
DRYING TECHNOLOGY, 15(68) ,  1815-1825 (1997) 

PORE EVOLUTION AND SOLMNT TRANSPORT DURING DRYING OF 
GELLED SOL-GEL CCJATllrtiS PREDICTING 'SPRINGI3ACK' ' 

RA. Cairncross', PR. Schunk2. K.S. Cheo2, S.S. Prakash3, 
I. Samuel2, A.1.Hurd2, and C.J. Brinkerz 

I.  DeparUnenl of Mechanical Engjneering, Uruvenily of Delaware. 
Neuark. Delaware 19716-3140 USA 

2. Sandia National Labardtories, Albuquerque, New Mexico 87185 USA 
3. D e m e n t  of Chermcal Engineering. Univenily of Mimesom 

Minneapolis. MN 55455 USA 

Key Words and Phrases: effective suers; poroclaslicity; porous media 

ABSTRACT 

This papcr repons predictions of drying phenomena in deformable porous gel coatings ( ie.  a 
porous solid elastic network filled with air or solvent). Initially, a gelled Mating is sarurohd with 
solvent, but as it dries, liquid-vapor m c ~ w i  k g i n  lo recdc into larger pores and the gel bcmmes 
o porr;olly-sorurared porous mediwn. The lensilc capillary pressure in the liquid c a m  a 
compressive deformation on the solid skeleton and a conszquenl reduction in lhickness and pore- 
size of the mating. A theory coupling the large deformation of the solid skeleton to capillary 
pressure in Ute interstitial liquid is used to predict the course of drying of digcoaled porous gel 
coatings. The thmry predicts a 'springback' effect in late stages of drying as the cffccts of 
capillary presswe diminish, which matches with experimental observations. 

The sol-gel method is a convenient method for producing ceramic coatings with a wide m g e  

of propenies and for a wide range of applicadom. Brinker and Scherer (1990) have s h o w  ihal 

the propenies of the ceramic coatings are sensitive to the p r a ~ s r i n g  conditions used to coat the 

film onto a mbruatc and drying conditions used to remove solvenu from the gelled coating. This 

Tius work was pcrformcd in put  a1 Sanha Nauonal Laboralones uhlch is  rupponcd by the 
Untled States Deputmcnt of Energ  under c o n m t  DE-AC01-76DP85000 
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1816 CAIRNCROSS ET AL. 

paper dcvclaps a thmry to describe fully-coupled, multiphasc uanspon in a defarmablc. 

unsaturated porous media and shorn how the final propenies of a gelled film can depend upon 

[he processing conditions 

In gcneral, inorganic gcls produced from the sol-gel route are vieud as composed of a solid 

nclwork whow pores arc filled with liquid or gas. Bulk gels and gel mating5 havc ban 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 lhat the pore-radius 

in gcls m be on thc order of several angnmms, i. c. an the same order as the size of the solvent 

molecules. An issuc is whclher a medium with such s d l  pares can really be called porous or 

whcthcr the volume contained in the pares is merely free volume in a continuous mcdium. 

Another issue is whether molmulcr conlined in pores of molecular dimensions have properties 

similar to the same molecules in bulk liquid. In gclr wth larger porc-sizs (on the order of 

several nanometers) experimenls show that they behave like porous media (supercritical drying 

enables the retention of the initial u t t  gel porosity by the elimination of the main driving force 

for shrinkage, interfacial tension in the pores, and revcrsiblc springback of gels also indicates 

existence of a capillary suess h t  vanishes as the material nears dryness). In  this paper, me treat 

the gel ns a porous body with a distribution of pore sizes and assume chat the solvent in thc pores 

has the same propenier as bulk liquids. Th/r madcl i s  not specific lo gels produced from 

particulate or polymeric sols and should qualitatively be valid in both cases. We alsoasrumc thcrc 

is no molaular adsorption onto the pore walls and lhat the liquid remains in thc pores wcn under 

extraordinarily large capillary pressures. These assumptions become more valid in gels uith 

larger paresizes (> 10 m), but in this paper we apply the thmry over the whole range of porn 

sizes. 

