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A semi-empirical model for coating flat glass by 
dipping into metal-organic solutions 

F. ORGAZ, F. CAPEL 
/nstituto de Cer#mica y Vidrio, Arganda del Rey, Madrid, Spain 

A sol-gel process was used to produce coloured coatings of composition Si02 • RmOn, where 
R = chromium, manganese, iron, cobalt and copper. Microscope slide glasses were dipped 
into the solutions and extracted vertically at different speeds. Viscosity, density and surface 
tension were measured for each solution. Capillary numbers and dimensionless thicknesses 
were then calculated. The results showed that capillary numbers did not depend on the 
dimensionless thicknesses. A flow rate constant for each solution was observed. A simple 
formula was used to calculate the heat treated coating thicknesses from the liquid coating 
thicknesses. Finally, a method based on a semi-empirical approach was successfully applied to 
predict adequately the thickness obtained as a function of the properties of the solutions and 
the withdrawal speed. 

1. I n t r o d u c t i o n  
Coating glasses, ceramics and metals with glassy films 
is one of the most useful applications of the sol-gel 
process [1-3]. The production of satisfactory coatings 
from a metal-organic solution requires deposition of 
a sufficiently adherent and thick layer in a predictable 
and reproducible manner. The dip-coating thickness 
applied from a solution depends on factors related to 
the solution and to the withdrawal speed. The proper- 
ties of the solutions that may affect the thickness of the 
layer (such as viscosity, density and surface tension) in 
metal-organic solutions have been experimentally 
expressed as one parameter [4]. However, some theor- 
etical hydrodynamic models have been proposed in 
polymer processing for viscous, capillary and high- 
Reynolds number withdrawal [5-7]. Starting from the 
classical Landau-Levich theory of dip-coating [8], 
most of the theoretical and experimental research on 
capillary withdrawal (Ca ~ 1 and Re < 1) shows a 
dependence of the coating phenomena on the capil- 
lary number, Ca = ~lV/a, where t/is the viscosity of 
the solution, V is the withdrawal speed and a is the 
surface tension. For low capillary numbers (Ca < 1), 
theory fits the experimental linear relationship between 
dimensionless film thickness and capillary number. 
Several mathematical functions have been proposed 
for these withdrawal conditions [9, 10]. The Landau- 
Levich equation is expressed by 

T = 0.944 Ca 1/6 (1) 

where T is the dimensionless thickness given by T = 
H(~g/~?V) 1/2, ~ is the density of the solution, g is 
the acceleration due to gravity and H is the thick- 
ness of the liquid coating. For high capillary numbers 
(Ca > 1), where shear effects are large (large t/and V) 
and surface tension effects are small (small o-), a limit- 
ing value of T between 0.53 and 0.67 is obtained [11]; 
this depends largely on a balance between inertial and 
viscous forces [12]. 
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The dimensionless flow, J = j(og/tl V 3)1/2 is related 
to the dimensionless thickness, T, by the expression 
J = (T - T2/3), j being the flux of liquid per unit 
plate width and per unit time [13]. 

Yang et al. [14] derived a model based on an empiri- 
cal approach to predict the thickness of a copolymer 
of styrene-hexylmethacrylate film. The approach 
they adopted was to determine T from the experimen- 
tal flow rate J using the solution of the Navier-Stokes 
equation for the constant thickness region. Assuming 
that T = J, they derived the equation 

tp = J ( e s / e o ) [ ( ~  - ~ o ) / ~ o ] ° 8 4 ( ~ v / e s g )  1/2 (2) 

The objective of this paper was to derive a semi- 
empirical model for the sol-gel dip-coating process in 
order to predict the thickness of the heat-treated coat- 
ing as a function of the properties of the solutions 
(a, ~, ~/) and the withdrawal speed. It was then necess- 
ary to establish the empirical relationships between (a) 
dimensionless thickness and capillary number, and (b) 
between the thicknesses of the heat-treated coating 
and liquid coating for this type of solution. 

