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METAL SUBSTRATES INCLUDING METAL 
OXIDE NANOPOROUS THIN FILMS AND 

METHODS OF MAKING THE SAME 

CROSS REFERENCE TO RELATED 
APPLICATIONS 

This patent application is a continuation application of 
U.S. patent application Ser. No. 12/503,150, filed Jul. 15, 
2009 (now U.S. Pat. No. 8,993,131), which claims priority 
to U.S. Provisional Patent Application Ser. No. 61/081,271, 
which was filed on Jul. 16, 2008, the entirety of which are 
hereby incorporated by reference. 

BACKGROUND OF THE INVENTION 

The present disclosure is directed to highly corrosion and 
wear-resistant metal substrates having an oxidized surface 
layer having chemically bonded thereto a nanoporous thin 
film. More particularly, the present disclosure is directed to 
highly corrosion and wear-resistant metal substrates, such as 
stainless steel, carbon steel, or aluminum, that have an 
oxidized surface and a metal oxide nanoporous thin film 
layer chemically bonded to the oxidized surface that is 
prepared from a nanoparticulate sol of titanium dioxide, 
silicon dioxide, zirconium dioxide, alumina or a combina
tion thereof. The present disclosure is also directed at 
various methods for preparing the highly corrosion and 
wear-resistant metal substrates including the metal oxide 
nanoporous thin film. 

In many applications that utilize metal substrates that are 
in contact with aggressive media such as corrosive liquids, 
the metal substrates can quickly become corroded and worn. 
One specific example of a metal substrate that can quickly 
become corroded and worn during normal usage is a metal 
plate heat exchanger. Metal plate heat exchangers are com
monly constructed of stainless steel, although in applications 
where salt and chlorides are present, more expensive mate
rials such as titanium or stainless steel alloys such as 254 
SMO® may be utilized. More aggressive media such as 
sulfuric acid and the like may require special alloys. Gen
erally, a stainless steel heat exchanger will have a life 
expectancy of less than about five years in many applica
tions, and may be less than one year in particularly corrosive 
applications. 

The amount of corrosion and wear on a metal substrate, 
such as a metal plate heat exchanger, shell and tube heat 
exchangers, or cooling towers, for example, is directly 
dependent upon three variables: (1) the metal comprising the 
metal substrate; (2) the surface roughness of the metal 
substrate prior to the application of any coating; and (3) the 
media that the metal substrate is exposed to. These variables 
need to be addressed and controlled in order to achieve the 
greatest life expectancy for the metal substrate during use. 

2 
halide-containing solutions. Chloride is a common and 
aggressive halide anion and causes pitting corrosion in many 
metals and alloys. 

Generation of corrosion pits on stainless steel immersed 
5 in aggressive media, such as a chloride solution, generally 

occurs in three distinct stages: nucleation, metastable 
growth, and stable growth. Many pits that nucleate do not 
propagate indefinitely. Instead, many pits re-passivate after 
a very short period of metastable growth. Metastable pits 

10 generally do not cause significant damage to the metal 
surface. The final diameter of metastable pits may be a few 
micrometers. 

Pit growth is generally sustained by the development of a 
highly aggressive analyte, which involves a strong oxidizing 

15 solution having an oxidizing reduction potential of +600 to 
+ 1200 m V inside of the pit. The analyte also comprises an 
enhanced concentration of anions that migrate into the pit, 
which maintains analytic charge neutrality. Pit growth is 
self-sustaining due at least in part to development of the 

20 aggressive analyte. 
Most pits generally tend to continue growing once they 

have become established. Therefore, the susceptibility of a 
metal to pitting corrosion is linked to the formation of stable 
pits. The resistance of stainless steel to pitting generally 

25 relates to the critical potential measurable by various elec
trochemical methods. The potentiodynamic method involves 
an applied potential scamied to noble values, whereby the 
respective current is measured. 

The potentiodynamic method provides a measurement of 
30 the pitting potential (EP) related to pit nucleation. The 

potentiodynamic curves depend upon experimental vari
ables, such as potential scanning rate. EP may be determined 
by extrapolating to the passive current density for the rising 
curve observed in the early stages of pitting. EP values may 

35 also be determined from the same curve by relating to a 
predetermined current density and to a current density ten 
times higher. 

Another accelerated way of testing for pitting corrosion 
resistance with respect to a surrounding medium is to expose 

40 the coated stainless steel material to an aggressive corrosion 
medium of interest. Periodic visual examination of the 
material permits qualitative ranking with respect to pitting 
corrosion susceptibility. Although such testing is more time 
consuming than the electrochemical methods, it may pro-

45 vide improved evaluation of longevity in a medium of 
specific interest. 

Based on the foregoing, there is a need in the art for metal 
substrates that are constructed out of lower cost materials 
that can provide increased resistance against pitting and 

50 corrosion and thus a longer service life. 

SUMMARY OF THE INVENTION 

As compared to other types of steel, stainless steel gen- 55 

erally exhibits a lower corrosion rate in an aqueous envi
ronment due to the formation of a thin passivating oxide film 
that covers and protects the metal surface. Pitting corrosion 
occurs when passivity fails or is otherwise absent at local
ized points on the metal surface. Pitting corrosion is a 60 

particularly aggressive form of corrosion that is focused on 

The present disclosure provides metal substrates, such as 
metal plate heat exchangers and the like, that have signifi
cant resistance to pitting and corrosion in aggressive media 
and thus provide for extended use without failure. The metal 
substrates have an oxidized layer on the surface thereof and 
a very thin metal oxide nanoporous film chemically bonded 
to the oxidized layer. The nanoporous film is derived from 
a suspension containing nanoparticles (Sol) whereby the 
nanoparticles are comprised of oxygen and an element 
selected from the group consisting of aluminum, titanium, 
silicon, zirconium and combinations thereof. The nanop
orous film has a thickness of less than about 1 micrometer 
and has a porosity of from about 26% to about 80%. In some 
embodiments of the present disclosure described herein, the 

a small area of the metal substrate. Pitting corrosion forms 
pits, which are holes formed on the metal surface. Pits tend 
to propagate very rapidly due to anodic dissolution of the 
metal. As such, pitting corrosion may be referred to as 65 

"localized." A common and important type of pitting cor
rosion occurs on passivated iron-based alloys in contact with 
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metal substrate includes a first nanoporous film chemically 
bonded to the oxidized layer of the substrate and a second 
nanoporous film on top of the first nanoporous film. This 
first and second nanoporous film may be of the same or 
different composition. 

4 
X), whereby each wet sol layer was dried at 100° C. for 30 
minutes and whereby the three layers were sintered at 300° 
C. for one hour. 

DETAILED DESCRIPTION OF THE 
EMBODIMENTS The present disclosure also provides various methods for 

preparing a metal substrate including an oxidized layer on 
the surface thereof and a nanoporous film chemically 
bonded to the oxidized layer. 

As such, one embodiment of the present disclosure is 10 

directed to a metal-containing apparatus comprising a sub
strate member constructed of a metal, an oxidized layer on 

The present disclosure is directed to a metal-containing 
apparatus, such as a plate heat exchanger and the like, that 
are highly corrosion and wear resistant in aggressive media. 
The metal-containing apparatus includes a substrate member 
constructed of a metal that has an oxidation layer on a 
surface thereof and a thin, metal oxide nanoporous film 
chemically bonded to the oxidation layer. The nanoporous 
film is formed from a nanoparticulate sol and includes 
oxygen and an element selected from the group consisting of 
aluminum, titanium, silicon, zirconium and combinations 
thereof. The nanoporous film has a thickness of less than 
about 1 micrometer and has a porosity of from about 26% to 

a surface of the substrate member, and a first nanoporous 
film comprising oxygen and an element selected from the 

15 
group consisting of aluminum, titanium, silicon, zirconium 
and combinations thereof, the nanoporous film being chemi
cally bonded to the oxidized layer, the nanoporous film 
having a thickness of less than about 1 micrometer and 
having a porosity of from about 26% to about 80%. 20 about 80%. Surprisingly, it has been discovered that a thin, 

porous film as described herein can be utilized on the metal 
substrate to significantly improve corrosion and pitting 
performance and increase overall wear of the apparatus. 

In another embodiment the present disclosure is directed 
to a method of making a metal-containing apparatus, the 
method comprising: (1) providing a substrate material con
structed of a metal; (2) introducing an oxidized layer on a 
surface of the substrate material, the oxidized layer having 25 

a thickness ofless than about 200 nanometers; (3) providing 

Before the unexpected discovery described herein, it was 
thought that these types of films needed to be thicker, 
non-porous films such that there would not be any discon-

a sol comprising nanoparticulate y-AlOOH, TiO2 , SiO2 , 

Zr02 , or a mixture thereof, the nanoparticulates having a 
primary particle size of from about 1.5 nanometers to about 

tinuous areas in the film and the film would not allow 
aggressive media to pass through and contact the metal. 