The model developed in this paper i s  wmposed primarily of four pans: I) a macroscopic 

description of flow in an unsamratcd porous media, 2) a simple, microswpic. pore-walc modcl to 

obwin the pammctcrr for the macroscopic model, 3) a solid-mechanics modcl of thc intendon 

belwcen capillary pressure and solid network deformation (including the saturation cffecl), and 4) 

a lumped parameter (mass transfer caefkicnt) model for solvcm vapor removal fmm the wating 

surface. The model predicts the cvoluuon of moisture (or liquid) cantent, stress, porasiry (fraction 

of medium volume occupied by pores), and pore-radius during drying of a gelled coating. Under 

apprapriatc conditions. a drying gel coating can exhibit all the drying sages show in Figure 1; 

this figure depicts drying of a gel coating dwing continuous low-speed dipwating with a solvent 

(coating liquid). Initially, the gel is ramled uilh solvenl and hu an cnuained layer of bulk 

the gel can expand back to its original volumc, i. c. 'springback'. The rate ojspringbock is 

dctermincd primarily by dilTusion of solvcnt vapor through the gas in the pores and through the 

cxtcmal gas phase. The final wating thickness i s  dctcrm~ned by the physical properties of the gel 
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PORE EVOLUTION AND SOLVENT TRANSPORT 1817 

.----------- 
DRY 

DRY FILM GEL Finn1 thickness diefated by copillory 
condonsntron and modulus ofgel 
............................ ................................ 

Springback acurs  ar pores empty 
and copillnry pmssure force dimin- 
ish*. Rote of springbaek is con. 
tmllod by vapor diffusion through 
pores and ertarnol gas p b e  

........................... 

1 
Pores begin Lo empty due to mpid.  
ly rising eapillory pressure. Wick. 

COMPRESSED GEL ing of soluent thmugh pores 
eontmls length of this phose 

........................... 
Wieking of l iquid solvent through 
pons accrlernres shrinkage. ........................... 

CONSTANT Pores remnin saturated wi th sol. 
vent. Drying mle eonrrollcd by ex- 
ternal MSS transfer 

............................ 
SATURATED WET GEL Surface of gel cmtin8 immersed in 

cooring liquid. The cmting is stress- 
free and saturated in soluent. 

FIGURE I .  Stages ofdrying of dipconled. porous. gel films which 

exhibit a 'springback' phenomenon. 

(modulur and pore-radius) and the solvenl caaesl  of the dying gas. This paper show how all 

these stages can be predicld from theory. 

SOLVENT MASS CONSERVATION 

An e . w p l e  of sleady-stale. lowspeed dipcoating of n parous gel coaling is dcpictcd in 

Figure 1. Wc use the approxh of Mnninez (1995) lo dcrcribe lwph;tse flow 1s ;I paniallg- 

D
ow

nl
oa

de
d 

by
 [

 ]
 a

t 1
5:

06
 1

0 
A

pr
il 

20
15

 



1818 CAIRNCROSS ET AL. 

saturated porous medium. The ncady-state equation of mass mnwrvation of solvent in both the 

liquid and gas phaws is: 

F,, and X,F, arc the convective mass fluxes of solvent in the liquid (liquid is assumed to be purr 

solvent) and gas phases relative to the motion of the solid porous nemrk ,  vI. J,, is the diffusion 

flux of solvent vapor in the gar phax. C, is the bulk mncenmtioo of solvent in both phases per 

unit volume of porous medium; so the l a  tern represents the wnveclive flux of solvent moving 

with the porous solid. The convective flux in the gas phax is negligible because prrssurr 

gradients in the gas phase arc small undcr thc ~ n d i t i 0 ~  cxplorcd in this papcr. The convcnivc 

flux in the liquid is calculated using Darcfs law for multi-phax flow porous media and accounts 

for the reduction in permeability of the liquid phaw as the saturation dccrraws. The diffusion 

fiux of vapor is calculated using Fick's law. The pore liquid and solvent vapor arc assumed to be 

in I d  equilibrium by thc Kelvin equation. More detail on l huc  equations is given in Cairncross 

et al. ( 1996). 

