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CHEMICAL VAPOR DEPOSITION OF COATINGS 

CROSS REFERENCES TO RELATED 
APPLICATIONS 

This application is related to the following copending 
applications, all commonly assigned, all speci?cally in 
corporated by reference herein and all ?led on even 
date herewith: “Nozzle for Chemical Vapor Deposition 
of Coatings”, Ser. No. 315,394, ?led Dec. 15, 1972 by 
Krishna Simhan; “Coating Composition Vaporizer”, 
Ser. No. 315,395, ?led Dec. 15, 1972, by John Sopko; 
and “Method for Increasing Rate of Coating Using Va 
porized Reactants”, Ser. No. 315,384, ?led Dec. 15, 
1972 by Karl H. Bloss and Harald Molketin. 
This application is also related to a copending appli 

cation entitled “A Process for the Deposition of 
Films”, Ser. No. 182,993, ?led Sept. 23, 1971 based on 
a convention priority date of Sept. 29, 1970, by Hans 
Jurgen Goetz, Helmut Lukas and I-Iarald Molketin. 
This application is also incorporated by reference 
herein. 

BACKGROUND OF THE INVENTION 
This invention relates to coating substrates, particu-» 

larly glass substrates, with coatings comprised primarily 
of metal oxides. This invention more particularly re 
lates to contacting a hot glass surface with the vapors 
of reactants which form metal oxide coatings upon con 
tacting the hot glass surface. I ‘ 

Prior to the present invention it has been known that 
substrates may be coated with metal oxide coatings by 
contacting the substrates withsolutions comprised of 
metal betadiketonates and the like dissolved in appro-v 
priate solvents. See the following US. Pat. Nos.: 

" Mochel, US. Pat. No. 3,202,054; Tompkins, US. Pat. 
No. 3,081,200; Donley et al, US‘. Pat. No. 3,660,061 
and Michelotti et'a1,-U.S. Pat. No. ‘3,652,246. These pa 
tents have disclosed to the public a number of chemical 
compositions which are suitable for thecoating of glass _ 
with metal oxide coatings. In general, the, techniques 
described for applying such coatings to glass‘ taught in 
the prior art are methods wherein a liquid spray of 
coatingcomposition is directed against a glass substrate 
surface to be coated. Whilethese patents cover the ap 
plication of particular metals or metal oxides to glass or 
other substrates, whether the compositions ‘are applied 
in liquid or vapor form, they each disclose, as a best 
mode of application, contacting the substrate with the 
composition in liquid form. In the development of tech 
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niques for applying vaporized coating compositions to ‘ 
heated substrates at atmospheric‘pressure certain dif? 
culties have been encountered. It has been difficult to 

j obtain coatings which are ?nely grained and uniform in 
appearance. Thick coatings have been produced by 
contacting the substrate with a liquid ‘spray, but it has _ 
been extremely dif?cult if not impossible to obtain rela 

‘ tively thick ?lms having ‘visible light transmittances of 
below about 50% using known vapor deposition tech 
niques. 

2 i 

wave excitation have been used to increase the momen 
tum of reactant particles in vapor coating compositions 
during their applications. Also, wave guides have been 
used to direct the vapors of coating compositions to 
particularly con?ned target areas. See US. Pat. No. 
3,114,652 to Schetky and US. Pat. No. 3,561,940 to 
Scholes. 
The applicants have now discovered that the uni 

formity of ?lms produced by chemical vapor deposition 
and the. rate of chemical vapor deposition or ?lm 
buildup may be signi?cantly enhanced by directing re 
actant containing vapors through a nozzle against a 
substrate under particular flow conditions and prefera 
bly doing so at particular nozzle-to-substrate spacings. 

SUMMARY OF THE INVENTION 

A vaporizable coating reactant. is vaporized into a 
vapor phase or gaseous carrier and is delivered through 
a nozzle and directed against a heated substrate. The 
substrate and reactant temperatures are such that upon 
contact with the substrate the reactant reacts to form 
an adherent coating on the substrate. In order to insure 
rapid, ef?cient and uniform deposition of coating the 
gaseous mixture containing the coating reactant is di 
rected through the nozzle witha Reynolds number of 
at least 2,500. For high speed coating of a continuous 
ribbon or sheet of glass it is preferred that the Reynolds 
number for the ?owing gaseous mixture be at least 
about 5,000. . ' 

The vaporizable coating reactant is generally a mate 
rial which is a solid or liquid at room temperature al- . 
though the preferred reactants are usually solids at 
room temperature. The reactant may be vaporized by 
conventional methods, such as boiling if it is liquid, or 
if the reactant is a solid it may be vaporized by deliver 
ing it onto a heated plate, by admixing it with an inert 
material, such as sand, and passing a heated carrier gas 
through the mixture or by‘?uidizing it with a rapidly 
moving'stream of carrier gas and heating the ?uidized 
mixture. In the preferred embodiments of this inven 
tion the reactant is dissolved in‘an appropriate solvent, 
and the solution is sprayed into a hot carrier gas to va 
porize the solvent and the reactant. A‘ particularly pre- ‘ 
ferred method of vaporization and apparatus for carry 
ing out the method are the inventions of John Sopko 
and are the subject of his copendling application enti-‘ 
tled “Coating Composition Vaporizer” and ?led on 
even date herewith. ' r ‘ 

The reactive coating materials which are preferred 
for use in the present invention are the pyrolizable or 

‘ gano metallic salts of the‘metals of Groups‘lb through 
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Vapor deposition processes have been known in the ‘ 
past. Most commercial embodiments of vapor deposi 
tion processes are processes carried out under subat 

‘ mospheric pressure conditions. A number of tech 
niques have evolved for enhancing the rate of ?lm de 
position using these techniques, for example, electrical 
?elds, magnetic ?elds, and radio frequency or micro 

Vllb and of Group VIII of the Periodic Chart of the Ele 
ments. The preferred organo metallic salts which are ‘ 
employed are betadiketonates, acetates, hexoates, for 
mates and the like. The acetylacetonates of iron, cobalt 
and chromium are particularly preferred as the reactive 
ingredients of the present coating compositions. 
While the coating reactants, which are preferred for , 

use'in this invention are pyrolyzable materials, other 
kinds of reactants mayalso be employed. For example, 
hydrolytic reactants, such as fluorinated betadiketon 
ates, particularly acetylacetonates, and metal‘ dicu 
menes, may be used. Also reactants may be employed 