50 nanometers; ( 4) contacting the sol with the oxidized layer 30 

to provide at least one layer of the sol onto the oxidized 
layer; (5) heating the at least one layer at a temperature of 
from about 60° C. to about 100° C. for a time period of from 
about 15 minutes to about 2 hours to produce at least one dry 

35 
layer; and (6) thermally sintering the at least one dry layer 

Surprisingly, the nanoporous films described herein provide 
a number of benefits while being thin and porous, and thus 
highly resistant to cracking and/or fracturing. 

As noted above, the nanoporous films described herein 
are applied to a metal-containing apparatus including a 
substrate member constructed of a metal. The metal-con
taining apparatus can be any metal containing apparatus that 
is subjected to aggressive media during use and may be 

to produce a nanoporous film comprising oxygen and alu
minum, titanium, silicon, zirconium or a combination 
thereof, the nanoporous film having a thickness of less than 
about 1 micrometer and a porosity of from about 26% to 40 

about 80%. 

subject to corrosion, pitting, and wear due to the aggressive 
media. The substrate member constructed of a metal can 
have any thickness suitable for its intended use. In one 
embodiment, a metal substrate useful in a plate heat 
exchanger has a thickness of from about 0.1 millimeters to 

BRIEF DESCRIPTION OF DRAWINGS 

FIG. 1 is a graph showing the pitting potential of various 
Stainless Steel 316 Coupons (B2 Finish) immersed in an 
Instant Ocean Solution. 

FIG. 2 is a graph showing the pitting potential of various 
Stainless Steel 304 Coupons (B2 Finish) immersed in an 
Instant Ocean Solution. 

FIG. 3 is a graph showing the pitting potential of various 
Carbon Steel (B2 Finish) immersed in an Instant Ocean 
Solution. 

FIG. 4 is a graph showing the pitting potential of various 
Stainless Steel 201 (Brushed) Coupons immersed in a deaer
ated IM NaCl solution. 

FIG. 5 is a graph showing the pitting potential of various 
Stainless Steel 436 (Brushed) Coupons immersed in a deaer
ated IM NaCl solution. 

FIG. 6 is a graph showing the pitting potential of black 
rebar samples immersed in 0.23M NaCl solution, saturated 
in Ca(OH)2 . 

FIG. 7 is a graph showing the pitting potential of alumi
num coupons immersed in an Instant Ocean Solution. 

FIG. 8 is a scanning electron microscopy picture (SEM) 
of 316 stainless steel dip-coated with three layers of a sol 
comprising nanoparticulate TiO2 (magnification of 5.00 K 

about 100 millimeters, or even 0.1 millimeters to about 10 
millimeters, or even 0.1 millimeters to about 1 millimeter. 
Specific, non-limiting examples of metal-containing appa-

45 ratuses include plate heat exchangers, shell and tube heat 
exchangers, cooling towers, and the like. The metal substrate 
utilized in the metal-containing apparatus can be any metal 
that is subject to corrosion in aggressive media including, for 
example, stainless steel ( e.g., 100 series, 200 series, 300 

50 series, 400 series, 500 series, 600 series stainless steel, a 
2205 stainless steel, a 304 stainless steel, and a 316 stainless 
steel), carbon steel, reinforcing rebars, and aluminum. In 
some embodiments, it is preferred that the surface roughness 
of the metal substrate utilized in the metal-containing appa-

55 ratus be minimized in order to improve adhesion of the 
oxidized layer and metal oxide nanoporous film. 

The metal substrate described above includes an oxidized 
layer on a surface thereof in accordance with the present 
disclosure. The oxidized layer present on a surface of the 

60 metal generally has a thickness of less than about 200 
nanometers, and generally less than about 100 nanometers. 

The oxidation layer is introduced onto a surface of the 
metal substrate used in the metal-containing apparatus to 
improve the bonding of the nanoporous film described 

65 herein to the metal substrate. It has been observed that in the 
absence of the deposited oxidation layer, the "bare" metal 
surface does not "wet" well with the nanoparticulate sol 
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utilized to deposit the nanoporous film and the resulting 
nanoporous film quality is non-uniform and poor. 

6 
oxidation layer to a desired thickness. In one specific 
embodiment, the metal substrate may be heated in air to a 
temperature of 300° C. at a rate of about 10° C. per minute 
and maintained at the 300° C. temperature for about two 

The metal substrate additionally includes one or more 
metal oxide nanoporous films on top of the oxidation layer. 
As described more fully below, the nanoporous film is 
preferably compliant with respect to bending, twisting, and 
stretching of the substrate and uniform in nature and is 
introduced directly on top of the oxidation layer and results 

5 hours. The metal substrate is then cooled to room tempera-

in the nanoporous film being chemically bonded to the 
oxidation layer. Once the first nanoporous film is introduced 10 

directly on top of the oxidation layer, one or more additional 
nanoporous films may be introduced on top of the first 
nanoporous film such that the metal substrate may include 
one nanoporous film on top of the oxidation layer, two 
nanoporous films on top of the oxidation layer, three nano- 15 

porous films on top of the oxidation layer, etc. If more than 
one nanoporous film is present on the metal substrate, the 
nanoporous films may be of identical construction, or may 
be of different constructions. In addition, each film in itself 
could contain a single type of metal oxide or multiple metal 20 

oxides. 
The nanoporous film comprises oxygen and an element 

selected from the group consisting of aluminum, titanium, 
silicon, zirconium and combinations thereof. By way of 
non-limiting example, the nanoporous film may comprise 25 

(1) aluminum and oxygen; (2) titanium and oxygen; (3) 
silicon and oxygen; ( 4) zirconium and oxygen; (5) silicon, 
titanium and oxygen; (6) aluminum, zirconium, and oxygen; 
or (7) aluminum, silicon, and oxygen and so forth. The 
nanoporous film generally has a thickness of less than about 30 

1 micrometer, and in one embodiment may be from about 
0.01 micrometers to about 1 micrometer. In another specific 
embodiment, the nanoporous film has a thickness of from 
about 200 nanometers to about 300 nanometers. In another 
specific embodiment, the nanoporous film has a thickness of 35 

from about 0.01 micrometers to about 100 nanometers. 

ture. 
A "wet oxidation" process may also be used to provide the 

desired oxidation layer on the substrate member constructed 
of a metal. A basic solution such as sodium hydroxide or a 
solution of hydrogen peroxide may be used to provide the 
desired oxidation layer. The metal substrate is generally held 
in the solution for a period of from about one hour to about 
four hours. In one specific embodiment, the metal substrate 
is immersed in a 6% hydrogen peroxide solution having a 
pH of about 13 (0.1 M NaOH) for about three hours. The 
metal substrate is then washed with MQ water to provide the 
desired oxidation layer. 

Once the desired oxidation layer has been introduced onto 
a surface of the substrate member constructed of a metal, a 
sol comprising nanoparticulate y-AlOOH, TiO2 , Si 0 2 , Zr02 , 

or a mixture thereof is contacted with the oxidized substrate 
member constructed of a metal. The nanoparticles included 
in the sol generally have a particle size of from about 1.5 
nanometers to about 50 nanometers, or even 1.5 nanometers 
to about 20 nanometers, or even 1.5 nanometers to about 10 
nanometers. In one specific embodiment, the nanoporous 
films described herein are prepared from a sol comprising 
nanoparticulate TiO2 having a primary particle size of from 
about 3 nanometers to about 8 nanometers. In another 
specific embodiment, the nanoporous films described herein 
are prepared from a sol comprising nanoparticulate SiO2 

having a primary particle size of from about 1.5 nanometers 
to about 8 nanometers. In another specific embodiment, the 
nanoporous films described herein are prepared from a sol 
comprising nanoparticulate ZrO2 having a primary particle 
size of from about 3 nanometers to about 8 nanometers. In 
another specific embodiment, the nanoporous films 
described herein are prepared from a sol comprising nano
particulate SiO2 having a primary particle size of from about 

Nanoporous films greater than 1 micrometer in thickness 
tend to begin to take on thermo-mechanical properties of 
expansion and contraction, which are generally undesirable. 
As such, these thicker films tend to crack and fracture during 
use. This cracking and fracturing can lead to pitting corro
s10n. 

40 1.5 nanometers to about 8 nanometers and nanoparticulate 
TiO2 having a primary particle size of from about 3 nano
meters to about 8 nanometers. 

