OX1 DATI ON OF LOW CHROM UM STEELS This is a continuati on{}ﬁm& part of
US Scr. No. 126,616, filed Scp. 24, 1993 now abandoned.

" FI ELD OF THE | NVENTI ON Chrom um steel alloys, containing >15 wt %
chromum are known to undergo oxidatioq}thereby form ng a protec-

OXIDATION OF LOW CHROMIUM STEELS

FIELD OF THE INVENTION

Chromium steel alloys, containing >15 wt% chromium, are
known to undergo oxidation thereby forming a protective surface film
of chromium oxide which is resistant to corrosion such as sulfidation.
Such steels are rather expensive because of the high cost of chromium.
Steels for refinery construction applications are less expensive,
having a relatively low chromium content of about 5-15 wt%. This Tow
chromium content is unable to effect the formation of a corrosion
protective chromium oxide fiim upon the surface of refinery steels.
Hence, such steels are attacked by organic sulfur compounds present in
crudes, which react with iron in the steel, leading to the formation
of an iron sulfide corrosion product which consumes iron rapidly by
providing an easy diffusion path for the migration of ferrous ions.
What is needed in the art is a method of treating refinery steels
which will control the formation of the iron sulfide corrosion
product, thus providing significantly enhanced sulfidation resistance.

SUMMARY OF THE INVENTION

Applicants have found that protective surface films which
are resistant to corrosive sulfidation can be formed on the surface of
low chromium refinery steels comprised of iron-chromium alloys having
a chromium content of about 5 to 15 wt%. These films which are
spinels (mixed iron chromium oxide solid solutions) are formed by a
controlled oxidation treatment at temperatures ranging from 200 to
1400°C at oxygen partial pressures slightly higher than those needed
to nucleate Fe0 and Fe304 on the surface of the refinery steel. Both
iron oxide and chromium oxide nucleate on the alloy surface under
these conditions, followed by lateral growth and reaction to establish
this spinel layer. The spinels formed are corrosion barriers
resistant to attack by organic sulfur compounds.
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tive surface filmof chroniumoxide which is resistant to corrosion such
as sulfidation. Such steels are rather expen- sive because of the high
cost of chromium Steels for refinery construction applications are |ess
expensive, having a relatively |ow chrom um content of about 5-15 wt %
This |ow chromiumcontent is unable to effect the formation of a

corrosion protective chrom um oxide filmupon the surface re iner&
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preferably 300°C {(573°K) to 600°C (873°K), wherein the partial
pressure of oxygen in said oxygen containing atmosphere is above or
equal to the dissociation pressure of Fe304 from 200°C to 560°C and
equal to or above the dissociation pressure of Fe0 from 560°C to
1400°C and below or equal to the dissociation pressure of Fe203 from
200 to 1400°C, and for a time sufficient to effect the formation of a
film comprising iron-chromium oxide (FeCr204) spinels on the surface
of said alloy. Spinels are defined as oxides consisting of two or
more metals and are hence mixed metal oxides.

The present invention is further directed to a corresion
resistant alloy substrate comprising an iron-chromium alloy containing
at least about 5 to about 15 wt% chromium, said substrate having
grown thereon a film comprising a mixed spinel of iron-chromium-oxide.

The alloys of the present invention may further comprise
other alloying constituents such as silicon in amounts ranging from
about 1 to about 2 wt%.

BRIEF_DESCRIPTION OF THE DRAWINGS

Figure 1 shows the rate of sulfidation at 538°C (811°K) in
an atmosphere of 0.5% CH3SH 1in argon, of an iron chromium alloy
containing 7 wt % chromium after pre-oxidation at 538°C (811°K) for 65
hours in a C0/C02 gas mixture. The figure demonstrates the importance
of maintaining the oxygen partial pressure during the oxidation
process at or above the dissociation pressure of Fe304 and FeO and
below the dissociation pressure of Fe203 within the temperature range
of 200 - 1400°C. Line A, depicted by triangles, illustrates the
extent of sulfidation corrosion when the partial pressure of 02 during
oxidation is below the dissociation pressure of Fe304 and FeO, line B,
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SUMVARY OF THE I'NVENTION  Applicants have found that protective surface
films which are resistant to corrosive sulfidation can be forned on the
surface of I ow chromumrefinery steels conprised of iron- chrom um all oys
havi ng a chrom um content of about 5 to 15 wt % These filns which are
spinels (mxed iron chro- mum oxide sot8d solutions) are formed by a
control |l ed oxidation treatnent at tenperatures rangl

from 200[err
1400[ err] Clepicted byenqyanesi alllgstrases chesregytit| yhen éﬁ%rl’a‘t"ﬁhﬁ h ﬁEeded
to nucl eat egf WQbE@&ertMEQi'F'srsbhﬁ"loﬁ kﬁ'e§§'ﬁlf'@cﬁf(¥e UFQilfﬁflg noxydstienl .
Bot h iron oxi chrom um oxi nuc el # ﬁh ﬁ(d%ﬁ ace ugg'er
t hese condi ¥ é"ef%l depisted ‘l?&/cl'%“'téﬁal‘g stratesnthe sultidayion, rate Mhepsy,
this spinel theaigon chiromiun 16y fiormotdoridizedr rosi on barriers resistant to
attack by organic sul fur conpounds.