MICROSTRUCKJM MODEL OF POROUS MEDIUM 

In panially saturated coatings, the physical properties agd the saturation depend upon thc 

pore suuctwe (porosity. pore-radius. and pore-size distribution) and the capillary p m e  of thc 

liquid; when the capillary presswe is zero, the porespace is salwated (filled) with solvent, but as 

the capillary prwurr  rises the salwation falls lo zero. There arc many empirical comlations for 

liquid on its surface: at this point the coating is rrrorsfie. When the bulk liquid evaporates, the 

gel mating is exposed to air and begins drying and shrinking, Initially the drying rate is nearly 

CONlan1 because the gel is saturated with solvent and changes in the porosity and solvent panial 

p m r e  arc small. Later, as the capillary prrrsurc in the liquid sraN to rise rapidly, the rate of 

coating shrinkage increases, and the coating enters its mon wmprcsrcd state. As the capillary 

pressure rises, the largest pores in the media empty and the gel kcomes prriolly soamred In a 

panially saturated gel. the capillary prcrswc force, which caw the gel to shrink decrraws and 

the dependence of physical propeRicr of porous media in a variety of materials. We used a simple 

pore micmmRurr  model to determine the propenies as a W o n  of the capillary prrssurr and 

porosity of the medium. The simple model Vcats the powspace as a bundle of randomly oriented 

capillary tubes with a disuibution of p o w s i m  (Bear and Bachmat 1990). The powsize 

distribution used in Ihis papcr follows a weighted upanential probability density function about a 
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PORE EVOLUTION AND SOLVENT TRANSPORT I819 

mean pare-siz, where the mean pare-size is a iunaion of the porosity (Cairncross ct al. 1996). 

The saturation. permeability. and rclati\.e permeability are all calculated from this pore-size 

distribution function. 

THEORY OF S m S S  IN POROUS COATINGS 

Sol-gel films are dciormable The extenl of deformation is determined by conservation of 

the elastic energy in the solid ne lu~rk  subject lo the f o r m  impaned on it from external sources 

and from the interstilial fluid. Because thc coatings are thin and the rate of deformation is small, 

gravitational and inenial f o r m  are neglected to gct a quasi-rmtic momentum equation: 

Hen Ttot is the tom1 stress tcnsor for the medium including both the stress in the solid porous 

network and in the interstitial fluid% 

In an un~tura tcd  porous medium, the total Stress is a sum o i  the panial arerres in all the 

phases plus any additional momentum due to action along the interfaces b e t w n  the three 

phases. 

The stresses in the interstitial fluids are normally isouopic and reprerented by the capillary 

pressure,. p, c pg - pl . The gas pressure is assumed to be ambient pressure evqwhere, and the 

liquid pressure is tensile (lower than atmospheric) for uening Liquids. This tensile capillary SWCS 

causes the solid network to be in compression. Normally, the tolal mesr is split into an "effective 

stress" or "drained network mess" and an isolropic pressure slress (Biot and Willis 1957, 

Zienkieuicz et al. 1990): 

This is the effective stress law for panially-sahuated porous media in which thc bulk 

modulus of the porous network (K,, ) may be close to Ihat 01 the solid material ( K, ): this 

relationship has good theoretical foundations for safwated porous media (S = 1) and is normally 

also uwd in panidly ratwaled pomus media. 