The nanoporous film generally has a porosity of from 
about 26% to about 80% and, in some embodiments, has a 
porosity of about 26%. The porosity of the nanoporous films 
depend upon the particle size of the nanoparticulates making 
up the film, the packing of the particles in the film, the 
chemical identity of the metal oxide particle, and the sin
tering temperature. 

In accordance with the present disclosure, methods of 
preparing the metal-containing apparatus are also disclosed. 
In one embodiment, the metal-containing apparatus is pre
pared by introducing an oxidized layer onto a surface of a 
substrate member constructed of a metal that will be incor-

In accordance with the present disclosure, the sols utilized 
to introduce the nanoporous films onto the oxidized layer 

45 may be prepared by any suitable process known in the art. 
In one specific embodiment, a sol comprising SiO2 nano
particulates may be prepared using tetraethyl orthosilicate 
which is hydrolyzed in an ammonia based solution (such as, 
for example, a 0.5M solution) with stirring for about one 

50 hour. The resulting sol may then be aged for about 24 hours 
at which time larger particles or precipitates can be removed 
by filtration. A hydroxide solution may then be added with 
stirring to produce a sol having a concentration of SiO2 of 30 
g/L. 

In another specific embodiment, a sol comprising TiO2 

nanoparticulates may be prepared by hydrolysis of titanium 
isopropoxide in a nitric acid solution. A suitable solution 
may be 1.43 mL of concentrated nitric acid in 200 mL of 
water and 33 mL of Ti(OPR)4 . A white precipitate forms 

porated into the metal-containing apparatus. The oxidation 55 

layer on the metal substrate can be applied using a "dry 
oxidation" process or "wet oxidation" process. Although not 
required in every embodiment of the present disclosure, it is 
generally desirable that the surface of the substrate member 
constructed of a metal be cleaned/degreased prior to the 
growth of the oxidation layer. One suitable method for 
cleaning/degreasing the metal surface is by using soap and 
water to remove any grease/organic material from the sur
face onto which the oxidation will be introduced. 

60 under stirring and the resulting aqueous phase becomes 
transparent due to peptization (the breaking or electrostatic 
segregation of larger particles into smaller ones) under 
strong stirring. The resulting suspension becomes a trans
parent sol, which may be placed in dialysis tubing and 

The "dry oxidation" process can be done by heating the 
metal substrate in air at a temperature of from about 200° C. 
to about 400° C. for a time period sufficient to grow the 

65 dialyzed against pure MQ water to adjust the pH to about 
3.5. The resulting sol has a solids concentration of about 25 
g/L. 
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In another specific embodiment, a sol comprising ZrO2 

nanoparticulates may be prepared by the hydrolysis of 
zirconium propoxide in nitric acid. A suitable mixture is 3 
mL of concentrated nitric acid in 150 mL of water and 11 mL 
of Zr(OPr)4 . After one day of strong stirring, a white 
suspension forms upon mixing of the propoxide, and the 
aqueous phase becomes transparent due to peptization. The 
transparent sol may then be dialyzed in MQ water until a pH 
of about 3 .2 is reached. The resulting solids content is about 
12 g/L. 

In another specific embodiment, a sol comprising SiO2 

nanoparticulates and TiO2 nanoparticulates is prepared 
wherein the silica and titania sol mixture is in a weight 
percentage of 70% SiO2 and 30% Ti 0 2 . 

8 
of the oxidized layer. These nanoporous film layers may be 
constructed of the same metal oxides, or may be constructed 
of different metal oxides. 

After the one or more dried nanoporous film(s) has been 
5 introduced onto the oxidized layer of the substrate member 

constructed of a metal, the substrate member is then ther
mally sintered to produce a nanoporous film(s) comprising 
oxygen and aluminum, titanium, silicon, zirconium or a 
combination thereof. The sintering may be carried out at a 

10 temperature of from about 100° C. to about 500° C., 
generally from about 200° C. to about 400° C., or even 250° 
C. to about 350° C. for a time period of from about 30 
minutes to about 3 hours. In one specific embodiment, the 

15 
upper limit of the firing temperature is just under the melting 
point of the substrate. Referring now to FIG. 8, there is 
shown a scanning electron microscopy picture of a 316 
stainless steel coupon dip-coated, dried and sintered in 

The contacting of the sol with the oxidized layer on the 
substrate member constructed of a metal to produce a wet 
layer of sol on the oxidized layer may be accomplished by 
any manner suitable in the art. For example, the sol may be 
contacted with the oxidized layer utilizing a process selected 20 

from the group consisting of dipping, draining, spraying, 
electro-deposition, spinning, and combinations thereof. The 
thickness of the resulting nanoporous film on top of the 
oxidized layer may generally be controlled by the amount of 
time the oxidized layer is exposed to the contacting process 
and the concentration of particles in the suspension. For 
example, if a dipping or dip coating process is utilized as the 
contacting procedure, the thickness of the resulting nanop
orous film can be controlled by the rate at which the 
substrate member constructed of a metal is withdrawn from 
the dip chamber containing a given concentration of par
ticles in the sol. Similarly, if a spraying process is utilized as 
the contacting procedure, the thickness of the resulting 
nanoporous film can be controlled by the amount of sus
pension delivered, the concentration of particles in the 
suspension, and the duration of the spraying of the sol onto 
the oxidized surface of the substrate member constructed of 

accordance with the present disclosure. 
During the sintering process, there may be some elemen-

tal/atomic diffusion between the metal oxide layer and the 
components of the underlying metal. For example, iron, 
nickel, chromium and/or cobalt may diffuse from the under
lying metal, such as stainless steel, into the metal oxide 

25 layer, which may change the sintering properties of the 
nanoporous films. In particular, etching may occur at higher 
temperatures, whereby the iron, nickel, chromium, and/or 
cobalt are inserted into the lattice structure of the nanopar
ticulate metal oxide particles. 

30 With increased sintering temperatures, the nanoporous 
films decrease in surface area and porosity whereas the pore 
size increases due to the migration of material from the pore 
surface to the interparticle space to make a neck between 

35 
particles. Some of the small pores are being filled during this 
process, and thus the pore size distribution moves towards 
larger pores. As a result, the density of the nanoporous films 
increases with sintering. Ellipsometry testing may be used to a metal. 

It will be recognized by one skilled in the art based on the 
disclosure herein that the substrate member constructed of a 40 

determine the density of the nanoporous films. 
In one exemplary process of the present disclosure, a plate 

metal may be contacted with the sol one time, two times, 
three times, four times, or more depending on the desired 
end result. For example, if a dipping process is being 
utilized, the substrate member constructed of a metal and 
having an oxidized surface layer may be dipped into a sol 
one or more times and may have a drying process as 
described herein utilized between dips such that multiple 
nanoporous films or layers are introduced onto the substrate. 

After the sol has been contacted with the oxidized layer on 
the substrate member constructed of a metal to form a wet 
sol layer on the oxidized surface, the resulting substrate 
member is then heated at a temperature of from about 60° C. 
to about 100° C. for a time period of from about 15 minutes 
to about 2 hours to produce a dry metal oxide nanoporous 
film on top of the oxidized layer. In some embodiments, it 
may not be necessary to dry at an elevated temperature and 
room temperature may be utilized for drying (for a period of 

heat exchanger is fabricated by the following steps: (1) 
providing a substrate member constructed from stainless 
steel; (2) oxidizing a layer of the stainless on the surface of 
the substrate member, the oxidized layer having a thickness 

45 less than about 200 nanometers; (3) providing a sol com
prising nanoparticulate y-AlOOH, TiO2 , SiO2 , ZrO2 or a 
mixture thereof, the nanoparticles having a primary particle 
size of from about 1.5 nanometers to about 50 nanometers; 
(4) dip coating one or more wet layers of the sol onto the 

50 oxidized layer; (5) heating the wet layer(s) at a temperature 
of from about 60° C. to about 100° C. for a time period of 
from about 15 minutes to about 2 hours to make a dry layer; 
and (6) thermally sintering the dry layer to make a nanop
orous film comprising oxygen and Al, Ti, Si, Zr or a 

55 combination thereof, the film being chemically bonded to 
the oxidized layer on the surface of the substrate member, 
and the film having a thickness ofless than about 1 microm
eter and having a porosity of from about 26% to about 80%. a one minute or a few minutes to a few hours). Once a dry 

nanoporous film has been formed on top of the oxidized 
layer, the substrate member constructed of a metal may be 60 

subjected to a process for depositing another wet layer of sol 
EXAMPLES 

on the surface of the dry nanoporous film which is then 
subjected to the drying process described above. This will 
result in a second nanoporous film on the surface of the 
substrate member constructed of a metal. The substrate 65 

member constructed of a metal may ultimately have one, 
two, three, four or even more nanoporous film layers on top 

Example 1 

Electrochemical testing and evaluation for pitting poten
tial of stainless steel 316 coupons (B2 finish) immersed in 
sea water (Instant Ocean Solution) was conducted. The 
stainless steel 316 coupons (B2 finish) had various surface 
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coatings thereon as set forth below. Each coupon tested was 
a square plate of either 1 inch by two inches or one inch by 
four inches. 

