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(54) Title: SURFACE TREATMENTS TO IMPROVE CORROSION RESISTANCE OF AUSTENITIC STAINLESS STEELS

Test Temperature = 32.2°C (90°F)

Sample Weight Loss  Deepest Remarks
(grams/cm®)  Crevice

1 0.0000 “0.001” Attack under 9 of 40 plateaus
2 0.0001 "0.007™  Aftack under 11 of 40 plateaus
3 0.0000 Etch Attack under 2 of 40 plateaus
4 0.0000 Etch Attack under 2 of 40 plateaus
5 0.0000 - No apparent attack

6 0.0000 - No apparent attack

7 0.0000 “0.004™  Attack under 4 of 40 plateaus
8 0.0000 Lt Etch Etch under 1 of 40 plateaus
9 0.0000 “0.003™  Attack under 11 of 40 plateaus
10 0.0000 "0.007™*  Attack under 3 of 40 plateaus
11 0.0000 - No apparent attack
12 0.0000 - No apparent attack
13 0.0000 Etch Etch under 1 of 40 plateaus
14 0.0000 "0.001" Attack under 8 of 40 plateaus
15 0.0000 Etch Etch under 1 of 40 plateaus
16 0.0000 “0.001" Attack under 4 of 40 plateaus
17 0.0000 - No apparent attack
18 0.0000 Etch Etch under 3 of 40 plateaus

* Designates a failure

(57) Abstract: A method of enhancing the corrosion resistance of an austenitic steel includes removing material from at least a
portion of a surface of the steel such that corrosion initiation sites are eliminated or are reduced in number relative to the number
resulting from processing in a conventional manner. Material may be removed from the portion by any suitable method, including,
for example, grit blasting, grinding and/or acid pickling under conditions more aggressive than those used in conventional processing

of the same steel.
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TITLE
Surface Treatments To Improve Corrosion

Resistance of Austenitic Stainless Steels

INVENTORS
John F. Grubb, a United States citizen, residing at 3114

Wentworth Drive, Lower Burrell, Pennsylvania 15068; James D. Fritz, a
United States citizen, residing at 606 Bear Creek Road, Cabot, Pennsylvania,
16023; and Ronald E. Polinski, a United States citizen, residing at 3315

Shady Drive, Murrysville, Pennsylvania, 15668.

CROSS-REFERENCE TO RELATED APPLICATIONS

Not Applicable.

STATEMENT REGARDING FEDERALLY SPONSORED
RESEARCH OR DEVELOPMENT

Not Applicable.

BACKGROUND OF THE INVENTION

Field of the Invention

| The present invention relates to a method of treating austenitic
stainless steels and articles fabricated from such steels. The present
invention more particularly relates to a method of treating at least a portion of

a surface of austenitic stainless steels and articles fabricated from such steels
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a surface of austenitic stainless steels and articles fabricated from such steels
to enhance their corrosion resistance. The present invention also is directed
to austenitic stainless steels and articles fabricated f.rom such steels that are
produced using the method of the invention. The invention finds application
in, for example, the production of corrosion resistant strip, bars, sheets,

castings, plates, tubings, and other articles from austenitic stainless steels.

| Description of the Invention Background

The need for metals with high corrosion resistance has been
addressed by the development of steels of various compositions. Articles
fabricated from steels that are resistant to chloride pitting and crevice
corrosion are especially important for service environments such as seawater
and certain chemical processing industries. Cr-Mo stainless steels including
approximately 6% molybdenum by weight, commonly referred to as
superaustenitic alloys, were developed for use in these and other aggressive
environments.

Generally, the corrosion resistance of stainless steels is
controlled by the chemical composition of the surface presented to the
environment. Open-air annealing, a heat-treating operation commonly used
in the production of stainless steels, is known to produce a chromium-
depleted layer near the metal surface, under a chromium-rich oxide scale.
Failure to remove both of these surfaces is known to impair the corrosion
performance of stainless steels. Mechanical processes, such as grit blasting

or grinding, have been employed to remove the chromium-rich scale.
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The chromium-depleted layer is generally removed by chemical
means, namely, by acid pickling. Generally, pickling involves immersing the
steel in an acidic solution, commonly an aqueous solution of nitric acid (HNOs)
and hydrofluoric acid (HF), for a period of time, preferably much less than 60

5 minutes. To speed the pickling process the acidic solution may be at an
elevated temperature, preferably a temperature at which the acidic solution is
not highly volatile. It is generally known that pickling of highly corrosion-
resistant stainless steels requires particular care and attention because these
materials are known to pickle slowly, thereby making removal of the

10  chromium-depleted layer difficult.

Heretofore, it has been thought desirable to pickle stainless
steels using relatively dilute acid solutions. That has been the case because
steel production facilities typically produce a variety of alloys, and many
stainless alloys cannot withstand pickling with more aggressive pickling

15  solutions or do not require more aggressive pickling solutions to remove the
chromium depleted layer. Moreover, handling and disposing of stronger
acidic solutions would require more strenuous industrial safety and
environmental controls. Thus, pickling using a relatively dilute, non-
aggressive, pickling solution has been used to enhance corrosion resistance

20  of stainless steels. It has been thought that providing a stainless steel with
corrosion properties that are further enhanced relative to a particular pickled
stainless steel requires modifying the alloy composition. Thus, for exémple,
increasing chromium and/or molybdenum content of a particular stainless

steel has been used to improve the steel’s corrosion resistance. However,
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increasing the content of chromium, molybdenum, and other
corrosion-enhancing alloying additions in a stainless
steel increases alloying costs and may require changes to
the manufacturing process. Thus, it would be desirable to
provide a method of enhancing the corrosion resistance of
stainless steels without modifying the chemical

composition of the steels.