2. Experimental methods 
2.1. Preparation and properties of the 

solutions 
Coloured coatings obtained by a sol-gel process using 
80SiO2-20R,~O,(wt %) compositions, where R = Co, 
Cr, Mn, Fe or Cu, were used. The.starting solutions 
were prepared by mixing tetraethyl orthosilicate 
(TEOS), water, ethanol and nitrates of the respective 
transition metals. This corresponds to a 3 : 1 volume 
ratio of TEOS to ethanol, and approximately 5:1 
mole ratio of water to TEOS, and concentrations of 
transition metal oxides of 20 wt %. Acetic acid was 
added to adjust the rheology of the solutions and to 
delay the gelling time. The mixture was left to stand 
for a period of time (usually 10 h), being subsequently 
diluted with methanol in order to obtain a final 8 to 
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T A B L E  I Properties of the solutions 

Solution Density Viscosity Surface tension 
(wt %) (gcm-  3 ) (cP) * (dyn cm-  l ) .  

80SiO2-20Mnz O 3 0.9187 2.15 24.34 
80SiO2-20Co203 0.9194 2. t l  27.92 
80SiO2-20Cr203 0.9267 2.96 22.20 
80SiO2-20CuO 1.0400 5.73 34.54 
60SiO~-40Fe203 0.9890 3.93 45.50 

* I c P  = l MPasec; l d y n c m  -~ = 10-SNcm - l .  

10 wt % oxide concentration. The experimental prep- 
aration procedure is reported elsewhere [3]. The proper- 
ties of the solutions at 27 ° C are given in Table I. Vis- 
cosity measurements were made with an Ubbelohde 
viscometer. Pyknometric determinations were used to 
obtain the densities of the solutions. The surface ten- 
sion was determined by the maximum bubble pressure 
method [15]. 

2.2. Coating t e c h n i q u e  and  heat treatments 
Microscope slide glasses previously cleaned with 
water and methanol were dipped into the solutions 
and extracted vertically at different speeds (varied 
from 5 to 40 cm rain- ' ) .  All the slides were permitted 
to remain in the solution for 30 sec before pulling up. 
After coating, the slides were immediately heated to 
500°C at 7°C min-1 in an air flow and held for one 
hour. 

2.3. Film thickness and film density 
m e a s u r e m e n t s  

The film thickness was determined with a two-beam 
interference technique using the Mirau system attached 
to a Leitz microscope. This was done by scratching 
through the untreated film down to the substrate using 
a sharp blade. Thickness was calculated using the 
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Figure 1 Dependence of dimensionless thickness, H/H o, on the 
capillary number Ca = ~IV/a: (O) iron, (O) copper, (*) cobalt, (m) 
manganese, (A) chromium. 
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Figure 2 Variation of the liquid coating thickness, H = P/Aos, as 
a function of  the characteristic thickness H e = 01V/Q~g)m: (0) 
iron, (e)  copper, (*) cobalt, (ml) manganese (A) chromium. 

equation t = (2/2)m where 2 is the wavelength of  the 
light and m is the fractional displacement of the fringe 
system. The density of the heat-treated coating was 
determined by the relation Q = P/At where P is the 
coating weight, t is the thickness and A is the covered 
a r e a .  

3. Experimental  results and discussion 
3.1. Relationship between dimensionless film 

thickness and capillary number. 
Fig. 1 shows the dimensionless film thickness, T = 
H/Ho, for each solution, as a function of  the capillary 

0.18 

0.16 

0.14 

0.12 

% 
~ 0 A 0  

~ 0.08 

0.06 

0.04 

0.02 

0.02 
0 

/ 
/ 

I0 20 30 4 0  50 

0"(dyn cm -1) 

Figure 3 Experimentally determined flow rates J against surface 
tension of the solutions. 
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number, Ca = rlV/a. The H 0 values are given by 
H o = (~ V/Gg) ~/2 where r/and G are the viscosity and 
density of the solution, respectively. The thickness of  
the liquid coating, H, was calculated using the expres- 
sion H -- P/AG, where P is the liquid coating weight, 
A is the coated area and G is the density of the solu- 
tion. The results in Fig. 1 show that the dimensionless 
film thickness does not depend on the capillary num- 
ber. Assuming that T = J, a flow rate constant J for 
each solution exists over the range of capillary num- 
bers used in these experiments. The values of  J were 
obtained from the slopes of the straight lines in Fig. 2. 