The cffectivc stress relates the solid ncfuork Rress to the sa te  of strain in thc ncnwrlt. Wc 

uw a large-strain constitutive equation: 
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G and K, are the elastic shear and bulk moduli of the pomus gel. rcrpslively, E* is a dilation- 

free largedeformation smin  tensor (Segalman et al. 1992) c * =  3(dctflU3- I) is thc large. 

deformation dilation of the porous medium with F the deformation gradicl. This equation 

reduces la a standard NeoHoakwn constitutive equation in the limit of small swains. The bulk 

modulus of the pomus medium varies in a poucr law with the porosity of h medium as shown 

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

+, is the porosity of the medium in the undeformed stale (when F = I ) 

k u w  thc coaling is in steady-state motion. the paraus medium convens through the domain 

and deforms as it passrs tlvough the domain. Thc velocity oflhe porous solid is related to thc 

vclocily lhal thc solid uould have if it w r e  unddormed, vo, and to the state of deformation 

(Odcn and Lin 1986): 

v, = vo . F (6 )  

Thus, the deformation gradient maps the vclocity fmm the ruwfree-state to the deformed mu. 

This relationship is used lo calculate the bulk convection term in the mass balance equation (I). 

EVAPORATION CONDITION FOR FTEE SURFACE 

At the hce surface of drying coatings. the rate of internal solvent franspon to the surface 

equals the W e d  mass uansfer rate. In this paper, we treat the mass Vander in the e x t e d  

phase by a lumped-parameter mass Vansfer coefficient model. Thus, we get a flux boundary 

condition at the free surface: 

The left-hand side of equation (7) represents the normal mass flux of solvent to the surface ofthe 

mating, and the right-hand side represents the mass flux of solvent away from the surfacz on the 

gas side. n is a unit normal to the surface. K, is a mass trandcr Cacancicnt based an a gas phase 

concentration driving force, h, is the concentration of solvent vapor in the gas at the surface of 

the mating and p. is the wncenmtion of solvent in the gas phase far away from the mating. In 

this paper, the mass vander Cacatcient is ueated as a consrant along the free nrrfacs. The solvent 

vapor density is related to the capillary p m  by the Kelvin equation and the ideal gas law. 
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PORE EVOLUTION AND SOLVENT TRANSPORT 

RESULTS 

Thc theory dewribed in this paper was solved using the finite elcment method as described 

elsewhere (Schunk el a1.1995, Cairncrass et al.1996). The equations arc s o l d  on subdomains 

(elements) in a mesh as pichmd in Figurc 2a. Because the coating is lhin (< 5 p ) .  gradients in 

propenies through the mating depth are small. and only two elements through the thickness of 

the coating were needed to obtain accurate results; honwer. the gradients in properties parallel to 

the subsuate are steep, requiring fine discreuzation in that dir tdon.  The results wmparc w l l  

with experimenlal data of Samuel et al. 1996 and Prakash el al. 1995. 

Figure 2 shorn a prediction of drying of a low-spetd dipcoated gel film using standard values of 

the physical propenies (see Cairncross el al. 1996). This prediction reproduces all the stages of 

drying s h o w  in Figure 1 and qualiwtively matches the experimenlal data of Prakash el d. 1995. 

Initially the decreax in film lhickness is nearly linear, mrresponding to a mnnant-rate period 

(see Figun 2b); n w l y  mnstant-rate drying rates are often observed in during early removal of 

wning liquids from porous media ( S h e d  1929). A1 a distance of about 0.5. the rate of 

shrinkage incr-; lhir aaclcntian in shrinkage wincides with a rise in the capillary pressure 

The rising capillary pressure creates a pressure gradient parallel lo the substrate that driver liquid 

flow through the pores. a phenomenon commonly referred lo as wicking. At a distance of about 

0.5. the saturation begins lo decrease as solvent empties out of the largest pores. When the 

saturation falls. the capillary-induced mess 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 the pore-space; more rapid diffusion results in slouer springback. Some additional 

calculalians have shown lhat solvent vapor ditfusion in the external gas phase can also delay 

springback. which would make the predictions match bener with the experimenlal data of 

P d s h  el al.1995. 