SUMMARY OF THE INVENTION

The present invention provides a method for
enhancing the corrosion resistance of an austenitic
stainless steel having the composition of UNS N08367 and a
first critical crevice corrosion temperature that is no
more than 5°C greater than x, where x is based on the
composition of the steel and x(°C) = 3.2( weight % Cr) +
7.6 (weight % Mo) + 10.5(weight % N) - 88.5, the method
comprising pickling at least a portion of a surface of the
steel by an acid pickling, wherein sufficient material is
removed from the portion of the surface of the steel
during pickling such that after pickling the pickled
portion of the surface has a second critical crevice
corrosion temperature that is at least 16°C greater than x.

Preferably the second critical crevice corrosion
temperature of the steel is at least 46°C.

Preferably said steel is in the form of an
article selected from the group consisting of strip, bar,
plate, sheet, casting, and tubing.

Preferably pickling at least a portion of a
surface of the steel reduces the number of corrosion
initiation sites.

Preferably the acid pickling is carried out in a
solution comprising at least one acid selected from the
group consisting of nitric acid, hydrofluoric acid,
sulfuric acid, and hydrochloric acid.

Preferably the acid pickling is carried out in an
aqueous solution comprising nitric acid and hydrofluoric

acid.

H:\Luisa\Keep\Speci\2001279169.doc 25/03/04
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Preferably the duration of contact between the
aqueous solution and the austenitic stainless steel is

-1.0443 minutes wherein R is

equél to or greater than 55(R)
the weight ratio of hydrofluoric acid to nitric acid in
the acidic solution.

Preferably R ranges from 0.1 to 2.

Preferably the temperature of the solution is at
least 140°F.

Preferably the duration of contact between the
aqueous solution and the steel is no more than 30 minutes
and the second critical crevice corrosion temperature is
at least 43°C.

Preferably the duration of the acid pickling step
is no more than 60 minutes.

Preferably the second critical crevice corrosion
temperature is at least 19°C greater than x.

Preferably the second critical crevice corrosion
temperature is at least 43°C.

The invention also provides a method for
improving the corrosion resistance of an austenitic
stainless steel article, the method comprising:

producing an article comprising an austenitic
stainless steel having the composition of UNS N08367 and a
first critical crevice corrosion temperature that is no
more than 5°C greater than x, where x is based on the
composition of the steel and x(°C) = 3.2( weight % Cr) +
7.6 (weight % Mo) + 10.5(weight % N) - 88.5; and

pickling at least a portion of a surface of the
steel by an acid pickling wherein sufficient material is
removed from the portion of the surface of the steel
during pickling such that the pickled portion of the
surface has a second critical crevice corrosion
temperature that is at least 16°C greater than x.

Preferably the second critical crevice corrosion
temperature of at least a portion of the surface of the
steel is at least 46°C.

Preferably the second critical crevice corrosion

H:\Luisa\Keep\Speci\2001279169.doc 25/03/04
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temperature is at least 19°C greater than x.

Preferably the second critical crevice corrosion
temperature is at least 43°C.

The invention still further provides a method for
enhancing the corrosion resistance of an austenitic
stainless steel comprising:

providing an astenitic stainless steel having a
composition of UNS N08367; and

‘ pickling at least a portion of a surface of the
austenitic stainless steel by acid pickling, wherein
sufficient material is removed from the portion of the
surface of the steel during pickling such that after
pickling the pickled portion of surface has a critical
crevice corrosion temperature that is at least 10°C greater
than a critical crevice corrosion temperature of the
portion of the surface immediately prior to pickling.

Preferably the pickled portion of the surface has
a critical crevice corrosion temperature that is at least
16°C greater than the critical crevice corrosion
temperature of the portion of the surface immediately
prior to pickling.

‘ Preferably the critical crevice corrosion
temperature of the pickled portion of the surface is at
least 46°C.

Preferably pickling the portion of the surface of
the steel by acid pickling comprises a single pickling
treatment.

| Preferably the acid pickling is carried out in an
aqueous solution comprising nitric acid and hydrofluoric
acid.

Preferably the duration of contact between the
aqueous solution and the steel is no more than 30 minutes
and the critical crevice corrosion temperature of the
pickled portion of the surface is at least 43°C.

Preferably the duration of contact between the
aqueous solution and the austenitic stainless steel is

-1.0443

equal to or greater than 55 (R) minutes wherein R is

H:\Luisa\Keep\Speci\2001279169.doc 25/03/04
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the weight ratio of hydrofluoric acid to nitric acid in

the aqueous solution and ranges from 0.1 to 2.