‘ which require the presence of substantial quantities of 
other cooperating reactants such as oxygen, hydrogen, 
halogens orthe like. As already indicated the preferred ‘ 
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method for vaporization involves an initial step of solu 
tion so that the reactant or reactants employed should 
be easily dissolved in a suitable solvent. 
A variety of aliphatic and ole?nic hydrocarbons and 

halocarbons are suitable as solvents in carrying out the 
methods disclosed here. Single component solvent sys 
tems, particularly a solvent system employing methyl 
ene chloride, are effectively employed in the present 
invention. Solvent systems employing two or more sol 
vents are also found to be particularly useful. 
Some representative solvents which may be em— 

ployed in carrying out the present invention are: meth~ 
ylene bromide, carbon tetrachloride, carbon tetrabro 
mide, chloroform, bromoform, l,l,l~trichloroethane, 
perchlorethylene, 1,l,1,-trichloroethane, dichloroi 
odomethane, 1,1,2-tribromoethane, trichloroethylene, 
tribromoethylene, trichloromono?uoroethane, hexo 
chloroethane, 1,1 , 1 ,2-tetrachloro-2—chloroethane, 1,1 
,2-trichloro- 1,2-dichloroethane, tetra?uorobrome 
thane, hexachlorobutadiene, tetrachloroethane and the 
like. 
Other solvents may also be employed, particularly as 

mixtures of one or more organic polar solvents, such as 
an alcohol containing 1 to 4 carbon atoms and one hy 
droxyl group and one or more aromatic non-polar com 
pounds, such as benzene, toluene or xylene. The vola 
tility of these materials makes their use somewhat more 
difficult than the above designated group of preferred 
halogenated hydrocarbons and halocarbons, but they 
have particular economic utility. 

In the preferred practice of this invention a solution 
of a reactive organo-metallic salt in an organic solvent 
is directed to a vaporizing chamber. The vaporizing 
chamber is constructed so as to provide a heating ele 
ment which heats the space surrounding the element to 
a temperature sufficient to vaporize the coating solu 
tion within that space rather than vaporizing the liquid 
only in contact with the heating element itself. A car— 
rier gas is directed across and away from the heater to 
intercept the coating composition to mix with it en 
hancing its rate of vaporization and to carry the vapors 
through the heater to the substrate to be coated. 
Vapors of the solvent and reactive organo metallic 

salt are directed from the vaporizer chamber to an 
elongated manifold disposed across the width of a 
heated substrate which is to be coated. Connected to 
this manifold is an elongated nozzle for directing the 
vapors against the substrate. 

In a preferred embodiment, which is the subject of 
the copending application of Krishna Simhan entitled 
“Nozzle for Chemical Vapor Deposition of Coatings”, 
and ?led on even date herewith the elongated nozzle 
has as its minor cross-section a uniformly converging 
shape to provide for substantially continuous accelera 
tion of the boundary layers of vapor passing through. 
The major cross-sectional dimension of the nozzle is 
slightly less than the corresponding substrate width so 
that a substrate placed in facing relation to the nozzle 
extends beyond the major dimension of the nozzle at 
both ends thereof. This relationship provides for the 
maintenenace of a substantially uniform pressure drop 
along the major dimension of the nozzle and prevents 
the escape of a disproportionately large amount of va 
pors directed through the nozzle at each end of the noz 
zle and thus all vapors have good contact with the sub 
strate. 
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The face of the nozzle disposed in facing relationship 

to a substrate to be coated is located in a position rela 
tive to a support for substrates to be coated such that 
the spacing between the nozzle face and the surface 
closest thereto during coating is at least 0.5 times the 
width of the nozzle at its exit. Preferably the spacing-to 
nozzle width ratio is at least 0.65 and more preferably 
is between 0.9 and 5. In the most preferred embodi 
ments the ratio is between 1.25 and 5. 
The vaporizer and manifold of the coating apparatus 

of this invention are operated at sufficient pressure to 
cause vapor flow through the nozzle at a Reynolds 
number of at least 2500 and preferably at least about 
5000 in order to insure rapid, efficient and uniform de~ 
position of coating. 
The apparatus and method ‘of this invention may be 

employed to apply coatings to a variety of receptive 
substrates. Refractory substrates, such as, glasses, glass 
ceramics, ceramics, porcelain clad metals and the like 
are particularly amenable to coating by the present in 
vention. Other substrates, such as, metals, plastics, 
paper and the like may also be coated according to the 
principles of this invention. In particular, this invention 
is useful to provide for the coating of ?at glass with 
transparent metal oxide coatings. The resulting metal 
oxide coated ?at glass articles have found particular 
utility in architectural applications. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 is a partial, cutaway, perspective view of the 
preferred apparatus for practicing the present inven 
tion, showing the ?ow of vapors and other ?uids em 
ployed in the practice of the invention. 
FIG. 2 is a partial sectional view of the preferred va 

porizer, manifold and nozzle used in the practice of the 
present invention shown in combination with a sheet of 
?oat glass supported in facing relation to the nozzle. 
FIG. 3 is a partial sectional view of the preferred de 

vice of this invention taken along section line 3-3 of 
FIG. 2. 

FIG. 41 is a partial sectional view of the preferred va 
porizer of this invention taken along section line 4-4 
of FIG. 3 showing the particular relationship of the 
heating element therein to the chamber space with its 
inlets, outlets and baf?ing arrangement to provide for 
the vaporization of the coating compositions employed 
in this invention within the space of the chamber rather 
than for vaporization in contact with the heating ele 
ment itself. ' 

FIG. 5 is an enlarged sectional view of the preferred 
nozzle used in the practice of this invention along with 
a suitable manifold for distributing vapor to the nozzle. 

FIG. 6 is a sectional view of the preferred nozzle for 
use in the practice of this invention taken along section 
line 6—6 of FIG. 5. 