Figwe 3 compares predictions of springback over a range of mating propenies. The plats 

shnw the minimum Ulickness of the coating as it dries. the final Ihickness of the coating and the 

ratio of final thickness to minimum lhicknes. which wc call the springback ratio. In gcls with 

small pores or gels with high modulus, the springback ratio approaches one, i.e. there is no 

springback under lhew wnditious. In the small pore caw. the coating d a s  not springback 

because the pores are small enough h a t  the liquid ncvcr cmpties out of Lhem. In the high 

modulus cax, the coating is so stiffthat the shrinkage is negligible. Thc springback ratio exhibits 

a maximum with respect lo both pore-radius and modulus, but due to computational W~cul t ies  

we could not obtain results showing the springback ratio rehrrning to one in the casu of large 

pores and low modulus. In the largc pore cax, springback is sudden becam the saturation falls 

rapidly over a short range of capillary presswe, and the s t e p  gradient of this sudden springback 

is dimcult to capture in our cornputalions. In the law modulus case, the shrinkage at the nan of 

drying is very suddcn and causes similar numerical dintculties to the large pore ~ a w  
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FIGURE 2 Prediction o f  a drying dipcwdlcd gel f i lm will) 

rp = 4 nm. Oo = 0.99. KO= 8 GPa. 

RH = 0.0001, KG = 0.25 cmls. a) Mesh 

expanded lOOx horizontally showing coaling 

l h i cknw profile. b) Propenies along ~ h c  free 

surfacc showing lhal 'springbacL' coincides 

uilll a pe;k in stress ;md n frill in  saunlion. 

Figure 2b show a rapid rirc in  the capillary prcssurc 

at the poin! where the gel becomes panially satunted. The 

product o f  thc capillary prcsrurc and the wturalian roughly 

correspond lo the in-plmc (or bending) strcrr epericnccd 

by the gel. Thc in-plane stress gocs through a i u a s i m u ~ ~ ~  

during drymg, and ihc value of the nuaimutu stress 

depends slrongly an the physical prapenicr of lhc g c l  I n  

gels with s d l e r  pore-radius. the maximum stress during 

dtying increases bcause thc fall in  ~ l lu ra l ion  is delayed. 

This resull implies that gels u i t h  smaller pores .are mom 

likely to crack than coatings will> larger pores. 
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PORE EVOLUTION AND SOLVENT TRANSWRT 

(final thickness 1 minimum @ickncss) 
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FIGURE 3. Predictions of minimum thickness. final thickness, and springback as functions of 
a) initial poreradius, and b) initial modulus. Springback d m  not oc- cur in mating 
with small pores or in stiamatings. 
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CONCLUSIONS 

CAIRNCROSS ET AL. 

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 (tensi1.e) 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 

Bulk concentration of solvent in porous :medium kg/m3 

Large-deformation, dilation-free strain 

Dilation 

Deformation gradient tensor 

Darcy convection flux of gas in pores kg/m2/s 

Darcy convection fiux of liquid in pores kg/m2/s 

Shear modulus of porous network kg/m/s2 

DiffUsion fiux of so1ve:nt vapor in gas phase kg/m2/s 

Mass transfer coefficient for transport through external gas phase m/s 

Bulk modu1u.s of porous network kg/m/s2 

Bulk modulus of dense solid material kg lmls 

Unit normal to surface 

Capillary pressure of liquid in pores kg/m/s2 

Saturation (fraction of pore-space filled ,with liquid) 

Total stress tensor for gel1 kg/m/s2 

Velocity of solid in stress-free state m/s 

Velocity of solid phase m/s 

Mass fraction of solvent in vapor phase 

Porosity of medium in stress-free state - 

- 

Density of sodvent vapor at surface of gel kg/m3 

Density of solvent vapor in drying gas kg/m3 
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