BRIEF DESCRIPTION OF THE FIGURES

The advantages of the present invention can be
better understood by reference to the accompanying Figures
in which:

FIGURES l1l(a) - (d) illustrate the results of a
bolﬁed multiple crevice test, the TC Cor 2 crevice test
defined herein, performed at various temperatures on a UNS
N08367 alloy manufactured and acid cleaned in a
conventional manner;

j FIGURE 2 is a scanning electron micrograph of a
surface of a UNS N08367 alloy manufactured and acid

cleaned in a conventional manner;

H:\Luisa\Keep\Speci\2001279169.doc 25/03/04
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FIGURES 3(a) through 3(d) illustrate the results of a bolted
multiple crevice test, the TC Cor 2 crevice test defined herein, performed at
various temperatures on a UNS NO8367 alloy after undergoing a treatment
that enhances corrosion resistance and which is an embodiment of the
method of the present invention;

FIGURE 4 is a scanning electron micrograph (SEM) of a surface
of a UNS N08367 alloy after undergoing a treatment that enhances corrosion
resistance and which is an embodiment of the method of the present
invention;

FIGURE 5 is an SEM of a surface of a UNS N08367 alloy
manufactured and acid cleaned in a conventional manner after undergoing
the ASTM G 150 test;

FIGURE 6 is an SEM of a surface of a UNS N08367 alloy after
undergoing a treatment that enhances corrosion resistance and which is an
embodiment of the method of the present invention, and after being subjected
to the ASTM G 150 test;

FIGURE 7 is an SEM of a surface of a UNS N08367 alloy after
undergoing a treatment that enhances corrosion resistance and which is an
embodiment of the method of the present invention, and after being subjected
to the ASTM G 150 test; and

FIGURE 8 is a plot of the pickling time, in minutes, required to
achieve a CCCT of at least 43°C (110°F) relative to the weight % ratio of HF

{0 HNOj3 in the pickling solution.
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DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENT OF THE
INVENTION

The present embodiment provides a method of

enhancing the corrosion resistance of austenitic stainless
steels and articles produced from the steels. The method
includes removing sufficient material from at least a
portion of a surface of the steel such that corrosion
initiation sites present on the surface are eliminated or
are reduced in number to an extent greater than has
heretofore been achieved in conventional austenitic
stainless steel processing. Removal of material from the
steel surface is accomplished by acid pickling. The
method of the invention provides improvement in the
corrosion resistance of a steel without the need to modify
the steel’s chemical composition. The method may be
applied on austenitic stainless steel in any form,
including strip, bar, plate, sheet, casting, tube, and
other forms.

The following test results applying the
invention to UNS N08367 stainless steel, an austenitic
stainless steel containing approximately 6 weight percent
molybdenum, amply illustrates the advantages provided by
the‘present invention. The invention, however, is not so
limited. Without intending to be bound by any particular
theory of operation, the present inventors believe that
the method of the present invention enhances corrosion
resistance by eliminating or reducing in number sites on
the surface of a steel at which corrosion may be
initiated. It is believed enhancement in corrosion
resistance of any austenitic stainless steel would be
achieved by applying the present method in the production
or post-production treatment of that steel. Thus, the
fact that only certain embodiments of the present
invention are described herein should not be considered to
in any way limit the invention, and the true scope of the

invention is as provided in the appended claims.

H:\Luisa\Keep\Speci\2001279169.doc 25/03/04
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The present embodiment is especially beneficial
for enhancing the corrosion resistance of austenitic
stainless steels that will be used in particularly
corrosive environments. Austenitic stainless steels used
in such applications typically are comprised of, by
weight, 20 to 40 % nickel, 14 to 24 % chromium, and 4 to
12 % molybdenum. The composition of one such steel, UNS
N08367, which is considered in the following tests, is set
forth in Table 1.

TABLE 1: UNS N08367 Chemical Composition
Chemical Element Typical (Wt%) ASTM/ASME (Wt%)

c 0.02 0.03 max

Mn 0.40 2.00 max

P 0.02 0.04 max

s <0.001 0.03 max

Si 0.40 1.00 max

Cr 20.5 20.00 - 22,00
Ni 24.0 23.50 - 25.50
Mo 6.20 6.00 - 7.00
N 0.22 0.18 - 0.25
Cu 0.20 0.75 max

Fe Balance Balance

The relative pitting resistance of a stainless
steel can be correlated to alloy composition using the
Pitting Resistance Equivalent number (PREy). The PREy
provides a prediction, based on composition, of the
resistance of a stainless alloy to chloride-induced
localized corrosion attack. Although several equations
for calculating PREy have been described, a widely accepted
equation is Equation 1 below:

Equation 1: (PREy)=(wt.% Cr)+3.3(wt.% Mo)+30(wt.% N)

H:\Luisa\Keep\Speci\2001279169.doc 25/03/04
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Thus, the typical UNS N08367 composition shown in Table 1 has a PREy of
47.5, while the maximum PREy of a UNS N08367 alloy is 52.6.

To compare the difference in the corrosion resistance capabilities of
a UNS NO08367 alloy processed in a conventional manner with the same alloy
that has undergone a treatment that is within the method of the present invention,
alloy samples were tested to measure CCCT utilizing a TC Cor 2 crevice test.
This test is often specified when steel products are being qualified for severely
corrosive applications. The TC Cor 2 test is a bolted multiple crevice test which
will be generally familiar to one of ordinary skill. The TC Cor 2 test, in particular,
entails exposing a steel sample to a 10% FeCl;-6H20 solution for an exposure
time of 72 hours. Delrin washers, in accordance with the ASTM G78
specification, are bolted to the test sample to create artificial crevices on the
sample surface. All TC Cor 2 testing used herein was performed after applying a
torque of 58 inch-lbs to fasten the washers to the samples surfaces. To
determine the threshold temperature for crevice attack, samples were tested over
a range of temperatures. With plate samples, crevice attack is considered
present if the weight loss of the sample is greater than 0.0002 grams/cm? or if the
depth of corrosive attack is greater than 0.0015 inches.