10 
Electrode=Pt. The working electrode was the coupon being 
evaluated. The tested area of the working electrode was 18 
cm2

. About 3 centimeters of the working electrode was 
immersed into the sea water solution. 300 mL of sea water 

5 solution was added to the cell, and the electrodes inserted 
The stainless steel 316 (B2 finish) coupons evaluated 

were as follows: (1) untreated; (2) surface treated with a dry 
oxidation procedure plus a coating ofTiO2 (70%) and SiO2 

(30%) (3) surface treated with a dry oxidation procedure 
plus a coating of TiO2 ; (4) surface treated with a dry 
oxidation procedure plus a coating of ZrO2 ("A"); and (5) 
surface treated with a dry oxidation procedure plus a coating 10 

of ZrO2 ("B"). 
For the coupons treated with a dry oxidation step, the 

following procedure was used. The stainless steel coupon 
was heated to 200° C. at a rate of 10° C. per minute in air. 
The coupon was held at this temperature for 1 hour and 15 

subsequently cooled to room temperature. This resulted in 
an oxidation layer having a thickness of about 100 nano
meters. 

into the sea water solution. 
Once the electrochemical cell setup was complete, the 

potentiostat started registering the open circuit potential 
(OCV) of the system. After approximately 1.5 hours of 
exposing the working electrode to the sea water solution, the 
OCV became quasi-constant for the coupons. The potential 
was then increased at a constant rate of 150 mV/s until the 
current density reached I=3 mA/cm2 or until the potential 
reached 0.9 mV. 

Referring now to FIG. 1, there is shown CV curves for 
each of the coupons evaluated. FIG. 1 shows that the pitting 
potential (i.e., a sharp increase in the current density) is 
dependent upon the presence or absence of the nanoporous 

20 submicron metal oxide film as described herein. The 
The preparation of the TiO2 sol was done by hydrolysis of 

titanium isopropoxide in a nitric acid solution including 1.43 
mL of concentrated nitric acid in 200 mL of water and 33 mL 
ofTi(OPR)4 . A white precipitate was obtained upon mixing 
the Ti(OPr)4 with the aqueous phase becoming transparent 
due to peptization under strong stirring of the suspension. 
The suspension became a transparent sol, and the sol was 25 

placed in a Spectra/Par dialysis tubing and dialyzed against 
pure water (MQ) to slowly adjust the pH to 3.5. The solids 
concentration was about 25 g/L. 

The preparation of the ZrO2 sol was done by the hydro
lysis of Zr propoxide in a nitric acid solution including 3 mL 30 

of concentrated nitric acid in 150 mL of water and 11 mL of 
Zr(OPr)4 . After one day of strong stirring, a white suspen
sion formed upon mixing the propoxide, and the aqueous 
phase became transparent due to peptization. The transpar
ent sol was then dialyzed in MQ water until a pH of 3 .2 was 35 

obtained. The solids concentration was about 12 g/L. 
The preparation of the SiO2 sol was done by using 

tetraethyl orthosilicate which was hydrolyzed in an ammo
nia based solution (0.5M) by stirring one hour at room 
temperature. The sol was then aged for 24 hours, and the 40 

larger particles or precipitates were removed by filtration. A 
hydroxide solution was then added with stirring. The con
centration SiO2 was 30 g/L. 

The preparation of the TiO2/SiO2 was done by mixing the 
sols in a weight ratio of 70% TiO2 and 30% SiO2 . 

Dip coating was performed on the coupons (with the 
exception of the untreated coupon) to introduce the nanop
orous film onto the oxidized layer. Each coupon was dip 
coated into the desired sol and withdrawn at a speed of about 

45 

3 millimeters per second. Once removed from the dip 50 

coating chamber, each coupon was dried at 100° C. for about 
30 minutes and then cooled to room temperature in air. After 
the drying of the nanoporous coating was complete, each 
coated coupon was subjected to a sintering step that included 
heating the coupon at 10° C. per minute to 300° C. and then 55 

dwelled at 300° C. for 1 hour and then cooled to room 
temperature in air. This process resulted in a nanoporous 
film having a thickness of between about 200 nanometers 
and about 300 nanometers. 

Anodic Polarization Measurements: Localized corrosion 60 

resistance was measured for each of the five coupons 
described above. The tests were done in aerated solutions at 
a temperature of 23° C. and a pH of 8.1. 

untreated coupon incurred a sharp increase in current density 
of around 0.4 V. In contrast, the coupons having a nanop
orous coating as described herein incurred a sharp increase 
in current density no less than about 0.6 V and as much as 
1.1 V. The curve increase associated with the coupons 
having a nanoporous coating is not as sharp as the curve for 
the uncoated coupon. 

For the coupons having the nanoporous coating, the 
gradual increase in potential is theoretically associated with 
nucleation of pits and formation of metastable pits. The 
sharp/spike increase in potential is theoretically associated 
with the growth of stable pits. 

Visual inspection of the coated and uncoated coupons 
after the sharp increase in current revealed the existence of 
some pits. As such, the increase in current density was 
associated with pitting and not with the transpassive poten
tial of the uncoated substrate metal. Transpassive potential is 
associated with the point in time when general dissolution of 
the passivated layer occurs. 

In conclusion, sintered nanoporous, sub-micron thin films 
derived from dip-coated liquid sols comprising the various 
metal oxides or mixtures of metal oxides provided signifi
cant protection from pitting as compared to untreated cou
pons. 

Example 2 

Electrochemical testing and evaluation for pitting poten
tial of stainless steel 304 coupons (B2 finish) immersed in 
sea water (Instant Ocean Solution) was conducted. The 
stainless steel 304 coupons (B2 finish) had various surface 
coatings thereon as set forth below. Each coupon tested was 
a square plate of either 1 inch by two inches or one inch by 
four inches. 

The stainless steel 304 (B2 finish) coupons evaluated 
were as follows: (1) untreated; (2) surface treated with a dry 
oxidation procedure plus a coating of ZrO2 ; surface treated 
with a dry oxidation procedure plus a coating of TiO2 ; ( 4) 
surface treated with a dry oxidation procedure plus a coating 
ofTiO2 (70%) and SiO2 (30%). 

For the coupons treated with a dry oxidation step, the 
following procedure was used. The stainless steel coupon 
was heated to 200° C. at a rate of 10° C. per minute in air. 
The coupon was held at this temperature for 1 hour and The elements of the electrochemical cell included the 

following: a surrogate sea water solution ("Instant Ocean") 
saturated with oxygen; temperature of 23° C.; V=300 mL; a 
Calomel Reference electrode; and a Pt Counter 

65 subsequently cooled to room temperature. This resulted in 
an oxidation layer having a thickness of about 100 nano-
meters. 
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submicron metal oxide film as described herein. The 
untreated coupon incurred a sharp increase in current density 
of around 0.52 V. In contrast, the coupons having a nano-
porous coating as described herein incurred a sharp increase 
in current density no less than about 0.68 V and as much as 
0.8 V. Furthermore, the curve increase associated with the 
coupons having a nanoporous coating is not as sharp as the 
curve for the uncoated coupon. 

For the coupons having the nanoporous coating, the 

The preparation of the TiO2 sol was done by hydrolysis of 
titanium isopropoxide in a nitric acid solution including 1.43 
mL of concentrated nitric acid in 200 mL of water and 33 mL 
ofTi(OPR)4 . A white precipitate was obtained upon mixing 
the Ti(OPr)4 with the aqueous phase becoming transparent 5 

due to peptization under strong stirring of the suspension. 
The suspension became a transparent sol, and the sol was 
placed in a Spectra/Par dialysis tubing and dialyzed against 
pure water (MQ) to slowly adjust the pH to 3.5. The solids 
concentration was about 25 g/L. 10 gradual increase in potential is theoretically associated with 

nucleation of pits and formation of metastable pits. The 
sharp/spike increase in potential is theoretically associated 
with the growth of stable pits. 

The preparation of the ZrO2 sol was done by the hydro
lysis of Zr propoxide in a nitric acid solution including 3 mL 
of concentrated nitric acid in 150 mL of water and 11 mL of 
Zr(OPr)4 . After one day of strong stirring, a white suspen
sion formed upon mixing the propoxide, and the aqueous 15 

phase became transparent due to peptization. The transpar
ent sol was then dialyzed in MQ water until a pH of 3 .2 was 
obtained. The solids concentration was about 12 g/L. 

