and the steep gradient of this sudden springback
is difficult to capture in our computations. In the low modulus case, the shrinkage at the stan of

drying is very sudden and causes similar numerical difficulties to the large pore case.
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FIGURE 2. Prediction of a drying dip-coated gel film with

i = 4 nm Oo = 099 Ko= 8 GPa,
RH = 00001, KG = 0.25 cm/s. a) Mesh
expanded 100x horizontally showing coating
thickness profile. b) Properties along the free
surface showing that “springback’ coincides

with 2 peak in stress and a fall in sauration.

Figure 2b shows a rapid rise in the capillary pressure
at the point where the gel becomes partially saturated. The
product of the capillary pressure and the saturation roughly
correspond 10 the in-plane (or bending) stress expertenced
by the gel. The in-plane stress goes through a waxicum
during drying, and the value of the maximum stress
depends strongly on the physical properties of the gel. In
gels with smaller pore-radius, the maximum stress during
drying incrcases because the fall in saturation is delayed.
This result implies that gels with smaller pares are more

likely 1o crack than coatings with larger pores.
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CONCLUSIONS

The theory presented in this paper is able to predict stress development, shrinkage, and
springback in porous coatings which qualitatively reproduces experimental data. The magnitude
of the maximum bending (tensile) stress in the coating is sensitive to the processing parameters
and physical properties of the solvent and the porous network. In coatings with smaller pores, the
maximum and residual stresses are higher. In coatings with larger pores (> 1 nm) a ‘springback’
phenomenon is predicted where the stress rises initially but then falls as the pores empty,

resulting in a final coating with higher porosity, lower stress, and larger pores.

NOTATION
Cl Bulk conceniration of solvent in porous medium kg/m®
E* Large-deformation, dilation-free strain -
e* Dilation -
F Deformation gradient tensor -
F, Darcy convection flux of gas in pores kg/m®/s
F, Darcy convection fiux of liquid in pores kg/m®/s
G, Shear modulus of porous network kg/m/s?
Jv Diffusion fiux of solvent vapor in gas phase kg/m?/s
Ke Mass transfer coefficient for transport through external gas phase m/s
K, Bulk modulus of porous network kg/m/s®
K, Bulk modulus of dense solid material kg/m/s
n Unit normal to surface -
Pe Capillary pressure of liquid in pores kg/m/s?
S Saturation (fraction of pore-space filled with liquid) -
Tt Total stress tensor for gell kg/m/s®
Vo Velocity of solid in stress-free state m/s
vg Velocity of solid phase m/s
Xy Mass fraction of solvent in vapor phase -
o Porosity of medium in stress-free state -
Py Density of solvent vapor at surface of gel kg/m3

P Density of solvent vapor in drying gas kg/m3
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