DESCRIPTION OF THE PREFERRED 
EMBODIMENTS 

In the practice of this invention it is important that 
the Reynolds number which characterizes the ?owing 
vapors exiting from the nozzle and being directed 
against the substrate being coated be greater than 
about 2,500. 
While a Reynolds number of at least 1700 insures 

that vapor ?ow will be fully turbulent, it has now been 
discovered that the Reynolds number must be at least ' 
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about 2500 in order for flow to be substantially uniform 
throughout the area of impingement against the sub 
strate as evidenced by interferometric techniques and 
by the uniformity of resulting deposits. 
The Reynolds number is de?ned by the following 

classic equation: 
NRe=W' 0"L/1). 

The Reynolds number is dimensionless. The symbols 
‘ ‘ W, o- and 1; represent the ?ow velocity, the density and 

the dynamic viscosity of the ?owing vapor. L is a char 
acteristic length de?ned at the point where the other 
variables are determined. According to known princi— 
pals of hydraulics, the characteristic dimension L 
which is relevant in the de?ned relationship is the hy 
draulic diameter which is de?ned as four times the 
cross-sectional area of the nozzle exit divided by the 
wetted perimeter of the nozzle exit. The ?ow, density 
and vapor viscosity are all characterized in the equa 
tion as the values of these properties at the nozzle exit. 

The present invention may be more fully appreciated 
from a detailed description of the apparatus and 
method which follows. 

20 

' chamber 14 that an enclosed manifold space is formed ‘ 

Referring ?rst to FIG. 1, a substrate, for example a . 
sheet of glass 11, is provided for coating. The sheet of 
glass 11 is generally supported, preferably in a horizon 
tal plane, and is generally supported by means which 
can translatably move or convey the glass sheet 11 
along a path such as indicated by the arrow at the lower 
right of FIG. 1. Disposed in facing relation to the glass 
sheet 1 1 is the coating apparatus of this invention com 
prising a vaporizer assembly 12 and a vapor distribu 
tion assembly 13. 
The vaporizer assembly 12 comprises a vaporizer 

chamber 14, which in a preferred embodiment of the 
invention is a cylindrical chamber containing elements 
for vaporizing reactants, which elements are further de 
scribed below. The vaporizer assembly 12 further com 
prises means for supplying a reactant l5 and means for 
supplying a carrier gas 16. 
A reactant is supplied through a solution line 17 to 

a series of solution feed lines 18, each of whichis con 
nected to a spray tip 19 having its discharge opening 
inside the vaporizer chamber 14. The solution line 17 
is jacketed with a coolant line 20, which is divided into 
forward and return ?ow portions by a baf?e 2]. Atom 
ization gas, preferably air, is supplied to each spray tip 
19 through a series of atomization feed lines 22, all of 
which are connected to an atomization gas line 23. 
The entire reactant supply means 15 is mounted onto 

the vaporizer chamber 14 by a series of caps 24 which 
surround the lines and are bolted or otherwise con 
nected to a series of mounts 25 welded to the vaporizer 
chamber 14. _ 

The carrier gas supply means 16 comprises a carrier 
gas manifold 26 mounted on the vaporizer chamber 14 
by a bracket 27. Connected to the carrier gas manifold 
26 are a series of carrier gas feed lines 28, each con 
nected to a carrier gas preheater 29 which are in turn 
connected to the vaporizer chamber 14 in a manner 
such that heated carrier gas may be directed into the 
chamber. The preheaters 29 are preferably electrical 
resistance heaters, each having an electric power con 
nection 30 connected to a source of controlled electric 
power (not shown). 
The vaporizer chamber 14 may be a single structure, 

but if it is of extended length it is preferably of modular 
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6 
construction with a series of relatively short vaporizer 
chambers 14 connected end-to-end by vaporizer cham 
ber couplings 31 which lock the individual chambers 
together. 

Inside the vaporizer chamber 14 are elements for va 
porizing a reactant and other materials such as a sol 
vent. A heater 32 is mounted within the vaporizer 
chamber 14 in a manner such, that the chamber is di 
vided into two portions,.one into which all incoming 
materials enter and one from which departing vapors 
leave. The heater 32 is so constructed that vapors may 
pass through it from the entrance portions to the exit 
portion of the vaporization chamber 14. A preferred 
heater is a ?n and tube heat exchanger having a ther 
mally controlled heat exchange ?uid supplied to its 
tubes. ‘ 

The heater 32 is mounted within the chamber 14 on 
mountings, which are ef?ciently also carrier gas distri 
bution plates 33, welded or otherwise connected to the 
interior walls of the chamber 14. The carrier gas distri 
bution plates 33 are so shaped and connected to the 

with each plate 33 and the closely spaced chamber 
wall. The carrier gas distribution plates 33 are provided 
with a series of openings which permit the free ?ow of 
gas out into the entrance portion of the vaporizer 
chamber 14 where it mixes with sprayed reactant and 
solvent vaporizing them. ‘ 
The gaseous mixture containing a reactant in the en 

trance portion of the vaporizer chamber 14 passes 
through the heater 32 which trims or ?nely controls the 
temperature of the mixture entering the exit portion of 
the vaporizer chamber 14. The heater 32 preferably 
has a high heat capacity relative to the mass of ?owing 
gaseous mixture so that thermal stability is insured. 

in the exit portion of the vaporizer chamber 14 are 
a series of vapor discharge lines 34, extending outward 
through the wall of the vaporizer chamber 14 and hav 
ing several inlet openings near their interior ends. The 
interior end of each vapor discharge line 34 is prefera 
bly covered with an umbrella 35 which de?ects any oc 
casional particulate material, which enters the chamber 
or forms in the chamber thus, preventing it from clog 
ging the vapor discharge line. ‘ 
Surrounding the vapor discharge lines 34 is a vapor 

discharge heater 36. The vapor discharge heater 36 has 
two cavities, an inlet cavity and a return cavity which 
are connected to a recirculating heat exchange fluid 
system (not shown). During operation, hot ?uid, such 
as oil, is circulated through the vapor discharge heater 
36 to control the temperature of the gaseous mixture 
being discharged from the ‘vaporizer chamber 14. 
Connected to each vapor discharge line 34 is a cou 

pling 37, preferably a ?exible coupling, which connects 
the vaporizer assembly 12 to the vapor distribution as 
sembly 13. The vapor distribution assembly 13 com 
prises a vapor manifold or plenum 38 having two vapor 
channels 39 separated by a dividing wall 40 and jack 
eted with inner and outer thermal control ?uid cavities, 