Visual inspection of the coated and uncoated coupons 
after the sharp increase in current revealed the existence of 
some pits. As such, the increase in current density was 
associated with pitting and not with the transpassive poten
tial of the uncoated substrate material. Transpassive poten
tial is associated with the point in time when general 
dissolution of the passivated layer occurs. 

In conclusion, sintered nanoporous, sub-micron thin films 
derived from dip-coated liquid sols comprising the various 
metal oxides or mixtures of metal oxides provided signifi
cant protection from pitting as compared to untreated cou-

The preparation of the SiO2 sol was done by using 
tetraethyl orthosilicate which was hydrolyzed in an ammo- 20 

nia based solution (0.5M) by stirring one hour at room 
temperature. The sol was then aged for 24 hours, and larger 
particles or precipitates were removed by filtration. A 
hydroxide solution was then added with stirring. The con
centration SiO2 was 30 g/L. 25 pons. 

The preparation of the TiO2/SiO2 was done by mixing the 
sols in a weight ratio of 70% TiO2 and 30% SiO2 . 

Dip coating was performed on the coupons (with the 
exception of the untreated coupon) to introduce the nanop
arous film onto the oxidized layer. Each coupon was dip 30 

coated into the desired sol and withdrawn at a speed of about 
3 millimeters per second. Once removed from the dip 
coating chamber, each coupon was dried at 100° C. for about 
30 minutes and then cooled to room temperature in air. After 
the drying of the nanoporous coating was complete, each 35 

coated coupon was subjected to a sintering step that included 
heating the coupon at 10° C. per minute to 300° C. and then 
dwelled at 300° C. for 1 hour and then cooled to room 
temperature in air. This process resulted in a nanoporous 
film having a thickness of between about 200 nanometers 40 

and about 300 nanometers. 

Example 3 

Electrochemical testing and evaluation for pitting poten
tial of carbon steel coupons (B2 finish) immersed in sea 
water (Instant Ocean Solution) was conducted. The carbon 
steel coupons (B2 finish) had various surface coatings 
thereon as set forth below. Each coupon tested was a square 
plate of either 1 inch by two inches or one inch by four 
inches. 

The carbon steel (B2 finish) coupons evaluated were as 
follows: (1) untreated; (2) surface treated with a dry oxida
tion procedure plus a coating of Al2 O3 (70%) and ZrO2 

(30%); and (3) surface treated with a dry oxidation proce
dure plus a coating of Al2 O3 . 

For the coupons treated with a dry oxidation step, the 
following procedure was used. The stainless steel coupon 
was heated to 200° C. at a rate of 10° C. per minute in air. 
The coupon was held at this temperature for 1 hour and 

Anodic Polarization Measurements: Localized corrosion 
resistance was measured for each of the five coupons 
described above. The tests were done in aerated solutions at 
a temperature of 23° C. and a pH of 8.1. 45 subsequently cooled to room temperature. This resulted in 

an oxidation layer having a thickness of about 100 nano-The elements of the electrochemical cell included the 
following: a surrogate sea water solution ("Instant Ocean") 
saturated with oxygen; temperature of 23° C.; V=300 mL; a 
Calomel Reference electrode; and a Pt Counter 
Electrode=Pt. The working electrode was the coupon being 50 

evaluated. The tested area of the working electrode was 18 
cm2

. About 3 centimeters of the working electrode was 
immersed into the sea water solution. 300 mL of sea water 
solution was added to the cell, and the electrodes inserted 
into the sea water solution. 

Once the electrochemical cell setup was complete, the 
potentiostat started registering the open circuit potential 
(OCV) of the system. After approximately 1.5 hours of 
exposing the working electrode to the sea water solution, the 
OCV became quasi-constant for the coupons. The potential 
was then increased at a constant rate of 150 mV/s until the 
current density reached I=3 mA/cm2 or until the potential 
reached 0.9 mV. 

Referring now to FIG. 2, there is shown CV curves for 
each of the coupons evaluated. FIG. 2 shows that the pitting 
potential (i.e., a sharp increase in the current density) is 
dependent upon the presence or absence of the nanoporous 

meters. 
The preparation of the Al2O3 sol was done by hydrolysis 

of aluminum isopropoxide in a nitric acid solution including 
1.43 mL of concentrated nitric acid in 200 mL of water and 
33 mL of Al(OPR)4 . A white precipitate was obtained upon 
mixing the Al(OPr)4 with the aqueous phase becoming 
transparent due to peptization under strong stirring of the 
suspension. The suspension became a transparent sol, and 

55 the sol was placed in a Spectra/Par dialysis tubing and 
dialyzed against pure water (MQ) to slowly adjust the pH to 
3.5. The solids concentration was about 25 g/L. 

The preparation of the ZrO2 sol was done by the hydro
lysis of Zr propoxide in a nitric acid solution including 3 mL 

60 of concentrated nitric acid in 150 mL of water and 11 mL of 
Zr(OPr)4 . After one day of strong stirring, a white suspen
sion formed upon mixing the propoxide, and the aqueous 
phase became transparent due to peptization. The transpar
ent sol was then dialyzed in MQ water until a pH of 3 .2 was 

65 obtained. The solids concentration was about 12 g/L. 
Dip coating was performed on the coupons (with the 

exception of the untreated coupon) to introduce the nanop-



US 10,145,629 B2 
13 

orous film onto the oxidized layer. Each coupon was dip 
coated into the desired sol and withdrawn at a speed of about 

14 

3 millimeters per second. Once removed from the dip 
coating chamber, each coupon was dried at 100° C. for about 
30 minutes and then cooled to room temperature in air. After 5 

the drying of the nanoporous coating was complete, each 
coated coupon was subjected to a sintering step that included 
heating the coupon at 10° C. per minute to 300° C. and then 
dwelling (sometimes referred to as soaking) at 300° C. for 

coatings thereon as set forth below. Each coupon tested was 
a square plate of either 1 inch by two inches or one inch by 
four inches. 

The stainless steel 201 (brushed) coupons evaluated were 
as follows: (1) surface treated with a wet oxidation proce
dure; and (2) surface treated with a wet oxidation procedure 
plus a coating of Zr02 . 

For the wet oxidation step, the following procedure was 
used. The stainless steel 201 (brushed) coupon was 
immersed for 1 hour in a basic (pH=13) solution of hydrogen 
peroxide (6%) and then removed, washed with MQ water, 

1 hour and then cooling to room temperature in air. This 10 

process resulted in a nanoporous film having a thickness of 
between about 200 nanometers and about 300 nanometers. and dried at room temperature in air. This resulted in an 

oxidation layer having a thickness of about 100 nanometers. Anodic Polarization Measurements: Localized corrosion 
resistance was measured for each of the five coupons 
described above. The tests were done in aerated solutions at 
a temperature of 23° C. and a pH of 8.1. 

The elements of the electrochemical cell included the 
following: a surrogate sea water solution ("Instant Ocean") 
saturated with oxygen; temperature of 23° C.; V=300 mL; a 
Calomel Reference electrode; and a Pt Counter 
Electrode=Pt. The working electrode was the coupon being 
evaluated. The tested area of the working electrode was 18 
cm2

. About 3 centimeters of the working electrode was 
immersed into the sea water solution. 300 mL of sea water 
solution was added to the cell, and the electrodes inserted 
into the sea water solution. 

Once the electrochemical cell setup was complete, the 
potentiostat started registering the open circuit potential 
(OCV) of the system. After approximately 1.5 hours of 
exposing the working electrode to the sea water solution, the 
OCV became quasi-constant for the coupons. The potential 
was then increased at a constant rate of 150 mV/s until the 
current density reached I=3 mA/cm2 or until the potential 
reached 0.9 mV. 

The preparation of the ZrO2 sol was done by the hydro-
15 lysis of Zr propoxide in a nitric acid solution including 3 mL 

of concentrated nitric acid in 150 mL of water and 11 mL of 
Zr(OPr)4 . After one day of strong stirring, a white suspen
sion formed upon mixing the propoxide, and the aqueous 
phase became transparent due to peptization. The transpar-

20 ent sol was then dialyzed in MQ water until a pH of 3 .2 was 
obtained. The solids concentration was about 12 g/L. 