Historically, the expected results of the TC Cor 2 for austenitic
stainless steels could be predicted based on alloy composition. Equation 2, set
forth below, is one equation for predicting the CCCT results of TC Cor 2 tests

based on alloy composition.

PI-899570 v1 0215785-0236

M\AE?\\T:EU SYSE
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Equation 2: CCCT(°C) = 3.2 (wt.% Cr) +7.6 (Wt.% Mo) +10.5 (wt.% N)

—-88.5
This equation is similar to the equation described in the ASTM G48
specification, but is modified to account for the fact that TC Cor 2 test is
slightly more aggressive than the crevice test described in the ASTM Method
D specification. Thus, according to Equation 2, a UNS N08367 alloy having a
PREn of 47.5 would be expected to have a CCCT of 27°C (80.6°F).

TC Cor 2 crevice testing was performed on samples of UNS
N08367 steel processed in a conventional manner, including a mill anneal and
an acid cleaning under typical processing conditions. The results of the TC
Cor 2 testing, at temperatures ranging from 32.2°C (90°F) to 46°C (115°F) are
set forth in Figure 1(a) through 1(d). As expected, failures were experienced
at all temperature measurements, including those conducted at temperatures
as low as 32.2°C (90°F). Those results are consistent with what would be
expected by the results of Equation 2, above.

Figure 2 illustrates the surface of a UNS N08367 steel
processed in a conventional manner. The corrosive attack on the surface of a
conventionally produced sample, after undergoing ASTM G 150 test, is seen
in the SEM of Figure 5. The typical as-received mill surface seen in Figure 5
appears to have a very active surface condition present on the surface of the
steel. The morphology of this attack suggests that this more active surface
condition may serve as the weak link in the corrosion resistance of the alloy.

Figure 3(a) through 3(d) illustrates the improved corrosion

resistance achieved according to an embodiment of the method of the present

10
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invention. According to the embodiment, the typical as-received mill steel
surface was sandblasted and then lightly pickled with a relatively weak acid
and short exposure time. The pickling solution was 10.02% HNO3/ 1.16% HF
(as used herein, % acid = [grams of acid / 100 ml solution]), the pickling
solution temperature was 140°F, and the steel was exposed to the solution for
3 minutes. As is apparent, this surface treatment produced substantial
improvement in corrosion performance over specimens that were only acid
cleaned. The sandblasted and pickled specimens passed the TC Cor 2
crevice test at 48.8°C (120°F), which is the highest temperature that was
evaluated and which is well above 27°C (80.6°F), the CCCT resuilt predicted
by Equation 2 for a steel having the composition of UNS N08367 steel.

As is apparent in Figure 4, the surface of the sandblasted and
pickled surface is completely abraded with no evidence of the former mill-
pickled surface. The inventors do not wish to be bound by any particular
theory of how the present invention enhances corrosion resistance. However,
the results shown in Figure 4 suggest that the improved corrosion resistance
produced by grit blasting may be related to the removal of corrosion initiation
sites present on the original mill surface.

Ad(ditional testing of the improved corrosion resistance achieved
by the present invention was conducted using the ASTM G 150 test
procedure for determining the electrochemical critical pitting temperature
("ECPT"). The ECPT is a sensitive method of ranking an alloy’s resistance to
chloride pitting. The test includes holding steel samples at a constant

potential of 700 mV (vs. SCE) while the temperature of the specimen and test

11
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solution are increased at a rate of 1°C per minute. The measurements
reported herein were performed in a Gamry Flex Cell using the Gamry CMS
110 Critical Pitting Test System. The electrolyte used in the testing consisted
of 1M NaCl and the cell was purged with 99.99% nitrogen gas during testing.
The ECPT is defined as the temperature at which the current increases above
100puA/cm? and stays above this threshold current density for 60 seconds.

Sampleé of the UNS N08367 alloy were tested for ECPT after
receiving either (1) typical acid cleaning, (2) sandblasting and pickling (with a
10.02% HNO3/ 1.16% HF solution at 140°F for 3 minutes), or (3) grinding
(240 grit) and acid cleaning. The results are illustrated in Table 2.

TABLE 2:  ECPT Test Results

Surface Treatment ECPT
Acid Cleaned 173°F (78.5°C)
Sandblasted and Pickled  184°F (84.5°C)
Ground and Acid Cleaned 191°F (88.2°C)

These results parallel the TC Cor 2 crevice corrosion resulits.
The acid cleaned mill surface shows the least resistance (lowest ECPT). On
the other hand, if the mill surface is grit blasted and pickled or ground and
acid cleaned, the éqrrosion resistance is improved. The samples used to
obtain the ECPT results were éXamined by a scanning electron microscope to
see if the initiation sites for corrosive attack could be identified. The attack on
the surface of the acid cleaned sample is shown in Figure 5. Here, the
initiation sites consist of regions that are preferentially attacked, thereby

resulting in a very unusual etch pattern. The morphology of the attack

12
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suggests the presence of a more active surface condition that serves as the
weak link in the corrosion resistance of the steel. |

The sites for corrosion attack on the surface of a steel treated
according to one embodiment of the present invention, wherein the surface
was sandblasted and pickled, are shown in Figure 6. As is apparent, these
sites consist of isolated angular pit-like cavities. The SEM of the surface of a
steel treated according to another embodiment of the invention is shown in
Figure 7. As Figure 7 illustrates, the surface of the ground and acid-cleaned
specimen has spherical pitting widely distributed across the surface of the
specimen. The reason for the wide spread pitting on this épecimen is
because this sample was exposed to higher temperatures which nucleated
many more sites of attack.