‘ 41 and 42. During operation, hot ?uid, such as oil, is 
circulated through the inner and outer cavities to con~ 
trol the temperature of the gaseous mixture ?owing 
through the vapor channels 39. . 
The vapor channels 39 of the plenum 38 open into 

nozzles 43, preferably converging nozzles. Each nozzle 
is formed of opposing nozzle wall members 44 con 
nected to the plenum 38. Preferably each nozzle wall 
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member 44 is provided with a cavity 45 through which 
hot fluid, such as oil, may be directed to precisely con 
trol the temperature of a gaseous coating mixture being 
directed through the nozzles 43 to the substrate 11. 
The present coating apparatus and method may be 

employed in combination with a variety of other pro 
cesses and substrates, such as paper making, metal 
sheet rolling and the like. The present method may be 
used to coat a continuous sheet or a series of discrete 
substrates. In the preferred embodiments of this inven 
tion a continuous glass sheet is coated. This may be a 
sheet produced by the plate process, by any sheet pro 
cess (Colburn, Fourcault or Pittsburgh Pennvemon 
Process) or by a ?oat process. The present invention 
can be used effectively to apply a coating to a substrate 
in a vertical, horizontal or otherwise oriented plane, 
and this feature is a particularly valuable and unique 
feature of this invention. 

In a particularly preferred embodiment the present 
invention is used to coat a newly formed ?oat glass rib 
bon. The ribbon could be easily coated on either major 
surface by the principles of this invention and the de 
scription which follows relates to coating the top sur 
face of the glass ribbon. 
Referring now to FIGS. 2, 3 and 4 as well as to FIG. 

1, the apparatus of this invention may be observed in 
a particularly preferred environment, the space be 
tween a ?oat forming bath and an annealing lehr. 
A continuous glass ribbon 11 is shown on a bath of 

molten metal 46, such as molten tin, contained in a 
bath chamber 47 comprising refractory bottom, side 
and top walls 48 encased in metal sheathing 49. 
The ribbon 11 is lifted from the molten metal 46 at 

the exit end of the bath chamber 47 on lift out rolls 50, 
which are suitably joumaled and driven by conven~ 
tional roll driving means connected to a driving motor 
(not shown). Carbon blocks 51 are spring loaded and 
press against the bottom of the rotating rolls 50 to re 
move any materials which may become deposited on 
the rolls. The carbon blocks 51 are supported within a 
refractory extension of the bath chamber 52. Material 
removed from the rolls which falls into this extension 
52 may be easily removed on an intermittent basis. 
The ribbon of glass 11 is conveyed into an annealing 

lehr 53 having a plurality of lehr rolls 54 therein. Con 
ventional driving means is provided for rotating the 
rolls 54. Each lehr roll 54 exerts a tractive force on the 
glass of sufficient magnitude to convey the glass 
through the lehr where its temperature is controlled to 
release permanent stress and strain in the glass. The 
rolls 54 constitute part of a means for transporting 
newly formed ?oat glass from the ?oat bath chamber 
47, through a vaporization coating chamber 55 and 
then through the annealing lehr 53. 
The atmosphere within the bath chamber 47 is a re 

ducing atmosphere containing nitrogen and a small 
amount of hydrogen in order to insure that oxidation of 
the molten metal 46 is inhibited. Generally the atmo 
sphere contains about 90 to 99.9 percent nitrogen with 
the remainder being hydrogen. The atmosphere is 
maintained at a pressure slightly above ambient pres 
sure, for example, 0.1 to 0.5 inch water to substantially 
prevent the ingress of ambient atmosphere into the 
bath chamber 47. 
To retain the atmosphere and to permit the passage 

of the glass ribbon from the bath chamber 47, the exit 
end of the bath chamber is provided with a series of 
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8 
curtains or drapes 56 which trail on the glass ribbon 
and serve as means for segregating the slightly pressur 
ized atmosphere of the vaporization coating chamber 
55 from the bath chamber 47. These drapes or curtains 
56 are usually made of ?exible asbestos or ?ber glass 
material which does not mar the glass and which with 
stands temperature of the environment, namely, a tem 
perature of approximately lOOO° to 1200°F. Additional 
drapes or curtains 57 of similar material are provided 
at the entrance of the lehr 53, the latter drapes serve 
as means for segregating the lehr 53 from the vaporiza 
tion coating chamber 55. >~ ’ 
The vapor coating chamber 55 is provided with vac 

uum hoods 58 having inlets disposed both upstream, 
adjacent the bath chamber, and downstream, adjacent 
the lehr. The vacuum hoods 58 extend vertically up 
ward to a pair of exhaust pipes 59 and are su?iciently 
spaced from one another to provide sufficient room for 
supporting l-beams 60 and for the vapor coating appa 
ratus comprising vaporizer assembly 12 and vapor dis 
tribution assembly 13 along with associated equipment. 
The vacuum hoods 58 are movably supported on [ 
beams 60 by wheels 61 which rest on the top of the L 
beams 60. The l-beams 60 are disposed transversely 
across the path of the ribbon of glass 11 moving from 
the bath chamber 47 to the lehr 53. The vacuum hoods 
are held in spaced relation by cross brace 62. The ex 
haust pipes 59 are mounted on brackets 63 on which 
are mounted wheels 64 which rest upon tracks 65 of a 
supporting overhead beam 66. The entire vacuum hood 
assembly comprising the vacuum hoods 58 and exhaust 
pipes 59 may be moved transverse to the path of the 
glass ribbon 11 to completely remove the assembly 
from the ?oat line for maintenance and repair. This re 
moval is accomplished by causing the assembly to 
move along beams 60 and 66 while rolling on the sup 
porting wheels 61 and 64. , 
The vapor coater assembly is supported within the 