Dip coating was performed on the coupon to introduce the 
nanoporous film onto the oxidized layer. The coupon was 
dip coated into the ZrO2 sol and withdrawn at a speed of 

25 about 3 millimeters per second. Once removed from the dip 
coating chamber, the coupon was dried at 100° C. for about 
30 minutes and then cooled to room temperature in air. After 
the drying of the nanoporous coating was complete, the 
coated coupon was subjected to a sintering step that included 

30 heating the coupon at 10° C. per minute to 300° C. and then 
dwelled at 300° C. for 1 hour and then cooled to room 
temperature in air. This process resulted in a nanoporous 
film having a thickness of between about 200 nanometers 
and about 300 nanometers. 

Anodic Polarization Measurements: Localized corrosion 
resistance was measured for both of the coupons described 
above. The tests were done in deaerated IM NaCl solution 
at 23° C. 

The elements of the electrochemical cell included the 

Referring now to FIG. 3, there is shown CV curves for 35 

each of the coupons evaluated. FIG. 3 shows that the pitting 
potential (i.e., a sharp increase in the current density) is 
dependent upon the presence or absence of the nanoporous 
submicron metal oxide film as described herein. The 
untreated coupon incurred a sharp increase in current density 40 following: IM NaCl deaerated solution; temperature of 23° 

C.; V=300 mL; a Calomel Reference electrode; and a Pt 
Counter Electrode=Pt. The working electrode was the cou
pon being evaluated. The tested area of the working elec
trode was 18 cm2

. About 3 centimeters of the working 

of around -0.5 V. In contrast, the coupons having a nano
porous coating as described herein incurred a sharp increase 
in current density of about -0.35V. 

For the coupons having the nanoporous coating, the 
gradual increase in potential is theoretically associated with 
nucleation of pits and formation of metastable pits. The 
sharp/spike increase in potential is theoretically associated 
with the growth of stable pits. 

45 electrode was immersed into the NaCl solution. 300 mL of 
NaCl was added to the cell, and the electrodes inserted into 
the NaCl solution. 

Once the electrochemical cell setup was complete, the 
potentiostat started registering the open circuit potential 
(OCV) of the system. After approximately 1.5 hours of 
exposing the working electrode to the NaCl solution, the 
OCV became quasi-constant for the coupons. The potential 
was then increased at a constant rate of 150 mV/s until the 
current density reached I=3 mA/cm2 or until the potential 

Visual inspection of the coated and uncoated coupons 
after the sharp increase in current revealed the existence of 50 

some pits. As such, the increase in current density was 
associated with pitting and not with the transpassive poten
tial of the uncoated substrate material. Transpassive poten
tial is associated with the point in time when general 
dissolution of the passivated layer occurs. 55 reached 0.9 mV. 

In conclusion, sintered nanoporous, sub-micron thin films 
derived from dip-coated liquid sols comprising the various 
metal oxides or mixtures of metal oxides provided signifi
cant protection from pitting as compared to untreated cou-
pon. 

Example 4 

Electrochemical testing and evaluation for pitting poten
tial of stainless steel 201 (brushed) coupons immersed in 
deaerated IM NaCl solution (pH=5.5) was conducted. The 
stainless steel 201 (brushed) coupons had various surface 

Referring now to FIG. 4, there is shown CV curves for 
each of the coupons evaluated. FIG. 4 shows that the pitting 
potential (i.e., a sharp increase in the current density) is 
dependent upon the presence or absence of the nanoporous 

60 submicron metal oxide film as described herein. The coupon 
having only the oxidation layer incurred a sharp increase in 
current density of around 0.8 V. In contrast, the coupon 
having an oxidation layer and a nanoporous coating as 
described herein incurred a sharp increase in current density 

65 of about 0.31 V. 
For the coupon having the nanoporous coating, the 

gradual increase in potential is theoretically associated with 
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nucleation of pits and formation of metastable pits. The 
sharp/spike increase in potential is theoretically associated 
with the growth of stable pits. 

16 
electrode was immersed into the NaCl solution. 300 mL of 
NaCl was added to the cell, and the electrodes inserted into 
the NaCl solution. 

Once the electrochemical cell setup was complete, the 
potentiostat started registering the open circuit potential 
(OCV) of the system. After approximately 1.5 hours of 
exposing the working electrode to the NaCl solution, the 
OCV became quasi-constant for the coupons. The potential 
was then increased at a constant rate of 150 mV/s until the 

Visual inspection of the coated and uncoated coupons 
after the sharp increase in current revealed the existence of 5 

some pits. As such, the increase in current density was 
associated with pitting and not with the transpassive poten
tial of the uncoated substrate material. Transpassive poten
tial is associated with the point in time when general 
dissolution of the passivated layer occurs. 10 current density reached I=3 mA/cm2 or until the potential 

reached 0.9 mV. In conclusion, sintered nanoporous, sub-micron thin films 
derived from dip-coated liquid sols comprising the metal 
oxides provided significant protection from pitting as com
pared to untreated (oxidation layer only) coupon. 

Example 5 

Electrochemical testing and evaluation for pitting poten
tial of stainless steel 436 (brushed) coupons immersed in 
deaerated IM NaCl solution (pH=5.5) was conducted. The 
stainless steel 436 (brushed) coupons had various surface 
coatings thereon as set forth below. Each coupon tested was 
a square plate of either 1 inch by two inches or one inch by 
four inches. 

The stainless steel 436 (brushed) coupons evaluated were 
as follows: (1) surface treated with a wet oxidation proce
dure ("A"); (2) surface treated with a wet oxidation proce
dure ("B"); (3) surface treated with a wet oxidation proce
dure plus a coating of Zr02 ("C"); and ( 4) surface treated 
with a wet oxidation procedure plus a coating of Zr02 ("D"). 

For the wet oxidation step, the following procedure was 
used. The stainless steel 436 (brushed) coupon was 
immersed for 1 hour in a basic (pH=13) solution of hydrogen 
peroxide (6%) and then removed, washed with MQ water, 
and dried at room temperature in air. This resulted in an 
oxidation layer having a thickness of about 100 nanometers. 

The preparation of the ZrO2 sol was done by the hydro
lysis of Zr propoxide in a nitric acid solution including 3 mL 

Referring now to FIG. 5, there is shown CV curves for 
each of the coupons evaluated. FIG. 5 shows that the pitting 
potential (i.e., a sharp increase in the current density) is 

15 dependent upon the presence or absence of the nanoporous 
submicron metal oxide film as described herein. The cou-
pons having only the oxidation layer incurred a sharp 
increase in current density of around 0.0 V. In contrast, the 
coupons having an oxidation layer and a nanoporous coating 

20 as described herein incurred a sharp increase in current 
density of about 0.15 V to about 0.18 V. 

For the coupons having the nanoporous coating, the 
gradual increase in potential is theoretically associated with 
nucleation of pits and formation of metastable pits. The 

25 sharp/spike increase in potential is theoretically associated 
with the growth of stable pits. 

Visual inspection of the coated and uncoated coupons 
after the sharp increase in current revealed the existence of 
some pits. As such, the increase in current density was 

30 associated with pitting and not with the transpassive poten
tial of the uncoated substrate. Transpassive potential is 
associated with the point in time when general dissolution of 
the passivated layer occurs. 

In conclusion, sintered nanoporous, sub-micron thin films 
35 derived from dip-coated liquid sols comprising the metal 

oxides provided significant protection from pitting as com
pared to untreated (oxidation layer only) coupon. 

of concentrated nitric acid in 150 mL of water and 11 mL of 
Zr(OPr)4 . After one day of strong stirring, a white suspen- 40 

sion formed upon mixing the propoxide, and the aqueous 
phase became transparent due to peptization. The transpar
ent sol was then dialyzed in MQ water until a pH of 3 .2 was 
obtained. The solids concentration was about 12 g/L. 

Example 6 

Electrochemical testing and evaluation for pitting poten
tial of black reinforcing steel rebar immersed in aerated 
0.25M NaCl solution saturated with Ca(OH)2 was con
ducted. The black reinforcing steel rebar had various surface 
coatings thereon as set forth below. Dip coating was performed on the coupon to introduce the 45 

nanoporous film onto the oxidized layer. The coupon was 
dip coated into the ZrO2 sol and withdrawn at a speed of 
about 3 millimeters per second. Once removed from the dip 
coating chamber, the coupon was dried at 100° C. for about 
30 minutes and then cooled to room temperature in air. After 50 

the drying of the nanoporous coating was complete, the 
coated coupon was subjected to a sintering step that included 
heating the coupon at 10° C. per minute to 300° C. and then 
dwelled at 300° C. for 1 hour and then cooled to room 
temperature in air. This process resulted in a nanoporous 55 

film having a thickness of between about 200 nanometers 
and about 300 nanometers. 