Fig. 3 shows the dependence of the experimentally 
determined flow rates J on the surface tension of  the 
solutions. From the slope of the J = K~r straight line, 
avalue  o f K  = 4 x 10 3cmdyn ~ (400cmN -~) was 
obtained. Having determined the value of  K, the liquid 
coating thickness H could be calculated from the 
properties of the solutions t/, G, a and from the with- 
drawal speed, using the equation 

H = 4 x 10 3aO1V/Qsg) 1/2 (3) 

3.2. Gel-glass transition and relationship 
between liquid coating and final 
heat-treated coating thicknesses 

The solutions are gelled on the glass substrate immedi- 
ately after withdrawal and converted to glassy films 

Figure 4 Percentage weight loss for SiO2-Cr203 gels. 

by heating. Chemically and physically bound water 
as well as organic materials are then removed. Figs 4 
and 5 show weight losses and differential thermal analy- 
sis (DTA) curves for sil ica-chromium oxide gels. 
Weight losses of approximately 30 wt % were observed 
when gels dried at 50°C were heat-treated at 600 ° C. 
From 50 to l l 0 ° C  a weight loss of approximately 
10 wt % was observed, due primarily to removal of  
unbound ethanol-methanol  and physically adsorbed 
water. This corresponds to the endothermic peak 
observed in the DTA curve. At temperatures above 
110 ° C carbonization and oxidation of organic com- 
pounds occurs. This gives rise to an endothermic peak 
near to 200 ° C and a broad exothermic band between 
250 and 450 ° C depending on gel composition. Weight 
loss causes shrinkage and an increase of adhesion 
and mechanical and chemical stability. All the silica- 
transition metal oxide gels showed similar behaviour. 

If the weight of a parallel-sided film of  area A and 
density Q is P, then the film thickness t is given simply 
by t = P/A~. The ratio between heat-treated t o and 
liquid coating H thicknesses can then be given by the 
expression 

t ° / H -  P°/AQ° = P / A G  ( Q ~ ) ( 9 )  = ( P ~ ) W  (4) 

where W is the ratio between heat-treated coating 
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Figure 5 DTA curves for SiO2-Cr=O3 gels heated in stagnant air at 
7o Cmin I. 
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Figure 6 Theoretical and experimental relationship between heat- 
treated and liquid coating thicknesses for 60SiO2-40Fe203 solution. 
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T A B L E  II Density, weight losses and (Os/oo)W values of  heat- 
treated glassy films 

Solution Density W = PolP (Os/oo)W 
(wt %) (gcm -3) 

80SiO2-20Mn 2 03 3.1 0.45 0.13 
80SiO 2 20Co2 O 3 3.6 0.49 0.12 
80SIO 2 20Cr203 4.7 0.36 0.07 
80SiO2-20CuO - 0.39 
60SIO 2 40Fe203 2.8 0.32 0.11 

weight and liquid coating weight, 0s is the density of 
the solution and Q0 is the density of the heat-treated 
glassy film. Table II gives the ~0, W and W(Os/OO) 
values for the different solutions studied. As an 
example, Fig. 6 shows that the experimental relation- 
ship between heat-treated and liquid coating thick- 
nesses can be fitted to Equation 4 within the experi- 
mental error. This experimental relationship was 
observed for all metal-organic solutions. 

3.3. Comparison of the theoretical with the 
experimental results 

Using Equations 3 and 4 the analytical expression 
relating the glassy film thickness, the properties of the 
solutions and the withdrawal speed is 

to = ~o \ ~sg J (5) 

if an empirically determined value of K = 4 × 
10 3 cm dyn i is used. Equation 5 is similar to the 
analytical equation derived by Yang et aI. [14] (Equa- 
tion 2), provided that J be equal to Ka and the expres- 
sion [(t/ - qs)/r/0] °84 be replaced by W. In Fig. 7 the 
heat-treated glassy film thicknesses of coatings con- 
taining iron or manganese are plotted as a function of 
the square root of the substrate withdrawal speed and 
compared with the values obtained from Equation 5. 
Good agreement between the derived semi-empirical 
model and the experimental results was observed. 
Consequently, Equation 5 can be applied to predict 
adequately the thickness of the heat-treated sol-gel 
coating from the properties of the metal-organic sol- 
utions used. Only slight deviations of the experimental 
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Figure 7 ( ) Theoretical and ( -  ) experimental coating thick- 
nesses as a function of withdrawal rate during dipping, for (O) iron 
and (e)  manganese solutions. 

results from the theoretical square-root straight line 
were noticed. 
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