vapor coating chamber 55 from l-beams 60 by means 
of vapor coater support bracket 67. Mounted on the 
support bracket 67 are vapor coater support wheels 68. 
Vapor coater support wheels 68 rest on l-beams 60 one 
of which has a track 69 mounted on it. The shape of the 
track 69 and of the support wheel 68 engaging it is such 
as to prevent the lateral movement of the assembly with 
respect to the track and l-beams. 
The vapor coater assembly comprises, in addition to 

the vaporizer asembly l2 and the vapor distribution as 
sembly 13, a mechanical structure for supporting these 
operative elements. This mechanical structure includes 
a motor 70 and jacks 71 for raising and lowering the as 
sembly to position it closer to or farther from the sub 
strate to be coated. 
Depending from vapor coater support bracket 67 are 

vapor coater cross arms 72. Mounted on cross arms 72 
are a motor support 73 and jack supports 74. Mounted 
on the motor support 73 is the motor 70, preferably a 
DC variable speed motor. Connected to this motor 70 
is a drive shaft 75 which is in turn connected to screw 
jacks 71. Within each jack 71 there is appropriate gear 
ing for driving a scew shaft in a vertical motion. 
Screw shafts 76 connect with the drive shaft 75 

through jacks 71 connected to a gear. By driving the 
drive shaft 75 by motor 70 the screw shafts 76 are 
caused to move vertically to raise and lower the vapor 
coating assembly. Mounted on the screw shafts 76 are 
yokes 77. Connected to and depending from yokes 77 
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are support arms 78 which connect to cross plates 79. 

Mounted on cross plates 79 is a vaporizer cradle sup 
port 80 to which is bolted or otherwise connected the 
vaporizer chamber 14. . 
As brie?y described above, the preferred practice of 

this invention ‘requires that a carrier gas, preferably air, 
be supplied to the vaporizer chamber 14 to mix with 
the atomized spray of coating composition coming 
from the spray nozzle tips 19 to enhance the rate of va 
porization of the coating material and then to carry the 
mixture through the heater 32 to further heat the com 
bination for ultimate delivery to the substrate to be 
coated. The carrier gas is supplied to the vaporizer 
from manifolds 26 which are preferably pipes mounted 
on the assembly by brackets 27. Flexible tubing 28 is 
connected to the carrier gas manifold 26 and directed 
through heating elements 29 to connectors passing 
through the wall of the vaporizer chamber 14 and en 
tering the space formed by air distribution plates 33 
with the wall of the vaporizer chamber. Power is sup 
plied to heaters 29 from an electrical cable 81 which 

10 
The coating vapors are uniformly distributed along 

the substrate by thelvapor manifold or plenum 38. The 
structure of a particularly preferred plenum 38 and 
nozzle 43 combination may be appreciated from the 
enlarged views of FIGS. 5 and 6. The transverse length 
of the plenum or manifold 38, which spans the width of 
a glass ribbon to be coated, is much greater than the 

' width of the manifold. For example, in order to coat a 

20 

passes through a supporting distribution conduit 82 , 
mounted on brackets 27 and 83. 
The internal details of the vaporizer 12 which is pref» 

erably employed in the practice of this invention are 
further described in the copending application of John 
Sopko entitled “Coating Composition Vaporizer". 

' The structural characteristics of the presently pre-. 
ferred apparatus are apparent in FIGS. 2, 3 and 4. Un 
reacted or excess coating composition vapors and the 
carrier gas discharged from the nozzles 43 toward the 
substrate 11 ?ll the vapor. coating chamber 55. Unre 
acted vapors and gases are removed from the chamber 
by vacuum hood 58. In order to minimize or avoid the 
buildup of deposits on irregular structural surfaces 
‘which might result in deposits ?aking off and dropping 
onto the substrate 11 thereby causing defects the vapor; 
coating assembly is encased within a vapor coater 
shield 84. The vapor coater shield 84 may be provided 

- with reinforcement plates 85. It is connected to the 
coater assembly by being connected to cross plates 79. 
The cross plates, 79 as indicated before, are connected 
to the support assembly 78 and are further connected 
to the vaporizer cradle support 80. As already indi 
cated, the vaporizer chamber 14 is connected to the va 
porizer cradle support 80. The cross plates 79 are pro’ 
vided with access holes 86. The space between the 
vapor coater shield 84 and the vapor manifold 38 is 
preferably ?lled with a thermal insulation‘87, such as 
mineral wool, asbestos or the like. ' 
As shown in FIG. 3 the construction of a vapor coater 

assembly to span the entire width of a conventionally 
formed glass ribbon may be modulanModular design 
is preferred for ease of maintenance and repair of the 
equipment. Individual vaporizer chambers 14 with ap 
purtenent equipment are connected together to‘form 
an assembly which spans the entire ribbon width. 

I While the vaporizer 14 may be modular in design, the 
vapor distribution manifold 38 and the vapor nozzles 
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glass ribbon having a width of about 10 feet the length’ 
of the manifold, d shown in FIG. 6, will be approxi 
mately 10 feet as well. In general, the width of the man 
ifold will be one foot or less. 
The vapor manifold 38 comprisesa plurality of vapor 

channels which are elongated and separated from one_ 
another at their exit ends but which meet in a common 
channel at their entrance. The plurality of couplings 37 
which bring vapors from the vaporizer 14 to the mani 
fold 38 are connected to the manifold 38 along this 
common channel entrance. 
Each vapor channel 39 may preferably be con 

structed with at least two opposing curves so that the 
path of travel of vapors passing through the channel 
must change direction at least twice. In this manner the 
uniformity of vapor distribution along the length of the 
channel is enhanced. While baffles may be positioned I 
within the channels to further interrupt the vapor ?ow 
and distribute the vapor along the length ‘of the chan 

' nels, thesimple design without baffles but with changed 
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43 are preferably single ‘units. In this way vapors are .‘ 
uniformly distributed across the width of the substrate 
which is to be coated. ‘ 
Referring to FIGS. 5 and 6, the details of the vapor . 

distribution manifold and the vapor nozzles may be ap 
preciated. 
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flow direction is preferred. In the preferred design 
there are no areas of stagnation and no protruding bod 
ies to create eddy flows of signi?cant magnitude. 
Surrounding the vapor channels 39 are cavities 41 

and 42 for carrying a heating or cooling ?uid as desired 
according to the cross current ?ows as illustrated in 
FIG. 6. These chambers 41 and 42 extend along the 
length of the vapor manifold 38 and are connected to 
a source of heating or cooling fluid (not shown). ‘In the 
preferred embodiment hot oil is supplied to the cham 
bers. ‘ 