Figure 2 shows the sulfidation rate for a oxidized
iron-chromium alloy prepared in accordance with the instant invention
depicted by the line with squares, the same alloy without oxidation is
depicted by circles, and the same alloy additionally containing 1.6
wt% silicon and having undergone oxidation in accordance with the
instant invention is depicted by diamonds. Figure 2 demonstrates that
a 20 fold improvement can be obtained when utilizing an iron-chromium
alloy that additionally contains silicon at concentration levels
ranging from 1-2%.

In both figures 1 and 2 the Y axis is reacted sulfur
(mg/cm2) and the X axis is time in hours.

_ Figure 3 shows the oxygen partial pressures which must be
used over the specified temperature range to obtain mixed
iron-chromium spinels on the surface of a given substrate. The
partial pressures utilizable are above or along line B and below or
along line A within the temperature range of 200 - 1400°C. Hence, any
partial pressure between or along lines A and B and within the

specified temperature range can be used (as shown by the hatched
area).

DETAILED DESCRIPTION

The process of the present invention is suitable for
protecting surfaces of alloys comprising iron and chromium. The
amount of chromium in such alloys can vary from about 5 to about 15
wt%. In a preferred embodiment, the alloys will further comprise
silicon in an amount ranging from about 1 to about 2 wt%, preferably
about 1.5 wt%. Suitable alloys are, for example, iron containing 5
wt% chromium (Fe-5%Cr), Fe-7%Cr, Fe-5Cr-x%Si(x = about 1 to about 2
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Accordingly, the present invention is a process for form ing
protective filnms on an alloy substrate conprising: oxi- dizing an all oy

conprising iron and chromiumin an oxygen containing atnosphere, said
all oy containing fromabout 5 to about 15 wt % chromum at a tenperature

of fromabout 200 C. (473[err] K ) to-about 1400 C (1673[err] K. ), nore

preferablyw?i,:;J‘O[err] C. (573[err] % t 0 600[& tg'I]e 873 Kércnfr%ll?oys

), etc. and are commercially ava "The ' co
would typically contain small concentrations of C(.15 max),
Mn(0.3-0.6), P(0.025 max), S{0.025 max), and Mo(0.45 to 0.65%). These
elements at the concentrations indicated, however, do not affect the
oxidation process to any significant extent.

To obtain the protective films of the present invention, it
is necessary to conduct the oxidation under controlled conditions.
The temperature will range from about 200°C (473°K) to about 1400°C
(1673°K), preferably about 300 (573°K) to about 600°C (873°K), and
most preferably about 550°C (823°K). The partial pressure of oxygen
in the oxidizing medium must be maintained at a value depicted by the
hatched area of Figure 3. Such a partial pressure is necessary to
prevent the formation of internally oxidized chromium oxide particles
(which provide no corrosion protection) as opposed to surface spinel
films. The partial pressure of 02 may be selected from the shaded
area depicted on Figure 3. As used herein, pure iron oxides are
oxides of iron alone and not iron oxides in conjunction with any other
elemental oxides. The present invention requires the formation of
spinels of iron chromium oxide; it avoids the formation of iron oxide
alone which hardly provides any corrosion protection in
sulfur-containing environments. The protective films of the present
invention, which are a mixed iron chromium spinel, impede the
migration, through the film, of ferrous ions which would form a
corrosion product. Any oxidizing medium can be utilized to accompliish
the oxidation of the present invention. For example techniques known
to those skilled in the art such as heating in an atmosphere of C0:CO2
mixtures, steam:Hz mixtures, ammonia:steam mixtures, steam, air, or
any other oxidizing medium can be utilized as long as the temperature
and oxygen partial pressure criteria are observed.

The time necessary to carry out the oxidation is not
critical and depends on the depth of the film desired and the
oxidation tempefature. Such criteria are readily determinable by
one skilled in the art. For example, at 538°C (811°K), an oxidation
time of about 65 hours, provides a spinel film thickness of 7 pum.
Longer reaction times will be necessary for lower temperatures of
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the partial pressure of oxygen in said oxygen containing atnosphere is
above or equal to the dissociation pressure of Fe[err]derr] from 200[err]
C.to 560[err] C. and equal to or above the dissociation pressure of FeO
from560[err] C. to 1400 C. and below or equal to the dissociation
pressure of Fe[err] from200[err] to 1460-C., and for a time sufficient to
effect the formation_ of a fjln1conprisinq i ron-chrom um dee

(FeCr [ err] OreasyipnspiThe ayerall erenamics i 1obe dickatad by a %ﬂi ange; befyeen

defined as QKb dx3dationStenpbrature NP the AUALTGH 8ime dRCowier berwhievexad
netal oxi des. eghg present invention is further directed to a corrosion
u

resistant adediredubilm BRickR®$&yr i sing an iron-chromiumalloy containing at
| east about 5 to about 15 wt. % chrom um said substrate having grown

LPereon L™ SO el e op ' Mo ELEAE B obrAke o
formation of films ranging from about 5 microns to about 50 microns.
The desired depth can be easily adjusted by adjusting the time and/or
temperature of the reaction within the range specified. Such films
can be formed in-situ once the alloys are in place, as for example 1in
refinery vessels and piping, or can be formed prior to installation of
such alloys.