These results show that the morphology of attack dependsAon
the steel’s surface treatment. The typically produced steell surface appears to
have a very active surface condition present that may be a weak link in the
corrosian resistance of the steel. When this surface condi’lcion is attacked it
produces very unusual etch patterns which resemble a series of concentric
rings. Sandblasting and grinding are two ways of removing this surface
condition. The inventors have shown that removing or decreasing the
occurrence of that surface condition by the method of the present invention
provides the treated surface with corrosion resistance that is enhanced
relative to that achieved by processing the steel in a conventional manner.

Although, as illustrated above, sandblasting and/or grinding can

be used to enhance the corrosion properties of steels, as illustrated above,

13
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these operations may have a substantial impact on production cost and

delivery time. Therefore, the use of a relatively aggressive pickling operation

was considered to determine whether improved corrosion resistance would be

achieved. Several experiments were carried out using various pickling

5  solutions and exposure times. Although all such testing was carried out using

an acidic aqueous solution including HNO3 and HF, it is expected that other

acids, such as, for example, HS04 and HCI, could be used in the pickling

solution in accordance with the present invention. As can be seen from the

results of the TC Cor 2 testing set forth in Table 3 below, a short-term pickle in

10 a mild solution (10.02% HNO3/ 1.16% HF solution at 140°F for 3 minutes) will

not significantly improve the corrosion resistance.

TABLE 3: TC Cor 2 Test — Short Term / Mild Pickling

Test Temperature = 46°C (115°F)

Sample  Weight Loss Deepest Remarks
(grams/cm®)  Crevice
1 0.0149* "0.048™  Attack under 37 of 40 plateaus
2 0.0215* "0.074™  Attack under 39 of 40 plateaus
3 0.0085* "0.030™  Attack under 36 of 40 plateaus
4 0.0132* "0.038™  Attack under 31 of 40 plateaus
5 0.0078* "0.035™  Attack under 33 of 40 plateaus
6 0.0124* "0.050™  Attack under 38 of 40 plateaus
7 0.0097* "0.039™  Attack under 40 of 40 plateaus
8 0.0200* "0.063™  Attack under 39 of 40 plateaus

Designates a failure

15 Each sample listed in Table 3 failed the TC Cor 2 test at a temperature of

46°C (115°F). This is expected from Equation 2, which, for the UNS N08367

alloy, predicts a CCCT of only 27°C (80.6°F).
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The TC Cor 2 test was then conducted under pickling conditions

more aggressive than those conditions used when processing the material in

a conventional manner. The experimental results are summarized in Table 4.

TABLE4: TC Cor 2 Test Results: Varying Pickling Conditions
Sample Pickling Solution* Pickling Pickling CCCT Result
Temperature Time

1 7.2% HNO3/3.4% HF 140°F 20 min CCCT < 43°C
2 7.2% HNO3/3.4% HF 140°F 40 min CCCT < 43°C
3 7.2% HNO31/3.4% HF 140°F 120 min CCCT =43°C
4 7.2% HNO3/3.4% HF 140°F 420 min CCCT =46°C
5 4% HNO3/5.5% HF 143°F 30 min CCCT =40.5°C
6 4% HNO3/7.1% HF 147°F 30 min CCCT =38°C
7 4% HNO3/7.1% HF 150°F 30 min CCCT =43°C
8 14% HNO3/2.3% HF 140°F 60 min CCCT =40.5°C
9 14% HNO4/2.3% HF 140°F 360 min CCCT =46°C
10 10% HNO3 / 6% HF 140°F 15 min CCCT < 46°C
11 10% HNO3; /6% HF 140°F 30 min CCCT < 46°C
12 10% HNO3 / 8% HF 140°F 15 min CCCT < 46°C
13 10% HNO3 / 8% HF 140°F 30 min CCCT < 46°C
14 10% HNO3/10% HF 140°F 15 min CCCT < 46°C
15 10% HNO3/10% HF 140°F 30 min CCCT < 46°C

* % acid = [(grams of acid) / (100 ml solution)] x 100

The enhancement of corrosion resistance resulting from the

aggressive pickling is apparent. The various combinations of pickling time,

temperature, and bath chemistry included in Table 4 provided the pickled

samples with CCCT values well above the 27°C result predicted by Equation

2 for a UNS N08367 alloy having a typical PREy of 47.5 (equation 2 predicts a

CCCT of 37.7°C for the NO8367 alloy at the maximum composition range for

Cr, Mo, and N). Some samples achieved CCCT values as high as 38°C,

40.5°C, 43°C (110°F) and 46°C (115°F), a substantial increase in pitting

resistance relative to the expected value. Based on the above equations, a

.15
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predicted 13.5-20 °C increase in CCCT could be achieved by modifying the
composition of the UNS N08367 alloy to include an additional 4 weight %
chromium or, alternatively, an additional 1.2 weight % molybdenum. Beyond the
cost implications of such alloying additions, enhancing corrosion resistance of the
UNS NO08367 alloy by the foregoing alloying additions would not be practical due
to the phase instability that would resuit.

To further investigate the present method, the pickling time required
to achieve at least a CCCT of 43°C (110°F) was plotted as a function of the
weight % ratio of HF to HNOj in the pickling solution. The resulting plot is shown
in Figure 8. This plot shows that the pickle time required to enhance the
corrosion resistance is indirectly proportional to the ratio of the weight % HF to
weight % HNO3 in the pickling bath. In particular, the minimum pickling time, in
minutes, required to achieve a CCCT of at least 43°C (110°F) is approximately

equal to 55(x)™%*?