Connected to the vapor manifold 38 are nozzle wall 
members 44 forming nozzles 43 which direct the vapor- . 
ized coating composition and carrier gas toward the 
substrate 11 which is to be coated. The nozzles 43 are 
elongatedas seen in FIG. 6, and in plan view they ap 
pear as slots. The cross-section of the nozzle openings 
viewed parallel to the major slot dimension, e, illus 
trates that the preferred nozzles narrow considerably 
from their entrance to their exit. The contraction of 
each slot is such that vapor passing through the slot is 
continuously accelerated along the length of the slot. In 
this way the boundary layerof vapors adjacent the slot ‘ 
wall is minimized, and the perimeter of‘ the slot is uni 
formly wet by the vapors such that exiting vapors are 
uniformly directed against the substrate. The nozzles 
may be characterized by a contraction‘ ratio, which is 
the ratio of inlet area to outlet area or in the nozzles 
shown in FIGS. 5 and 6 as c/a. The preferred flow con 
ditions for obtaining ef?cient and uniform coating are 
described below and the conditions‘described are de 
?ned as the conditions at the exit end of the nozzles. 
The preferred nozzles are the subject of the copending 
application of Krishna Simhan entitled “Nozzle for 
Chemical Vapor Deposition of Coatings”. . 

_ The minor dimension of each nozzle exit, indicated 
as a in FIG. 5, dictates the spacing in between the nozzle 
exit and the substrate. Preferably the ratio b/a‘ ranges 
from 0.75 to 10. In the most preferred embodiments 
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the ratio b/a is from 1.25 to 5. Within the most pre 
ferred range of spacing as indicated by the ratio b/a the 
rate of coating deposition is substantially greater than 
at closer or more distant spacings. 
Each vapor channel 39 preferably has a volume of at 

least about six minutes times the volumetric throughput 
of the channel. By having this capacity to hold up va 
pors passing through the channel the channel serves as 
a calming section to wash out in residual velocity varia— 
tions resulting from the flow of discrete streams exiting 
from the ?exible couplings 37. As mentioned before, 
the vapor channels 39 preferably reorient vapor flow 
tending to uniformly distribute the vapor along the 
length of the manifold 38. The con?guration and size 
of the vapor channels 39 are observed to cooperate 
with the shape of the nozzles 43. If the contraction ra 
tio, c/a, for the nozzles is increased, particularly above 
about 5 to 6, the capacity or volume of the vapor chan 
nels 39 may be decreased without detrimental effect. 
Each nozzle 43 is formed of two members 44, each 

having a curved face, connected to the manifold 38 
with their curved faces in facing relationship. Each 
member may be provided with a channel 45 for carry 
ing a fluid, such as hot oil, to control the temperature 
of the vapors and gas being discharged. In the preferred 
embodiment hot oil passes through parallel channels 415 
and then through channels 41 and 42. The temperature 
of the oil to and from the nozzles may be measured, and 
the temperature calculated from such measurements to 
be the nozzle temperature is the temperature employed 
in de?ning vapor flow conditions at each nozzle exit. 
The curved surfaces de?ning the flow region of the 

nozzles are smoothly machined to avoid creating min 
ute obstructions or scratches that would import local 
disturbances to the vapor and gas flow. In a preferred 
embodiment nozzle members are made of machined 
steel or other base metal, and the curved interior sur 
faces are plated with an easily worked metal such as 
gold or other precious metal. A metal ?nish of at least 
about 64 microinch and preferably about 16 microinch 
is satisfactory. When the contraction ratio, c/a is suffi 
ciently great the metal ?nish may be less smooth with 
out effect. 
The curvature of the nozzle interior surfaces is such 

that the radius of curvature is least at the entrance and 
greatest (approaching in?nity) at the exit. In a most 
preferred embodiment the radius of curvature mono 
tonically (and preferably constantly) increases as a 
function of distance from the entrance toward the exit 
of the nozzle. For ease in the construction of the appa 
ratus the nozzle members 44 are machined to distinctly 
different radii in separate regions (I, II, III and IV for 
example) along the path length of the nozzle. Each re 
gion is smoothly machined to blend with the next. 
The exit edges of the nozzle members are preferably 

sharp, well de?ned comers so that the substrate facing 
portion of the nozzle members will not be wet by exit 
ing vapors and gas. The substrate facing edge of each 
nozzle member 44 should be about 90° with respect to 
the face of the member and preferably will be about 87° 
so that the edge has an angle of about 3° up away from 
the nozzle exit with respect to the plane of the sub 
strate. ‘ 

The ?ow conditions which are maintained in the 
practice of this invention are de?ned at each nozzle 
exit. With reference to FIG. 5, the following parame 
ters are considered. The characteristic length em~ 
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ployed in determining the vapor discharge Reynolds 
number is the hydraulic diameter of the nozzle, de?ned 
as four times the nozzle cross-sectional area divided by 
wetted perimeter of the nozzle opening: 
D : 4ae/2(a+e) 

Since a is much less than e the hydraulic diameter ap 
proximates 2a. The temperature of the ?owing vapor 
gas mixture is considered to be the average oil tempera 
ture across the nozzle determined from measured inlet 
and outlet oil temperatures. The density and viscosity 
of the vapor-gas mixture are determined to be the den 
sity and viscosity of the mixture at the nozzle tempera 
ture and vaporization chamber pressure. In general the 
properties of the carrier gas at that temperature and 
pressure are satisfactory. The flow velocity is deter 
mined from the mass flow to the vaporizer divided by 
the density of the mixture as indicated further divided 
by the total area of the nozzle exit openings (number 
of nozzles multiplied by [a ' e]). 
The following examples illustrate the importance of 

nozzle exit Reynolds number and nozzle-to-substrate 
spacing. 