As a result of the oxidation method of this invention, an
iron chromium alloy substrate having a protective surface film ranging
from about 5 to 50 microns and resistant to corrosive sulfidation is
obtained. When an alloy containing at least about 1 wt% silicon in
addition to iron and chromium 1is oxidized, some of the silicon is
incorporated into the spinel film. The modified spinel composition
may be represented as (Fe,Si)Cr204. The presence of silicon in the
film is found to further suppress corrosion by hindering the transport
of ferrous ions.

The invention is further illustrated with reference to the
following examples.

EXAMPLE 1

A commercially available iron chromium alloy containing 7
wt% chromium was oxidized by treatment with a C0:CO2 gas stream and at
an 02 partial pressure of ~10-24 atm (1.013x10-22 kPa). The
temperature of reaction was 538°C (811°K) and the time of reaction was
65 hrs. A second sample of the above alloy was treated as above
except that the 02 partial pressure was 10-28 (1.013x10-26 kPa) atm.
which is below the dissociation pressure of Fe304 and Fe0. These two
oxidized alloys were then compared to the untreated alloy for
corrosion resistance to sulfidation in an atmosphere of 0.5%CH3SH in

-
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ot her-all oyi ng constituents such as silicon in anbunts rang- ing from
about 1 to about 2 Wt % BRI EF DESCRI PTI ON OF THE DRAW NGS FIG 1
shows the rate of sulfidation at 538[err]C. (81ll[err] K ) in an atnosphere
of 0.5% CH3SH in argon, of an iron chromumalloy containing 7 wt %
chromum after pro- oxidation at 538 C.-- ¢8l1ll[err] K) for 65 hours in a
COCderr] gas mxture. The figure denonstrates the inpO{ta ce, of .majn-

taini ng thargaygdn 38 a(813PEksulbe dnesults hare graphicahly, depicted; i

above the qisgipeipal i PihePRACsHows CtHy eFfdct’ whéd The] partdaF pressutebef @y the

f
di i at fF Mthin the t t
05215 e ind o ot oo b o T 16T

of sul fi datdnopxfdizedsaPayVenetde rpsistiant to sadfiidatéén @henrdn duntvegted
O o e R IPRS: Tepreienri 88 PVETBAEG) STIEL S ATHE ) pbtbsieRy |1 oo
derr] the treated alloy where the 02 partial pressure is maintained above
the dissociation pressure of Fe304 amd FeO and below the dissociation
pressure of Fep03 at 538°C during oxidation in accordance with the
present invention. The results demonstrate that a factor of 5
corrosion protection was achieved for the 100 hour test with the alloy
treated in accordance with the instant invention.

EXAMPLE 2

An iron chromium alloy containing 1.6 wt% silicon and 7 wi%
chromium was oxidized and then subjected to sulfidation according to
the procedure described in example 1. The results are graphically
depicted in figure 2. Also shown in Figure 2 are the sulfidation
corrosion curves for the oxidized Fe-7Cr alloy and the untreated
Fe-7Cr alloy. The results show that iron chromium alloys additionally
containing silicon lead to a factor of 20 improvement in corrosion
resistance. The silicon containing oxidized alloy is represented by
the line with diamonds (A), the oxidized alloy without the silicon is
represented by the line with squares (B), and the untreated alloy
without silicon is represented by the line with circles (C).
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I s above the di ssociation pressure of Fe[err](err] during oxidation, and
line C, depic circles, Illlustrates the sulfidation rate when the I ron
chroniun1alloiﬂm!ﬂﬁﬂfl MHIH | FIG 2 shows the sul fidation
rate for a oxi m um al | oy prepared in accordance with the

I nstant invention depicted by the Iine Wi-th squares, the sane all oy

W t hout oxidation is depicted by circles, and the sane alloy additionally
containing 1.6 wt % silicon and havi ng under -

CLAIMS:

1. A process for forming protective films on an alloy
substrate comprising:

oxidizing an alloy comprising iron and chromium in an oxygen
containing atmosphere, said alloy containing from about 5 to about 15
wtX% chromium, at a temperature of from about 200°C (473°K) to about
1400°C (1673°K), more preferably 300°C (573°K) to 600°C (873°K),
wherein the partial pressure of oxygen in said oxygen containing
atmosphere is above or equal to the dissociation pressure of Fe30s
from 200°C to 560°C and equal to or above the dissociation pressure of
FeO from 560°C to 1400°C and below or equal to the dissociation
pressure of Fe203 from 200 to 1400°C, and for a time sufficient to
effect the formation of a film comprising iron-chromium oxide
(FeCr204) spinels on the surface of said alloy.