The black reinforcing steel rebar sample evaluated were 
as follows: (1) surface treated with 0.1 N HCl acid wash 
("A"); (2) surface treated with 0.1 N HCl acid wash ("B"); 
(3) surface treated with 0.1 N HCl acid wash plus a coating 
of TiO2 ("C"); and ( 4) surface treated with 0.1 N HCl acid 
wash plus a coating of Zr02 ("D"). 

The preparation of the TiO2 sol was done by hydrolysis of 
titanium isopropoxide in a nitric acid solution including 1.43 
mL of concentrated nitric acid in 200 mL of water and 33 mL 
ofTi(OPR)4 . A white precipitate was obtained upon mixing 
the Ti(OPr)4 with the aqueous phase becoming transparent 
due to peptization under strong stirring of the suspension. 
The suspension became a transparent sol, and the sol was 
placed in a Spectra/Par dialysis tubing and dialyzed against 

Anodic Polarization Measurements: Localized corrosion 
resistance was measured for all of the coupons described 
above. The tests were done in deaerated IM NaCl solution 
at 23° C. 

60 pure water (MQ) to slowly adjust the pH to 3.5. The solids 
concentration was about 25 g/L. 

The elements of the electrochemical cell included the 
following: IM NaCl deaerated solution; temperature of 23° 
C.; V=300 mL; a Calomel Reference electrode; and a Pt 
Counter Electrode=Pt. The working electrode was the cou
pon being evaluated. The tested area of the working elec
trode was 18 cm2

. About 3 centimeters of the working 

The preparation of the ZrO2 sol was done by the hydro
lysis of Zr propoxide in a nitric acid solution including 3 mL 
of concentrated nitric acid in 150 mL of water and 11 mL of 

65 Zr(OPr)4 . After one day of strong stirring, a white suspen
sion formed upon mixing the propoxide, and the aqueous 
phase became transparent due to peptization. The transpar-
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ent sol was then dialyzed in MQ water until a pH of 3 .2 was 
obtained. The solids concentration was about 12 g/L. 

18 
Example 7 

Dip coating was performed on the black rebar samples to 
introduce the nanoporous film onto the oxidized layer. The 
sample was dip coated into the Zr02 sol and withdrawn at a 5 

speed of about 3 millimeters per second. Once removed 
from the dip coating chamber, the coupon was dried at 100° 

Electrochemical testing and evaluation for pitting poten
tial of aluminum coupons immersed in sea water (Instant 
Ocean Solution) was conducted. The aluminum coupons had 
various surface coatings thereon as set forth below. Each 
coupon tested was a square plate of either 1 inch by two 
inches or one inch by four inches. C. for about 30 minutes and then cooled to room temperature 

in air. After the drying of the nanoporous coating was 
complete, the coated sample was subjected to a sintering 10 

step that included heating the sample at 10° C. per minute to 
300° C. and then dwelled at 300° C. for 1 hour and then 
cooled to room temperature in air. This process resulted in 

The aluminum coupons evaluated were as follows: (1) 
surface treated with a wet oxidation procedure; and (2) 
surface treated with a wet oxidation procedure plus a coating 
of a mixture of ZrO2 and SiO2 . 

For the wet oxidation step, the following procedure was a nanoporous film having a thickness of between about 200 
nanometers and about 300 nanometers. 

Anodic Polarization Measurements: Localized corrosion 
resistance was measured for all of the samples described 
above. The tests were done in aerated 0.25M NaCl and 
saturated in Ca(OH)2 solution and at 23° C. 

15 
used. The aluminum coupon was immersed in a 0.1 N NaCl 
solution for 1 hour and then removed, rinsed with MQ water 
and dried at room temperature. This resulted in an oxidation 
layer having a thickness of about 100 nanometers. 

The elements of the electrochemical cell included the 20 

The preparation of the ZrO2 sol was done by the hydro
lysis of Zr propoxide in a nitric acid solution including 3 mL 
of concentrated nitric acid in 150 mL of water and 11 mL of 
Zr(OPr)4 . After one day of strong stirring, a white suspen
sion formed upon mixing the propoxide, and the aqueous 
phase became transparent due to peptization. The transpar-

following: 0.25 M NaCl deaerated solution saturated in 
Ca(OH)2 ; temperature of 23° C.; V=300 mL; a Calomel 
Reference electrode; and a Pt Counter Electrode=Pt. The 
working electrode was the sample being evaluated. The 
tested area of the working electrode was 18 cm2

. About 3 
centimeters of the working electrode was immersed into the 
NaCl/Ca(OH)2 solution. 300 mL of NaCl/Ca(OH)2 was 
added to the cell, and the electrodes inserted into the 
solution. 

Once the electrochemical cell setup was complete, the 
potentiostat started registering the open circuit potential 
(OCV) of the system. After approximately 1.5 hours of 
exposing the working electrode to the NaCl/Ca(OH)2 solu
tion, the OCV became quasi-constant for the samples. The 
potential was then increased at a constant rate of 150 mV/s 
until the current density reached I=3 mA/cm2 or until the 
potential reached 0.9 mV. 

Referring now to FIG. 6, there is shown CV curves for 
each of the samples evaluated. FIG. 6 shows that the pitting 
potential (i.e., a sharp increase in the current density) is 
dependent upon the presence or absence of the nanoporous 
submicron metal oxide film as described herein. The 
samples that were subjected to the acid wash only incurred 
a sharp increase in current density of around -0.1 V. In 
contrast, the one sample that was subjected to an acid wash 
and had a nanoporous coating as described herein incurred 
a gradual increase in current density around 0.2 V and the 
second sample that was subjected to an acid wash and had 
a nanoporous coating did not register an increase in current 
at all. 

For the sample having the nanoporous coating of TiO2 , 

the gradual increase in potential is theoretically associated 
with nucleation of pits and formation of metastable pits. The 
sharp/spike increase in potential is theoretically associated 
with the growth of stable pits. 

25 ent sol was then dialyzed in MQ water until a pH of 3 .2 was 
obtained. The solids concentration was about 12 g/L. 

The preparation of the SiO2 sol was done by using 
tetraethyl orthosilicate which was hydrolyzed in an ammo
nia based solution (0.5M) by stirring one hour at room 

30 temperature. The sol was then aged for 24 hours, and the 
large particles or precipitates were removed by filtration. A 
hydroxide solution was then added with stirring. The con
centration SiO2 was 30 g/L. 

The preparation of the ZrOiSiO2 was done by mixing the 
35 sols in a weight ratio of 70% ZrO2 and 30% SiO2 . 

Dip coating was performed on the coupon to introduce the 
nanoporous film onto the oxidized layer. The coupon was 
dip coated into the sol and withdrawn at a speed of about 3 
millimeters per second. Once removed from the dip coating 

40 chamber, the coupon was dried at 100° C. for about 30 
minutes and then cooled to room temperature in air. After the 
drying of the nanoporous coating was complete, the coated 
coupon was subjected to a sintering step that included 
heating the coupon at 10° C. per minute to 300° C. and then 

45 dwelled at 300° C. for 1 hour and then cooled to room 
temperature in air. This process resulted in a nanoporous 
film having a thickness of between about 200 nanometers 
and about 300 nanometers. 

Anodic Polarization Measurements: Localized corrosion 
50 resistance was measured for each of the two coupons 

described above. The tests were done in aerated solutions at 
a temperature of 23° C. and a pH of 8.1. 

The elements of the electrochemical cell included the 
following: a surrogate sea water solution ("Instant Ocean") 

55 saturated with oxygen; temperature of23° C.; V=300 mL; a 
Calomel Reference electrode; and a Pt Counter 
Electrode=Pt. The working electrode was the coupon being 
evaluated. The tested area of the working electrode was 18 

Visual inspection of the coated and uncoated coupons 
after the sharp increase in current revealed the existence of 
some pits, with the exception of the sample coated with 
Zr02 . As such, the increase in current density was associated 
with pitting and not with the transpassive potential of the 60 

uncoated substrate material. Transpassive potential is asso
ciated with the point in time when general dissolution of the 
passivated layer occurs. 

cm2
. About 3 centimeters of the working electrode was 

immersed into the sea water solution. 300 mL of sea water 
solution was added to the cell, and the electrodes inserted 
into the sea water solution. 

Once the electrochemical cell setup was complete, the 
potentiostat started registering the open circuit potential 
(OCV) of the system. After approximately 1.5 hours of 
exposing the working electrode to the sea water solution, the 

In conclusion, sintered nanoporous, sub-micron thin films 
derived from dip-coated liquid sols comprising the metal 65 

oxides provided significant protection from pitting as com
pared to untreated (acid wash only) samples. OCV became quasi-constant for the coupons. The potential 
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was then increased at a constant rate of 150 mV/s until the 
current density reached I=3 mA/cm2 or until the potential 
reached 0.9 mV. 