, where (x) is the weight ratio of HF to HNO3 in the pickling
solution. It is expected that similar plots can be developed for use with different
bath chemistries.

The present invention may be used with any austenitic stainless
steel to enhance the corrosion resistance of the steel relative to the corrosion
resistance achieved by processing the steel in a conventional manner. For
example, the above data shows that the actual corrosion resistance of
samples of an austenitic stainless steel treated by the method of the present
invention is significantly greater than that of the same steel processed using a

conventional acid treatment. Thus, the present method may be used to

provide austenitic stainless steels, and articles fabricated from those steels,

16
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which have corrosion resistance properties not previously
achieved in steel with the same chemical composition. The
method of the invention may be used with articles of any
type fabricated from austenitic stainless steels. Such
articles include, for example, strip, bars, plates,
sheets, castings, and tubing.

It is to be understood that the present
description illustrates aspects of the invention relevant
to a clear understanding of the invention. Certain
aspects of the invention that would be apparent to those
of ordinary skill in the art and that, therefore, would
not facilitate a better understanding of the invention may
not have not been presented in order to simplify the
present description. Although the present invention has
been described in connection with certain embodiments,
those of ordinary skill in the art will, upon considering
the foregoing description, recognize that many
modifications and variations of the invention may be
employed. The foregoing description and the following
claims are intended to cover all such variations and
modifications of the invention.

In the claims which follow and in the preceding
deséription of the invention, except where the context
requires otherwise due to express language or necessary
implication, the word “comprise”, or variations such as
“comprises” or “comprising”, is used in an inclusive
sense, ie. to specify the presence of the stated features
but not to preclude the presence or addition of further

features in various embodiments of the invention.

H:\Luisa\Keep\Speci\2001279169.doc 25/03/04
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THE CLAIMS DEFINING THE INVENTION ARE AS FOLLOWS:

1. A method for enhancing the corrosion resistance of an
austenitic stainless steel having the composition of UNS N08367 and a first critical
crevice corrosion temperature that is no more than 5°C greater than x, where x is
based on the composition of the steel and x(°C) = 3.2 (weight % Cr) + 7.6 (weight
% Mo) + 10.5 (weight % N) — 88.5, the method comprising pickling at least a
portion of a surface of the steel by an acid pickling, wherein sufficient material is
removed from the portion of the surface of the steel during pickling such that after
pickling the pickled portion of the surface has a second critical crevice corrosion

temperature that is at least 16°C greater than x.

2. The method of claim 1 wherein the second critical crevice

corrosion temperature of the steel is at least 46°C.

3. The method of claim 1 or 2 wherein said steel is in the form of

an article selected from strip, bar, plate, sheet, casting, or tubing.

4. The method of any one of the preceding claims wherein
pickling at least a portion of a surface of the steel reduces the number of corrosion

initiation sites.

5. The method of any one of the preceding claims wherein the
acid pickling is carried out in a solution comprising at least one or more acid

selected from nitric acid, hydrofluoric acid, sulfuric acid, or hydrochloric acid.

6. The method of claim 5 wherein the acid pickling is carried

out in an aqueous solution comprising nitric acid and hydrofluoric acid.

7. The method of claim 6 wherein the duration of contact
between the aqueous solution and the austenitic stainless steel is equal to or
greater than 55(R)"** minutes wherein R is the weight ratio of hydrofluoric acid

to nitric acid in the acidic solution.

8. The method of claim 7 wherein R ranges from 0.1 to 2.

H:\crishkeep\specit2001279169.doc 24/08/05
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9. The method of claim 6 or 7 wherein the temperature of the

solution is at least 140°F.

10. The method of any one of claims 6 to 9 wherein the duration
of contact between the aqueous solution and the steel is no more than 30 minutes

and the second critical crevice corrosion temperature is at least 43°C.

11. The method of any one of the preceding claims wherein the

duration of the acid pickling step is no more than 60 minutes.

12. The method of any one of the preceding claims wherein the

second critical crevice corrosion temperature is at least 19°C greater than x.

13. The method of any one of the preceding claims wherein the

second critical crevice corrosion temperature is at least 43°C.

14. A method for improving the corrosion resistance of an
austenitic stainless steel article, the method comprising:

producing an article comprising an austenitic stainless steel having
the composition of UNS N08367 and a first critical crevice corrosion temperature
that is no more than 5°C greater than X, where x is based on the composition of the
steel and x(°C) = 3.2 (weight % Cr) + 7.6 (weight % Mo) + 10.5 (weight % N) —
88.5; and

pickling at least a portion of a surface of the steel by an acid pickling
wherein sufficient material is removed from the portion of the surface of the steel
during pickling such that the pickled portion of the surface has a second critical
crevice corrosion temperature that is at least 16°C greater than x.

15. The method of claim 14 wherein the second critical crevice
corrosion temperature of at least a portion of the surface of the steel is at least
46°C.

16. The method of claim 14 or 15 wherein the second critical

crevice corrosion temperature is at least 19°C greater than x.

17. The method of claim 14 wherein the second critical crevice

corrosion temperature is at least 43°C.