2. The process of claim 1 wherein said oxidation is carried
out by contacting the alloy substrate with an oxidizing atmosphere
selected from carbon monoxide and carbon dioxide mixtures, steam,
steam and hydrogen mixtures, ammonia and steam mixtures and air.

3. An alloy substrate comprising an iron-chromium alloy
containing at least about 5 to about 15 wt% chromium, said substrate
having grown thereon a film comprising mixed spinels of
iron-chromium-oxide.

4. The alloy substrate of claim 4 wherein said iron
chromium alloy further comprises silicon.

5. The alloy substrate of claim 5 wherein said silicon is
present in an amount of about 1 wi% to about 2 wt%.
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gone oxidation in accordance with the instant invention is depicted by
di anonds. FIG 2 denonstrates that'a 20 fold inprovenent can be obtained
when utilizing an iron-chro- nmumalloy that additionally contains

silicon at concentra- tion |levels ranging from1-2% In both FIGS. 1
and 2 the Y axis is reacted sulfur (ng/&r{err]) and the X axis is tine in
hour s. FIG 3 shows the oxygen partial pressures which nust be used over

the specified tenperature range to obtain m xed iron-chrom um spinels on

t he S“”“?\B@?B@T%P’?ﬂ %@P%'& The partial pressures utilizable are
above or W or along line Awithin the tenperature
range of 200-1400 C. Hence, any partial pressure between or along lines A
and B and within the specified tenperature range can be used (as shown by

the hatched At 2% o Low curomium steEEs A LED DESCRPTION

The present invention is a process for forming protective
films on an alloy substrate by: oxidizing an alloy comprising iron
and chromium in an oxygen containing atmosphere, said alloy containing
from about 5 to about 15 wt% chromium, at a temperature of from about
200°C (473°K) to about 1400°C (1673°K), more preferably 300°C (573°K)
to 600°C (873°K) wherein the partial pressure of oxygen in -said oxygen
containing atmosphere is above or equal to the dissociation pressure
of Fe304 and FeO below or equal to the dissociation pressure of Fe203
within the specified temperature range, and for a time sufficient to
effect the formation of a film comprising iron-chromium oxide
(FeCrg04) spinel on the surface of said alloy. In a further
embodiment, the film may additionally contain Silicon.



The process of the present invention is suitable for protecting surfaces
of alloys conprising iron and chromum The anmount of chromiumin such

all oys can vary fromabout 5 to about 15w % In a preferred enbodi nent,
the alloys wll further conprise silicon in an anmount ranging from about
1 to about 2 wt % preferably about 1.5 wt % Suitable alloys are, for
exanple, iron containing 5 w % chromum (Fe-5%r), Fe-7%r, Fe-5Cr-x%Si
(x=about 1 to about 2 wt 9%, etc. and are comrercially avail able. The
commercial alloys would typically contain small concentrations of C (0.15
max), Mi(0.3-0.6), P(0.025 max), S(0.025 nmax), and Md(0.45 to 0.65%.
These el enents at the concentrations indicated, however, do not affect the
oxi dation process to any significant extent. To obtain the protective
films of the present invention, it is necessary to conduct thg~oxidation

under controll ed _— — ()
S D N S SN NN N R S N N B EI -~
a
m
. 1]
O . ) 1 ©
~ o0

S~
- &
- =
- e’
o o
U &
B =
] [} 1
o
N

Reacted Sulfur (mg/cmz)

This Shee{ Has Been Replaced

AR [

EN
i REPLACED




conditi'ons. The tenperature will range from about 200[err] C. (473[err]

K.) to about 1400[err] C (1673[err] K), preferably about 300 (573[err] K
to about 600[err] C. (873 K ), and nost preferably about 550[err] C
(823[err] K.). The partial pressure of oxygen in

t he oxi di zi ng nedi um nust be mai ntai ned at a val ue

Time (hrs)

Reacted Sulfur (mg/cm?)
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depi cted by the hatched area of FIG 3. Such a partia
necessary to prevent the formation of internally oxidized chrom um oxide
parti &l es (which provide no cor- rosion protection) as opposed to surface
spinel filns. The partial pressure of (JQerr] may be selected fromthe
shaded area depicted on FIG 3. As used herein,

pure iron oxides are
oxi des of iron al one and not

I ron oxides in conjunction with
el enental oxides. The present invention requires

of iron chrom um oxi de;
hardly provi des any

pressure is

any ot her
the formati on of spinels
it avoids the formation of iron oxide al one which
corrosion protection in sulfur-containing
environnents. The protective filnms of the present invention, which are a
m xed iron chrom um spinel, inpede the mgration, through the film of
ferrous ions which would forma corrosion product. Any oxidizing nedi um
can be utilized to acconplish the

oxi dation of the present. invention For
exanpl e techni ques
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known to those skilled in the art such as heating in an rﬁw—m
GO Cq err] mxtures, steamHerr] mxtures,. , anbni a: st vh ’
$team air, or any other oxidizing mediumcan be utilikefl as |ong as the
“tenperature and oxygen partial pressure criteria are obsér Qol SEP 19?2e i fre
necessary to carry out the oxidation is not critical and depends on th
depth of the filmdesired and the oxidation tenperaturel Suth criteria aré
readily determin- able by one skilledjin the art. For qxanple.  at. 538f e+t
C. (8l1l1[err] K) an oxidation tine of about 65 hours, provides a spinel
filmthickness of 7 [err]m Longer reaction tinmes wll--be necessary for

| oner tenperatures dOXABXTIQON LOVECHROYADM SIBELS pe dictated by a

bal ance between the oxi- dation, tenperature and the oxidation time in
order to achieve a »p%?%sl i][seéicéhﬂiﬁﬂélmrﬁmﬁiﬁ-of Uldeser paent24,8vent i on can be
utilized to effeg,§ p. 941993 now abandoned.
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FIELD OF THE INVENTION