EXAMPLE I 

An experimental apparatus having a single nozzle 
like that described above having the following charac 
teristics is employed for the tests described below. The 
apparatus has a motor driven fan capable of delivering 
3000 liter/minute of gas. A 5 kilowatt heating coil is 
provided downstream of the fan with the heating coil 
located in the duct through which the gas ?ows from 
the fan to the nozzle. A thermocouple is located in the 
wall of the duct immediately upstream of the nozzle, 
and this thermocouple is connected to a temperature 
regulator which is connected to and controls the power 
to the heating coil. A substrate support is positioned 
opposite the nozzle opening. The substrate support is 
provided with means for heating the substrate, and a 
series of thermocouples are provided for monitoring 
substrate temperature. The support is constructed to 
hold a ?at substrate in a plane perpendicular to a plane 
de?ned through center of the nozzle along the axis of 
discharged gas flow. 
An optical interferometer (MACH-ZEHNDER) is 

provided in surrounding relation to the experimental 
apparatus. The interferometer is positioned so that the 
center of its line of sight is in the plane de?ned by the 
axis of gas ?ow and is parallel to the plane of a sub 
strate. The interferometer employs two coherent 
monochromatic light beams, each having a wavelength 
of 546 nanometers (mercury arc lamp with narrow 
band green ?lter). Since the anticipated ?ow ?elds to 
be studied exhibit a substantial temperature gradient, 
a rotating mirror system is used in the interferometer. 
A rotation rate providing for 200 orders of interference 
is employed. Optical interference is recorded using a 
camera, and the resulting photographs reveal tempera 
ture pro?les by a comparison of fringe shifts in terms 
of fringe widths in accordance with the well known 
principles of interferometry. As derived from the Glad 
stone-Dale relationship, a shift of n fringe spaces indi 
cates a temperature difference of n - A0 where A6 is the 
difference between the local temperature at the fringe 
and the reference temperature, 0R, which is the bulk 
carrier gas temperature detected under quiescent con 
ditions. 
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The apparatus was operated ?rst with a nozzle-to 
substrate spacing of two times the nozzle width (one 
times hydraulic diameter). Heated air alone was dis 
charged at several flow rates characterized as having 
Reynolds numbers of 900, 1500, 2000, 2500, 4000 and 
5000. 
The heated gas (air) which is discharged against the 

substrate must turn 90° in the vicinity of the substrate. 
The beginning of this turn is observed» from the interfer 
ograrns (the photographs of the interfered light) to be 
about 0.8 times the nozzle width, a, above the sub 
strate. At Reynolds numbers at and above 2500 a pro 

‘ nounced sharp boundary region of uniform density is 
observed adjacent the substrate. This is indicative of 
uniform and efficient deposition conditions. Also at 
and above a Reynolds number of 2500 the width of the 
effective ?ow contact with the substrate is observed to 
be substantially greater than the nozzle width so that 
the coating reactants can be effectively spread over the 
substrate surface. 
The experiments when repeated with substrate tem 

peratures ranging from 930°F. to 1025°F. reveal no sig 
nificant variation with substrate temperature. 
The experiments are repeated with the nozzle-to 

substrate spacing varied. Spacing ratios of b/a = 4, b/a 
= 2 and bla = l are tested. 
Fora spacing ratio of 4 the interferograms reveal gas 

density maps exhibiting a sufficiently broad region of 
uniformity near the substrate for uniform coating at a 
Reynolds number of 5000. At lower Reynolds numbers 
the region is diminished and below a Reynolds number 
of about 2500 the density map suggests the likelihood 
of non-uniform coating. 
For a spacing ratio of 2 the interferograms reveal gas 

density maps exhibiting a divergence of the flow into a 
uniform coating region beginning at about 0.67 times 
the nozzle width above the substrate. At this spacing 
ratio ?ow oscillations which were apparent at a greater 
spacing ratio are absent and the flow and density fields 
remain uniform with respect to time. Even below a 
Reynolds number of 2500 a small uniform coating re 
gion is observed and above a Reynolds number of 2500 
the width of the region exceeds the nozzle width and at 
a Reynolds number of ‘5000 the region width is about 
two times the nozzle width. . 
For a spacing ratio of l the interferograms reveal gas 

density maps exhibiting sharply turning flows creating 
variable pressure fields. This tendsto destroy the effect 
of the discharge ?ow and the higher Reynolds numbers 
within the preferred range are reached with a uniform 
coating region still con?ned to about the width of the 
nozzle. 
Further reduction of the spacing ratio requires higher 

Reynolds numbers. Despite any a priori thought that 
improvements might be made by moving the nozzle 
closer to the substrate any boundary penetration which 
might be expected is found to be offset by non-uniform 
conditions observed experimentally. ‘ 
While the example described above establishes the 

signi?cance of Reynolds number . and nozzle—to 
substrate spacing for vapor coating insofar as their sig 
ni?cance may be deduced from gas density-variations 

‘ and other conditions in the vicinity of a substrate, the 
example which follows describes coating a'glass sub 

‘ strate according to the preferred embodiment of this 
invention. 
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‘ EXAMPLE II 

The apparatus shown and described above is posi 
tioned across a ?oat formed ribbon of glass between a 
?oat forming bath and an annealing lehr. 
A continuous ribbon of clear glass approximately ten 

feet wide and about ‘A inch thick is conveyed beneath 
the device at a linear velocity of about 250 inches per 
minute. The glass is a conventional soda-lime-silica 
glass having a visible light transmittance of about 88 
percent. 
A coating solution is prepared. The solution has the 

following composition on a one gallon basis. 

lrori acetylacetonate 510 grams 
Chromium acetylacetonate 150 grams 
Cobalt acetylacetonate 55 grams 
Methylene chloride 1 gallon 

The coating solution is delivered to the solution line 
17 at a rate of about 0.2 gallon per minute, at a pres 
sure of about 10 psig and at a temperature of about . 
70°F. Atomization air is supplied to the atomization gas 
line 23 at a pressure of about 5 psig and at a tempera 
ture of about 70°F. ' ‘ 