H:\crislkeep\speci\2001279169.doc 24/08/05
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18. A method for enhancing the corrosion resistance of an
austenitic stainless steel comprising:

providing an astenitic stainless steel having a composition of UNS
N08367; and

pickling at least a portion of a surface of the austenitic stainless steel
by acid pickling, wherein sufficient material is removed from the portion of the
surface of the steel during pickling such that after pickling the pickled portion of
surface has a critical crevice corrosion temperature that is at least 10°C greater
than a critical crevice corrosion temperature of the portion of the surface

immediately prior to pickling.

19. The method of claim 18 wherein the pickled portion of the
surface has a critical crevice corrosion temperature that is at least 16°C greater
than the critical crevice corrosion temperature of the portion of the surface

immediately prior to pickling.

20. The method of claim 18 wherein the critical crevice corrosion

temperature of the pickled portion of the surface is at least 46°C.

21. The method of any one of claims 18 to 20 wherein pickling
the portion of the surface of the steel by acid pickling comprises a single pickling
treatment.

22. The method of any one of claims 18 to 21 wherein the acid
pickling is carried out in an aqueous solution comprising nitric acid and

hydrofluoric acid.

23. The method of claim 22 wherein the duration of contact
between the aqueous solution and the steel is no more than 30 minutes and the
critical crevice corrosion temperature of the pickled portion of the surface is at
least 43°C.

24. The method of claim 22 wherein the duration of contact
between the aqueous solution and the austenitic stainless steel is equal to or
greater than S5(R 10443
to nitric acid in the aqueous solution and ranges from 0.1 to 2.

minutes wherein R is the weight ratio of hydrofluoric acid

H:\crisl\keep\specil\2001279169.doc 24/08/05
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25. A method for enhancing the corrosion resistance of an

austenitic stainless steel substantially as herein described with reference to the

accompanying figures.

Dated this 24th day of August 2005
ATI PROPERTIES, INC.

By their Patent Attorneys
GRIFFITH HACK

Fellows Institute of Patent and
Trade Mark Attorneys of Australia

H:\crisikeep\specil\2001279169.doc 24/08/05
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Test Temperature = 32.2°C (90°F)
Sample  WeightLoss  Deepest Remarks
(grams/cm?)  Crevice

1 0.0000 "0.001" Attack under 9 of 40 plateaus
2 0.0001 “0.007™*  Attack under 11 of 40 plateaus
3 0.0000 Etch Attack under 2 of 40 plateaus
4 0.0000 Etch Attack under 2 of 40 plateaus
5 0.0000 -- No apparent attack

6 - 0.0000 - No apparent attack

7 0.0000 "0.004™  Attack under 4 of 40 plateaus
8 0.0000 Lt Etch Etch under 1 of 40 plateaus
9 0.0000 "0.003™  Attack under 11 of 40 plateaus
10 0.0000 "0.007™  Attack under 3 of 40 plateaus
11 0.0000 -~ No apparent attack

12 0.0000 - No apparent attack

13 0.0000 Etch Etch under 1 of 40 plateaus
14 0.0000 “0.001” Attack under 8 of 40 plateaus
15 0.0000 Etch Etch under 1 of 40 plateaus
16 0.0000 “0.001” Attack under 4 of 40 plateaus
17 0.0000 - No apparent attack

18 0.0000 Etch Etch under 3 of 40 plateaus

* Designates a failure

Figure 1(a)
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Test Temperature = 35°C (95°F)

Sample  Weight Loss  Deepest Remarks
(grams/cm?)  Crevice

1 0.0000 "0.003™  Attack under 7 of 40 plateaus
2 0.0001 "0.006™  Attack under 10 of 40 plateaus
3 0.0000 "0.003™  Attack under 8 of 40 plateaus
4 0.0000 "0.005™  Attack under 6 of 40 plateaus
5 0.0000 "0.002™  Attack under 10 of 40 plateaus
6 0.0000 Etch Etch under 2 of 40 plateaus
7 0.0000 "0.001” Attack under 9 of 40 plateaus
8 0.0000 "0.002™  Attack under 9 of 40 plateaus
9 0.0028* "0.022™  Attack under 38 of 40 plateaus
10 0.0001 "0.011™  Attack under 14 of 40 plateaus
11 0.0000 - No apparent attack

12 0.0000 “0.001" Attack under 3 of 40 plateaus
13 0.0000 “0.002™  Attack under 8 of 40 plateaus
14 0.0000 Etch Etch under 1 of 40 plateaus
15 0.0000 "0.002™  Attack under 8 of 40 plateaus
16 0.0000 Etch Etch under 3 of 40 plateaus
17 0.0000 Etch Etch under 10 of 40 plateaus
18 0.0000 Etch Etch under 4 of 40 plateaus

- * Designates a failure

Figure 1(b)
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Test Temperature = 38°C (100°F)

Sample  WeightLoss Deepest Remarks
(grams/cm?®)  Crevice

1 0.0007* “0.026"  Attack under 7 of 40 plateaus
2 0.0008* “0.023™  Attack under 11 of 40 plateaus
3 0.0001 "0.009™  Attack under 15 of 40 plateaus
4 0.0000 "0.005™  Attack under 4 of 40 plateaus
5 0.0000 Etch Etch under 2 of 40 plateaus
6 0.0000 “0.003"™  Attack under 3 of 40 plateaus
7 0.0000 "0.004” Attack under 3 of 40 plateaus
8 0.0000 "0.005™  Atftack under 6 of 40 plateaus
9 0.0037* “0.029™  Attack under 22 of 40 plateaus
10 0.0007* "0.023™  Attack under 10 of 40 plateaus
11 0.0000 <0.001”  Attack under 1 of 40 plateaus
12 0.0000 "0.002” Attack under 2 of 40 plateaus
13 0.0000 - No apparent attack