Chromium steel alloys, containing >15 wt % chromium,
are known to undergo oxidation thereby forming a protec-
tive surface film of chromium oxide which is resistant to
corrosion such as sulfidation. Such steels are rather expen-
sive because of the high cost of chromium. Steels for
refinery construction applications are less expensive, having
arelatively low chromium content of about 5-15 wt %. This
low chromium content is unable to effect the formation of a
corrosion protective chromium oxide film upon the surface
of refinery steels. Hence, such steels are attacked by organic
sulfur cormpounds present in crudes, which react with iron in
the steel, leading to the formation of an iron sulfide corro-
sion product which consumes iron rapidly by providing an
easy diffusion path for the migration of ferrous ions. What
is needed in the art is a method of treating refinery steels
which will control the formation of the iron sulfide corrosion
product, thus providing significantly enhanced sulfidation
resistance.

SUMMARY OF THE INVENTION

Applicants have found that protective surface films which
are resistant to corrosive sulfidation can be formed on the
surface of low chromium refinery steels comprised of iron-
chromium alloys having a chromium content of about 5 to
15 wt %. These films which are spinels (mixed iron chro-
mium oxide solid solutions) are formed by a controlled
oxidation treatment at temperatures ranging from 200° to
1400° C. at oxygen partial pressures slightly higher than
those needed to nucleate FeO and Fe,0, on the surface of
the refinery steel. Both iron oxide and chromium oxide
nucleate on the alloy surface under these conditions, fol-
lowed by lateral growth and reaction to establish this spinel
layer. The spinels formed are corrosion barriers resistant to
attack by organic sulfur compounds.



tion of' filnms ranging from about 5 nicrons to about 50 micr
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desired depth can be easily adjusted by adjust- ing the tine} aped

tenperature of the reaction within the range specified. Such|f
formed in-situ once the alloys are in place;, as for exanple §n
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uch all oys.

vessel s and piping, or can be formed prior to installation o
5 ° As a result of the oxidation, nmethdd of this invention| an

Accordingly, the present invention is a process for form-
ing protective films on an alloy substrate comprising: oxi-
dizing an alloy comprising iron and chromium in an oxygen
containing atmosphere, said alloy containing from about S to
about 15 wt % chromium, at a temperature of from about
200° C. (473° K.) to about 1400° C. (1673° K.), more
preferably 300° C. (573° K.) to 600° C. (873° K.), wherein
the partial pressure of oxygen in said oxygen containing
atmosphere is above or equal to the dissociation pressure of
Fe, 0, from 200° C. to 560° C. and equal to or above the
dissociation pressure of FeO from 560° C. to 1400° C. and
below or equal to the dissociation pressure of Fe,,, from 200°
to 1400° C., and for a time sufficient to effect the formation
of a film comprising iron-chromium oxide (FeCr,0,) spinels
on the surface of said alloy. Spinels are defined as oxides
consisting of two or more metals and are hence mixed metal
oxides. .

The present invention is further directed to a corrosion
resistant alloy substrate comprising an iron-chromium alloy
containing at least about 5 to about 15 wt % chromium, said
substrate having grown thereon a film comprising a mixed
spinel of iron-chromium-oxide.

The alloys of the present invention may further comprise
other alloying constitnents such as silicon in amounts rang-
ing from about 1 to about 2 wt %.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 shows the rate of sulfidation at 538° C. (811° K))
in an atmosphere of 0.5% CH,SH in argon, of an iron
chromium alloy containing 7 wt % chromium after pro-
oxidation at 538° C. (811° K.) for 63 hours in 2 CO/CO, gas

mixture. The figure demonstrates the importance of main-

taining the oxygen partial pressure during the oxidation
process at or above the dissociation pressure of Fe,O, and
FeO and below the dissociation pressure of Fe,O, within the
temperature range of 200°-1400° C. Line A, depicted by
triangles, illustrates the extent of sulfidation corrosion when
the partial pressure of O, during oxidation is below the
dissociation pressure of Fe;0, and FeO, line B, depicted by
squares, illustrates the result when the partial pressure of O,
is above the dissociation pressure of Fe,O, during oxidation,
and line C, depicted by circles, illustrates the sulfidation rate
when the iron chromium alloy is not oxidized.
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iron chrom um alloy substrate having a protective surface film pamgrrg—F ot

about 5 to 50 nmicrons and resistant to corrosive sylfidfation !s.oﬁtq'%ang
When an alloy containing at |east about 1 w %silicon in addit}i o 4 |r8

and chrom umis oxidized, some of the si%icon is incorporated ilnto the
conposition may be representled as

spinet film The 1.fied spinel 5 ]
(IF:)é, Si)or[err] qen%j?G-ﬁ]éh PesBIec sulfidation; @i Tom a AxidiZadinos--eund—o
further suppress choomimnoallty preparedi im acterdance spith tthef inktant ous i ons.