Carrier air is delivered to the carrier gas manifold 26 
at about 38 psig and at a rate of about 170 SCFM. The 
carrier is heated to about 500°F. in the preheaters 29 
and is delivered to the vaporizer chamber 14 with the 
air velocity through the distributor plates 33 being 
about 5 to 10 feet per minute. The sensible heat in the 
air is sufficient to vaporize the coating solution and to 
establish the resulting air-vapor mixture temperature 
within the range of about 400°F. to 420°F. 
Hot oil is supplied to all heaters at a temperature of 

about 410°F. Thus, the coating mixture leaving the va 
porizer chamber 14 and passing through the plenum 38 
and nozzles 43 has a stabilized temperature of about 
410°F. The glass temperature beneath the nozzles is 
about 1050°F. 
Thenozzle-to-substrate spacing is b/a = 2. The de 

scribed conditions provide a nozzle exit‘flow Reynolds 
number of 5000. The Reynolds number is based on the 
viscosity of air at 410°F. and the'den‘sity of the air 
methylene chloride mixture at 410°F. and one atmo 

‘ sphere pressure. Mass How is directly utilized from the 
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known input. . o 

The apparatus is operated for a period of 20 minutes 
to coat about 200 square‘feet of glass.‘ The resulting 
coating is uniform over the surface of the glass with the 
average visible light transmittance of the coated glass 
being 40 percent and the variation of transmittance 
being less than i 2 percent except for the extreme mar 
ginal edges of the glass extending beyond the major di 
mension of the nozzles. 
The coating is observed to be more uniform and have 

a much more ?nely grained appearance than coatings 
produced by spray methods using the same coating ma 
terials. 

EXAMPLE Ill 

The method of Example II is repeated several times 
except that in each instance some process parameter is 
varied to determine its in?uence upon the coatings pro 
duced. ' 



3,850,679 
15 

First, the method is repeated with the exit flow hav 
ing a Reynolds number of 2500. The resulting coating 
is of excellent quality as in Example II although the 
overall average transmittance is only 50 percent indi 
cating somewhat less coating or deposition ef?ciency 
than in the preferred practice of the invention. 
Second, the method is repeated with the exit flow 

having a‘Reynolds number of 2000. The resulting coat 
ing is thinner and less uniform than in the previous ex 
ample; the average transmittance is only 60 percent 
with the transmittance range being i 5 percent which 
is unacceptable for architectural applications. 
Third, the method is repeated with the exit flow hav 

ing a Reynolds number of 7000. The resulting coating 
is of excellent quality as in Example ll. 

Finally, two runs are made with the exit flow having 
a Reynolds number of 5000. In one run the nozzle-to 
substrate spacing is 0.9 times the nozzle width and in 
the other the spacing is 5 times the nozzle width. The 
resulting coating in each instance is sufficient to pro~ 
vide an overall average transmittance of less than 50 
percent but the variation in each instance is about i 3 
percent indicating marginal quality for many architec 
tural uses. 
We claim: 
1. A method of applying a coating to a substrate by 

directing a gaseous mixture comprising at least one 
coating reactant through a nozzle against a substrate 
comprising: 

a. vaporizing the coating reactant and mixing coating 
reactant vapors and a carrier gas to form said gase 
ous mixture; and 

b. directing said gaseous mixture through said nozzle 
at a nozzle exit Reynolds number of at least about 
2500. 

2. The method of applying a coating according to 
claim 1 wherein said gaseous mixture comprises: 

a. vapors of a reactive metal compound, and 
b. a carrier gas comprising at least one reactant 
which will react with said metal compound under 
conditions adjacent said substrate. 

3. The method of applying a coating according to 
claim 1 wherein said gaseous mixture directed from 
said nozzle wets substantially all of the interior faces of 
said nozzle while maintaining the surfaces of said noz 
zle in facing relation to said substrate substantially non 
wetted by said gaseous mixture. 

4. The method of applying a coating according to 
claim 1 wherein said gaseous mixture is directed 
through said nozzle at a nozzle exit Reynolds number 
of at least about 5000. 

5. The method of applying a coating according to 

15 

20 

25 

30 

35 

40 

45 

50 

55 

65 

16 
claim 1 wherein said gaseous mixture ?owing through 
said nozzle has a substantially greater linear velocity at 
the exit of said nozzle facing said substrate than at the 
entrance of said nozzle. 

6. The method of applying a coating according. to 
claim 1 wherein said nozzle has an elongated shaped 
exit end having a major dimension and a minor dimen 
sion and wherein said gaseous mixture flows from said 
nozzle exit a distance of at least 0.5 times the minor di 
mension of said nozzle exit before impinging against 
the substrate. , 

7. The method of applying a coating according to 
claim 6 wherein said gaseous mixture flows from said 
nozzle exit a distance of from about 1.25 to about 5 
times the minor dimension of said nozzle exit before 
impinging against said substrate. 

8. The method of applying a coating according to 
claim 6 wherein said gaseous mixture is directed 
through said nozzle at a nozzle exit Reynolds number 
of at least about 5000. 

9. The method of applying a coating according to 
claim ll wherein the temperature of said gaseous mix 
ture at said nozzle exit exceeds that temperature at 
which said metal reactant saturates said gaseous mix 
ture and the temperature of said gaseous mixture at the 
nozzle exit is less than that at which said metal reactant 
will react to form a coating. 

10. The method according to claim 1 wherein the 
substrate is a ribbon of glass moving at a velocity of 
about greater than about 100 inches per minute. 

11. The method as set forth in claim 1 wherein the 
substrate is a ribbon of glass moving in a downstream 
direction from exit end of a bath chamber of a ?oat 
tank into an annealing lehr and wherein said directing 
step is performed upstream of the annealing lehr and 
downstream of the exit end of the bath chamber. 

112. The method as set forth in claim 11 wherein said 
nozzle has an elongated shaped exit end having a major 
dimension and a minor dimension and wherein the gas 
eous mixture flows from the nozzle exit a distance of 
about 0.5 to about 10 times the minor dimension of the 
nozzle exit before impinging on the glass ribbon to coat 
the glass ribbon. 

13. The method according to claim 1 wherein said 
directing step further comprises: 
moving the gaseous mixture through a nozzle having 

(ll) an entrance and an exit end, and (2) having in 
terior surfaces of monotonically and constantly in 
creasing radii of curvature from the entrance end 
to the exit end to accelerate ?ow of the gaseous 
mixture adjacent interior surfaces of the nozzle. 
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