Referring now to FIG. 7, there is shown CV curves for 
each of the coupons evaluated. FIG. 7 shows that the pitting 5 

potential (i.e., a sharp increase in the current density) is 
dependent upon the presence or absence of the nanoporous 
submicron metal oxide film as described herein. The 
untreated coupon incurred a sharp increase in current density 
of around -0.8 V. In contrast, the coupon having a nanop- 10 

orous coating as described herein incurred a sharp increase 
in current density no less than about -0.55 V. The curve 
increase associated with the coupon having a nanoporous 
coating is not as sharp as the curve for the uncoated coupon. 

15 
For the coupon having the nanoporous coating, the 

gradual increase in potential is theoretically associated with 
nucleation of pits and formation of metastable pits. The 
sharp/spike increase in potential is theoretically associated 
with the growth of stable pits. 20 

Visual inspection of the coated and uncoated coupons 
after the sharp increase in current revealed the existence of 
some pits. As such, the increase in current density was 
associated with pitting and not with the transpassive poten
tial of the uncoated substrate. Transpassive potential is 25 

associated with the point in time when general dissolution of 
the passivated layer occurs. 

In conclusion, sintered nanoporous, sub-micron thin films 
derived from dip-coated liquid sols comprising the mixture 
of metal oxides provided significant protection from pitting 30 

as compared to untreated coupons. 

Example 8 

20 
The corrosion results for the plates of both the first Plate 

Heat Exchanger and the second Plate Heat Exchanger, once 
removed from the solution and disassembled, are shown in 
Table 1. 

TABLE 1 

First Plate Heat Second Plate Heat 
Exchanger (18 months l Exchanger (4-5 months) 

Plate Plate 
Number Visual Inspection Number Visual Inspection 

No corrosion No corrosion 
2 No corrosion 2 No corrosion 
3 No corrosion 3 No corrosion 
4 Slight wear 4 No corrosion 
5 No corrosion 5 No corrosion 
6 No corrosion 6 No corrosion 
7 No corrosion 7 No corrosion 
8 Slight wear 8 No corrosion 
9 No corrosion 9 No corrosion 

10 No corrosion 10 No corrosion 
11 Slight wear 11 No corrosion 
12 No corrosion 12 No corrosion 
13 No corrosion 13 No corrosion 
14 No corrosion 14 No corrosion 
15 No corrosion 15 No corrosion 
16 No corrosion 16 No corrosion 

17 Failure 
18 No corrosion 
19 No corrosion 
20 No corrosion 
21 No corrosion 
22 No corrosion 
23 No corrosion 
24 No corrosion 

As shown in Table 1, 13 of the 16 plates in the first Plate 
Heat Exchanger showed no signs of corrosion. Moreover, 

In this Example, various heat exchanger plates (316 
stainless steel) from two Plate Heat Exchangers (PHE) were 
evaluated for pitting corrosion over an extended time after 
continuous exposure to sea water. The various heat 
exchanger plates were dip-coated three times in a liquid 
solution of titanium dioxide to form a titanium dioxide 

35 while one plate in the second Plate Heat Exchanger failed, 
all other plates showed no signs of corrosion. It should be 
noted that the one plate, plate number 17 was actually not 
coated with the liquid solution of titanium dioxide. 

The first and second Plate Heat Exchangers were then 

nanoporous film as described herein and compared to 
uncoated 316 stainless steel coupons used as controls. 

The first Plate Heat Exchanger (Model JR) contained 16 
PHE plates (3"x19"). The first Plate Heat Exchanger was 
exposed to a seawater solution having a pH of about 8.4 and 
a temperature of about 144° F. (62° C.) for a period of about 

40 reassembled and again exposed to a seawater solution hav
ing a pH of about 8.4 and a temperature that ranged from 
about 120° F. ( 49° C.) to about 140° F. (60° C.). The first and 
second Plate Heat Exchangers were exposed for the periods 
as indicated in Table 2, and then again disassembled. The 

45 plates were subjected to dye penetrant testing to detect any 
cracks and pin holes and inspected for wear. The results are 
shown in Table 2. 

18 months. After 18 months, the first Plate Heat Exchanger 
was removed from the solution, disassembled, and the plates 
were inspected for wear (i.e., erosion and corrosion). 

The second Plate Heat Exchanger (Model M3) contained 

50 

12 PHE plates (5"x16"). The second Plate Heat Exchanger 
was exposed to a seawater solution having a pH of about 8.4 
and a temperature of about 144° F. (62° C.) for a period of 
about one month. After one month, 12 more plates (plates 55 

13-24) were added to the second Plate Heat Exchanger and 
the Exchanger was again exposed to the seawater solution 
for a period of another month. The second Plate Heat 
Exchanger was then briefly removed from the solution for a 

60 
period of less than one week to determine if a short lack of 
being in service would affect performance of the coating. It 
was then placed back in service and after an additional 3.5 
months, the second Plate Heat Exchanger was disassembled 
and all 24 plates were inspected for wear (i.e., erosion and 65 

corrosion). "Failure" is the term used herein to indicate that 
holes were detected in the plates. 

TABLE 2 

Plate 

First Plate Heat 
Exchanger (26 months) 

Number Dye Penetration Test 

No holes 
2 No holes 
3 No holes 
4 No holes 
5 No holes 
6 No holes 
7 Failed 
8 No holes 
9 No holes 

10 No holes 
11 No holes 
12 No holes 
13 No holes 
14 No holes 

Second Plate Heat 
Exchanger (13 months l 

Plate 
Number Visual Inspection 

No holes 
2 No holes 
3 No holes 
4 No holes 
5 No holes 
6 No holes 
7 No holes 
8 No holes 
9 No holes 

10 No holes 
11 No holes 
12 No holes 
13 No holes 
14 No holes 
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TABLE 2-continued 

Plate 

First Plate Heat 
Exchanger (26 months) 

Number Dye Penetration Test 

15 No holes 
16 No holes 

Second Plate Heat 
Exchanger (13 months) 

Plate 
Number Visual Inspection 

15 No holes 
16 No holes 
17 Removed 
18 No holes 
19 No holes 
20 No holes 
21 No holes 

10 

22 
a first nanoporous film comprising zirconium dioxide, the 

first nanoporous film being chemically bonded to the 
oxidized layer, the first nanoporous film having a 
thickness of less than about 1 micrometer and having a 
porosity of from about 26% to about 80%, and a second 
nanoporous film comprising zirconium dioxide and at 
least one metal oxide selected from the group consist
ing ofy-AlOOH, TiO2 , SiO2 , and combinations thereof, 
on top of the first nanoporous film. 

2. The metal-containing apparatus of claim 1 wherein the 
second nanoporous film has a thickness of less than about 1 
micrometer and a porosity of from about 26% to about 80%. 

22 
23 
24 

No holes 
No holes 
No holes 

3. The metal-containing apparatus of claim 1 wherein the 

15 
oxidized layer has a thickness of less than about 200 
nanometers. 

As shown in Table 2, 15 of the 16 plates in the first Plate 
Heat Exchanger showed no signs of holes (pitting). More
over, none of the 23 plates left in the second Plate Heat 
Exchanger showed the presence of holes. 20 

After inspection, the titanium dioxide-coated plates were 
cut into 1 cm2 pieces, washed, and sputtered (250 mA) with 
platinum for a period of about one minute. The pieces were 
then examined using a LEO SEM under 500,000 magnifi
cation. It was found that most of the titanium dioxide 25 

nanoparticles had a diameter in the range of from about 6 nm 
to about 12 nm, and the inter particle pores had a diameter 
of about 4 nm. 

We claim: 
1. A metal-containing apparatus comprising: 
a substrate member constructed of a metal; 
an oxidized layer on a surface of the substrate member; 

and 

30 

4. The metal-containing apparatus of claim 1 wherein the 
first nanoporous film has a thickness of from about 0.01 
micrometers to about 1.0 micrometers. 

5. The metal-containing apparatus of claim 1 wherein the 
first nanoporous film has a thickness of from about 200 
nanometers to about 300 nanometers. 

6. The metal-containing apparatus of claim 1 wherein the 
oxidized layer has a thickness of less than about 200 
nanometers, the first nanoporous film has a thickness of from 
about 0.01 micrometers to about 1.0 micrometers, and the 
second nanoporous film has a thickness of from about 0.01 
micrometers to about 1.0 micrometers. 

7. The metal-containing apparatus of claim 1 wherein the 
metal is selected from the group consisting of stainless steel, 
reinforcing rebars, carbon steel, and aluminum. 

* * * * * 