The invention isigvertiver depictedt by tiegline With egeiescte Anidallép! | owing.
eﬁaﬁp! es. | oy o wiéhﬁoig}ti_ o;]:idation Wﬂc@ﬁ%@mﬁ% avai In?b{M e iron
chrom 3 3 )

o err] gas Sggﬁé‘%x? gigﬁd%am gﬁﬂt ‘%%ﬁﬁ:gz ir?fmzééilﬁvenggi i31 Oferr] atm
depicted by diamonds. FIG. 2 demonstrates that a 20 fold
improvement can be obtained when utilizing an iron-chro-

‘mium alloy that additionally contains silicon at concentra-
tion levels ranging from 1-2%. | |
In both FIGS. 1 and 2 the Y axis is reacted sulfur
(mg/em?) and the X axis is time in hours.
 FIG. 3 shows the oxygen partial pressures which must be
used over the specified temperature range to obtain mixed
iron-chromium spinels on the surface of a given substrate.
The partial pressures utilizable are above or along line B and
below or along line A within the temperature range of
- 200°~1400° C. Hence, any partial pressure between or along
lines A and B and within the specified temperature range can
be used (as shown by the hatched area).

DETAILED DESCRIPTION

The process of the present invention is suitable for
protecting surfaces of alloys comprising iron and chromium,
The amount of chromium in such alloys can vary from about
5 to about 15 wt %. In a preferred embodiment, the alloys
will further comprise silicon.in an amount ranging from
about 1 to about 2 wt %, preferably about 1.5 wt %, Suitable
alloys are, for example, iron containing 5 wt % chromium
(Fe-5%Cr), Fe-7%Cr, Fe-5Cr-x%Si (x=about 1 to about 2 wt
%), etc. and are commercially -available. The commercial
alloys would typically contain small concentrations of C

~ (0.15 max), Mn(0.3-0.6), P(0.025 max), S(0.025 max), and

Mo(0.45 to 0.65%). These elements at the concentrations

~ indicated, however, do not affect the oxidation process to
any significant extent. :

. To obtain the protective films of the present invention, it
13 necessary to conduct the oxidation under controlled
conditions. The temperature will range from about 200° C.
(473° K.) to about 1400° C. (1673°K.), preferably about 300
-(373° K.) to about 600° C. (873° K.), and most preferably
about 550° C. (823° K.). The partial pressure of oxygen in




(1,013x10[err] kPa). The tenperature of reaction was 538] LA ,SH ET

K.) and the tine of reaction was. 65 hrs. A second sanple bf e above

all oy was treated as above except that the (Qerr] partial pr sgqtszaﬁW
10{err] (21.013X10[err] kPa) atm which i,s below the disso¢i ftion pressure
of Fe[err](Jerr] and FeO These two oxiéi zed alloys were them—eefpared (O
the untreated alloy for corrosion resistance to sulfidatio in an

at nrosphere of 0.5%{err]SH in argon at 538 C. (811 K ). The-TesSUIt{s are
graphically depicted in FIG 1. Line A shows the effect when the partial
pressure of O et oxidizing nmiediwai novushies anEiBAAEd s 8k i &tYBPE pressure of

Fe[err]Jerr] angdefiefd Bychhamatotied ansh af | FIG. 3. 1Sk gepatighnt to

sul fidation than w&t{?ﬂ&% Ii8¥prevémane fopmaden Wfdntemmallyt r eat ed al | oy,
and line B repre eggsqé [ T i b%é/yg@ @hicgh i@ b ¢uctial pressure
i s maintained ab8¥E!E cﬁ{qa essug of 128 leﬁfrhg'?ﬁé] and FeO and

. [
bel ow t he di ssocTReRPIPEELOT @scgpposgd 10 surface §
partial pressure of O, may be selected from the shaded area