14 0.0000 - No apparent attack

15 0.0000 “0.005™  Attack under 6 of 40 plateaus
16 0.0000 - No apparent attack

17 0.0000 "0.003” Attack under 2 of 40 plateaus
18 0.0000 “0.002" Attack under 6 of 40 plateaus

* Designates a failure

Figure 1(c)
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Test Temperature = 46°C (115°F)

Sample  WeightLoss  Deepest Remarks
(grams/cm®)  Crevice
1 0.0240* "0.055™  Attack under 39 of 40 plateaus
2 0.0152* "0.061™  Attack under 40 of 40 plateaus
3 0.0097* "0.033"™  Attack under 20 of 40 plateaus
4 0.0103* "0.052™  Attack under 40 of 40 plateaus
5 0.0086* "0.043™  Attack under 31 of 40 plateaus
6 0.0120* "0.042™  Attack under 34 of 40 plateaus
7 0.0117* "0.053™  Attack under 40 of 40 plateaus
8 0.0240% "0.048™  Attack under 40 of 40 plateaus
9 0.0207* "0.045™  Attack under 40 of 40 plateaus
10 0.0152* "0.048™  Attack under 40 of 40 plateaus
11 0.0089* "0.041™  Attack under 23 of 40 plateaus
12 0.0115* "0.034™  Attack under 38 of 40 plateaus
13 0.0045* "0.045"  Attack under 11 of 40 plateaus
14 0.0058* "0.058™  Attack under 18 of 40 plateaus
15 0.0077* "0.032"™  Atftack under 23 of 40 plateaus
16 0.0087* "0.045™  Attack under 23 of 40 plateaus
17 0.0274* "0.047™  Attack under 36 of 40 plateaus
18 0.0172* "0.043™  Attack under 40 of 40 plateaus

* Designates a failure

Figure 1(d)
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Test Temperature = 38°C (100°F)

Sample  Weight Loss  Deepest Remarks
(grams/cm?®)  Crevice
1 0.0000 -- No apparent attack
2 0.0000 Lt Etch Etch under 1 of 40 plateaus
3 0.0000 -- No apparent attack
4 0.0000 -- No apparent attack
5 0.0000 -- No apparent attack
6 0.0000 -- No apparent attack
7 0.0000 - No apparent attack
8 0.0000 - No apparent attack
9 0.0000 Lt Etch Etch under 1 of 40 plateaus
10 0.0000 - No apparent attack
11 0.0000 -- No apparent attack
12 0.0000 -- No apparent attack
13 0.0000 -- No apparent attack
14 0.0000 -- No apparent attack
15 0.0000 - No apparent attack
16 0.0000 - No apparent attack
17 0.0000 -~ No apparent attack
18 0.0000 -~ No apparent attack

* Designates a failure

Figure 3(a)
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Test Temperature = 43°C (110°F)

Sample  Weight Loss  Deepest Remarks
(grams/cm?®)  Crevice
1 0.0000 -- No apparent attack
2 0.0000 -- No apparent attack
3 0.0000 - No apparent attack
4 0.0000 - No apparent attack
5 0.0000 - No apparent attack
6 0.0000 - No apparent attack
7 0.0000 - No apparent attack
8 0.0000 -- No apparent attack
9 0.0000 - No apparent attack
10 0.0000 -- No apparent attack
11 0.0000 - No apparent attack
12 0.0000 - No apparent attack
13 0.0000 - No apparent attack
14 0.0000 - No apparent attack
15 0.0000 -- No apparent aftack
16 0.0000 - No apparent attack
17 0.0000 - No apparent attack
18 0.0000 - No apparent attack

* Designates a failure

Figure 3(b)
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Test Temperature = 46°C (115°F)

Sample  Weight Loss  Deepest Remarks
(grams/cm®)  Crevice
1 0.0000 - No apparent attack
2 0.0000 - No apparent attack
3 0.0000 -- No apparent attack
4 0.0000 - No apparent attack
5 0.0000 -~ No apparent attack
6 0.0000 - No apparent attack
7 0.0000 . -- No apparent attack
8 0.0000 - No apparent attack
9 0.0000 -~ No apparent attack
10 0.0000 -- No apparent attack
11 0.0000 - No apparent attack
12 0.0000 - No apparent attack
13 0.0000 -- No apparent attack
14 0.0000 - No apparent attack
15 0.0000 - No apparent attack
16 0.0000 -- No apparent attack
17 0.0000 -- No apparent attack
18 0.0000 -- No apparent attack

* Designates a failure

Figure 3(c)
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Test Temperature = 48.8°C (120°F)

Sample  Weight Loss  Deepest Remarks
(grams/cm®)  Crevice
1 0.0000 - No apparent attack
2 0.0000 - No apparent attack
3 0.0000 -~ No apparent attack
4 0.0000 -- No apparent attack
5 0.0000 - No apparent attack
6 0.0000 -- No apparent attack
7 0.0000 - No apparent attack
8 0.0000 - No apparent attack
9 0.0000 - No apparent attack
10 0.0000 - No apparent attack
11 0.0000 - No apparent attack
12 0.0000 - No apparent attack
13 0.0000 -- No apparent attack
14 0.0000 - No apparent attack
15 0.0000 - No apparent attack
16 0.0000 - No apparent attack
17 0.0000 -- No apparent attack
18 0.0000 - No apparent attack

* Designates a failure

Figure 3(d)
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