depicted o FIG. 3. As used herein, pure iron oxides.are
oxides of iron alone and not iron oxides in conjunction with
any other elemental oxides. The present invention requires
the formation of spinels of iron chromium oxide; it avoids
the formation of iron oxide alone which hardly provides any
corrosion protection in sulfur-containing environments. The
protective films of the present invention, which are a mixed
iron chromium spinel, impede the migration, through the
filmr, of ferrous ions which would form a corrosion product..
Any oxidizing medium can be utilized to accomplish the
oxidation of the present invention. For example techniques
known- to those skilled. in the art such as heating in an
atmosphere of CO:CO, mixtures, ' steam:H, mixtures,
ammonia:steam. mixtures, steam, air,.or any other oxidizing
medium can be utilized as long as the temperature and
OoXygen partial pressure criteria are observed: ,'
The .time necessary to carry. out ‘the oxidation is mot
critical and depends on the depth of the film desired and the
oxidation temperature. Such criteria are readily determin-
able by one skilled in the. art. For example, at 538° C. (811°
K.) an oxidation time of about 65 hours, provides a spinel
film thickness of 7 um. Longer reaction- times .will be
necessary -for lower temperatures of reaction: ‘The overall
economics will be dictated by a balance between the oxi-
dation: temperature and .the oxidation time. in’ order to
achieve a desired film thickness. " S
The present invention can be utilized to effect the forma-
tion. of films ranging from.about I microns to about 50
- microns. The desired depth can be easily adjusted by adjust--
ing the time and/or temperature of the reaction within the
range specified. Such films can te formed in-situ.once.the
alloys are in place, as for example in refinery vessels and
piping, or can be formed prior:to installation of such alloys. -




Fe[ercJ.err] at 538[err] C. during oxidation in ‘accor dan{RE
present invention. The results denonstrate that a factor
protection was achieved for the 100 hour test with the aljo

aceordance with the instant invention. 5
6 EXAVPLE 2 An iron chromu
1.6 w %silicon and 7 w % chrom um was oxi di zed and tHen subjected to

As a result of the oxidation methad of this invention,.an .
iron chromium alloy substrate having a protective surface
film ranging from about 5 to 50 microns and resistant to.
corrosive sulfidation is obtained. Whean an alloy contzumng
at least. about 1 wt % silicon in addition to iron and
chromium is oxidized, some of the. silicon is incorporated
into the spinel film. The modified spinel composition may be
represented as (Fe,S5i)Cr,04. The presence of silicon in the
film is found to further suppress corrosion by hindering the
transport of ferrous ions.

The invention is further illustrated with reference to the
following examples. '

EXAMPLE 1

A commercially available iron chromium alloy containing
7 wt % chromium was oxidized by treatment with a CO: CO
gas stream and ‘at an O, partial pressure of ~107*
(1,013x107%* kPa). The temperature of reaction was 538° C.
(811° K.) and the time of reaction was. 65 hrs. A second
sample of the above alloy was treated as above except that
the O, partial pressure was 1072% (1.013x107%° kPa) atm.
which is below the dissociation pressure of Fe;O, and FeO.
These. two oxidized alloys were then compared to the
untreated alloy for corrosion resistance to sulfidation in an
atmosphere of 0.5%F;SH in argon at 538° C. (811° K.). The

results are graphically depicted in FIG. 1. Line A shows the

* effect when the partial pressure.of O, is not maintained

above the dissociation pressure of F«':.,O4 and FeO. Such an
oxidized alloy is less resistant to sulfidation than an
untreated alloy. Line C represents the- untreated alloy, and
line B rcprcsents the treated alloy where-the O, partial
pressure is- maintained above the dissociation pressure of .
Fe,0, and FeO and below the dissociation pressure of .
Fe,O, at 538° C. during oxidation in accordance with the
present invention. The results demonstrate that a factor of 5
corrosion protecnon was achieved for the 100 hour test with
the alloy treated in accordance with the instant invention.



sul'fldatlon according to the procedure described in exa
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results are graphically depicted in FIG 2. Al so shown

| 1 oy and the
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i nprovenent ifn

sul fi dation. corrosion curves for the oxi- di zed Fe-7
untreated Fe-7Cr alloy. The results show that iron chr
additional ly conrain- ing silicon leadgto a factor of |2

corrosion resi stance. The silicon containing oxidized falloy I's repre-
thout the

sented. by the line wth di anondgx(£Nipitfe oxi di zed all

silicon is represented by the Iine wth squares (B), and the untreated

all oy without si IA@mﬂ@h:bﬁEﬁﬁﬁﬁﬂé @oﬁmldohpslwo%w@fl%f'es (Q. \Vhat

is claimed is: 7 g 9‘\&51%§§§§}
substrate conpry
an OX|d|Z|h§§ ng§8£§¢é¥9 lgﬁﬁkﬁ 1y exampleout
e rcsults are graphically. ..cplctcd in{IG. 2. Also shown
-in FIG. 2 are the sulfidation. corrosion curves for the oxi-.
dized Fe-7Cr alloy and: the untreated-Fe-7Cr alloy. The
results show that iron chromium al}oys addmonally contain-
. ing silicon lead to a factor of 20 i Improvement in corrosion
resistance. The- silicon containing oxidized. alloy is repre-
sented. by the line with d1amonds (A), the oxidized alloy
without the silicon is represented by the line with squares
(B), and the untreated alloy w1thout silicon is represented by
the line with circles (C).
What is claimed is:
1. A process for forming protccuvc films on an
substrate comprising:-

oxidizing an alloy comprising iron and chromium in an
oxidizing atmosphere, said alloy containing from about
5 to about 15 wt % chromium, at 2 temperature-of from
about 200° C. (473° K.) to about 1400° C.(1673° K.),
wherein the partial pressure of oxygen in said oxidizing
atmosphere is above or equal to the dissociation pres-
sure of Fe;0, from 2007 C. to 560° C. and equal to or
above the dissociation pressure of FeO from 560° C. to
~ 1400° C. and below or equal to the dissociation pres-
sure of Fe,O; from 200° to 1460° C., and for 2 time
sufficient to effect the formation of a ﬁlm comprising
~ iron-chromium oxide (FeCr,O,) spinels on the surface
of said alloy wherein said oxidizing atmosphcre is a
CO:CO, atmosphere.

2. An alloy substrate comprising an iron-chromium aIon
containing at least about 5 to about 15 wt % chromium, said
substrate  being oxidized. in a CO: :CO, atmosphere and
having grown thereon a film comprising mixed spmels of
iron-chromium-oxide.

3. The alloy substrate of claim 2 wherein said iron
chromium alloy further comprises silicon.

4. The alloy substrate of claim 3 wherein said silicon is
present in an amount of about ! wt % to about 2 wt %.
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5 to apbout 15 wt % chromum at a tenperature of from al 1
(473[err]K.) to about 1400[err] C (1673[err] K, wher REPL ﬁ 1 HEET

pressure of oxygen in said oxidizing at nosphere is abovd dr equal to

t he di ssoci ation pres- sure of Fe[err]err] from 200 erj]|C.O4SEP 997
560[err] C. and equal to or above the dissociation pressurg of FeO from
560 C. to 1400[ err] C. and below or equal to the dissociltrompres-
sure of Fe[err](err] .from200[err] to; 1400[err] C, and forja tine
sufficient to effect the formation of a filmconprising 1 ron-chrom um
oxide (FeCr[err]Jerr]) spinels on the surface of said alloy wherein
sai d oxidi zi ng atnosphere is a CO Cd err] atnosphere. 2. An alloy

substrate conprising ‘an iron-chr g I i pi ng,at ast about 5 to
about 15 wt % chrom um said submébe%gﬁmi C‘Etgq/f:ﬁ‘a Co Ccderr]

at nosphere and having grown thereon a filmconprising m xed spinels of
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| ron-chrom um oxi de. 3. The alloy substrate of claim?2
chromum all oy further conprises silicon. 4. The all oy

3 wherein said silicon is present in an anount of about 1
w "%

%to a
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VWhat ks clained is: 1. A process for formng protectivefiluos on an
aly oy substrate conprising: oxi di zing an all oy conprisi1uﬂﬂyggﬂﬁENT'SHEET

chromumin an oxi di zi ng atnosphere, said all oy contaj nfrg—trtonmrabottt
5 to about 1 5w %chromum at a tenperature of from

C. (473[err]K) to about 1.400[err]C. (1673[err] K),

partial pressure of oxygen in said oxidizing at nosphef elis_ahove or

opePd SEPE9 "

equal to the dissociation pres- sure” of Fe[err](err]{from200[err] C

ok ol

to 560[err] C. and equal to or above the dissoci ati ontpresstre—at—+eS

fromb56[err]Cto 1400[ err] - C and bel ow or equal

to the dissociation

pres- sure of Fe[err](err] from200[err] to 1400[err] C, and for a
tinme sufficient to effect the formation of a film conprising
iron-chrom um oxide (FeCr[err](err]) spinels on the surface
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of said alloy wherein said oxidizing atnmosphere is a
at mosphere. 2. An alloy substrate conprising an iron-
containing at |east about 5 to about 15 wt % chrom um

oxi di zed. in-a-Co-Cderriatnosphere and having grown t

pr
pr

conprisin f 1ron-chrom um oxi de. 3. T
of claim ﬁ!m “ ““on chrom um al loy further com
The al |l oy oscl*a|m3 wheréin said siliconis

of about 1 wt %to about 2 wt %
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What is claimed is:

1. A process for forming protective films on an alloy

substrate comprising:-

oxidizing an alloy comprising iron and chromiuvm in an

oxidizing atmosphere, said. alloy containing from about
5 to about 15 wt % chromium, at a temperature-of from
about 200° C. (473° K.) to about 1400° C. (1673° K.),

- wherein the partial pressure of oxygen in said oxidizing

atmosphere is above or equal to the dissociatien pres-
sure of Fe;0, from 200° C. to 560° C. and equal to or
above the dissociation pressure of FeO from 560° C. to

* 1400° C. and below or equal to the dissoctation pres-

sure of Fe,0; from 200° to 1460° C., and for 2 time
suﬁicxent to effect the formation of a flm comprising

n-chromium oxide (FeCr,O,) spinels on the surface
of saxd alloy wherein said oxidizing atmosphere is a
CO:CO, atmosphere.

2. An alloy substrate comprising an iron-chromium aIon
containing at least about 5 to about 15 wt % chromium; said
substrate being oxidized. in a CO: C()2 atmosphere and
having grown thereon a film comprising mixed spmels of

tron-chromium-oxide.

3. The alloy substrate of claim 2 wherein said iron

chromium alloy further comprises silicon.

4. The alloy substrate of claim 3 wherein said silicon is
present in an amount of about 1 wt % to about 2 wt %.
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