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This invention relates to a.ustenitlc chrom1um— ’

nickel steels for use in chemical service in the
welded condition, and ‘more particularly to a
method for enhancing the. resistance of such
steels to intergranular corrosion.:

Austenitic chromium-nickel steels, for example
the.18% chromium-8% nickel and 25% chromi-
um-20% nickel are noted for their excellent re-
sistance to corrosion.. However the precipitation
of chromium carbide, which  occurs when the
steels are heated at temperatures between 400°

and 900° C. such as during welding, renders these-

steels susceptible to grain boundary. attack. In
this condition, the steels may fail’ by intergranu-
lar corrosion when exposed to. rela,twely weak
corrosives.

A number of methods to ehminate the inter-
granular susceptibility of these steels have been
proposed; namely, heat-treating at temperatures

above about 1000° C. and- -¢ooling rapidly, lowering

_ of carbon content,.cold working the steel and
subsequently prec1p1tat1ng "the carbides and ren-
dering them harmless -by. suitable coagulating

" heat-treatments, adJustmg the chromium or

nickel contents to form .an .austenitic strueture &

. with some delta ferrite, and introducing such
elements as columbium or:titanium. which pref-
_erentially combine with - carbon: and form more
insoluble. carbides than chromium.: - -

None of these methods has proved completely
satisfactory by reason of such factors as. cost,
limited practicality, inadedquate ‘corrosion resist-
ance, decreased hot-workability, limifed weld-
ability and formability, and combinations of these
and related factors.. For example, to reduce costs
there is a great demand for cheaper austenitic
chromium-nickel steels: than those containing
columbium or t1tamum ha.vmg -good weldability
and good resistance to 1ntergranula.r attack after
limited periods of heating: in the carbide precipi-
tation temperature range..-In the majority of
service conditions, in which the austenitic chro-
_mium-nickel. steels are usable, the steels:are not
exposed’ to the:detrimental temperature ‘range

_for prolonged periods of- time, hence:they do.not..
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low- carbon steels because of carbon plckup dur-

ing melting and processing which renders them

unsuitable for resisting intergranular corrosion
after fabrication. Thére is, accordingly, a great
need for steels having an effective degree of inter-
granular corrosion’ resistance at carbon-levels
greater than 0.03% maximum :to- allow for- the
above-mentioned manufacturing difficulties.
The object of this invention-is to fulfill tlns
need. More specifically, it is:the object of the
invention to provide a method: for: improving the
resistance to intergranular corrosion of austénitic
chromium-nickel steels containirig:16% t6 256%
chromium, 5% to 25% nickel, up to 3% molyhde-
num, up to 0.2% nitrogen,and up: to about:0. 06%

~ carbon, -under conditions in which the: steel ‘is
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exposed for only limited periods of time: at: tem-
peratures in ‘the -carbide: precipitation:range.:
The invention; by méans of which. thésé objec-
tives are achieved, is based on the discovery that -
the " resistance - of austemtlc chromium-nickel
steels, containing 16% to 25% chromium, 5% to

‘25%. nickel, up to 3% molybdenum, up to 0.2%

nitrogen, and up to about 0:06 % carbon, to-dam-
aging carbide. prec1p1tat10n after short periods of
heating in the carbide precipitation-temperature
range is substantlally increased if the composi-
tion of the steel is so regulated that it falls on-the
phase boundary line: separating fully; austenitic
steels from steels containing some ferrite.: “The

- invention accordingly: comprises “such steels to
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need the. complete immumty to sensitization to =

intergranular corrosion-that more extended heat-

ing requires.: It has been proposed to use steels -

containing.0 03% maximum,. carbon. for this pur-
pose because they possess- excellent res1sta.nce to

intergranular attack-after Jlimited periods of. ex-

. posure to.. temperatures in the sensitizing range,
_such as those encountered dunng welding, and
they are cheaper than-the fully -stabilize te

’ (‘It is dlﬁlcuw ,

owever,,to make- these extremely' 20
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which has been imparted resistance -to. inter- -
granular corrosion after exposure to conventional
fabricating heating cycles such as welding and
stress-relieving, for example, by balancing the
composition of such steels so that they: are fully
austenitic in the annealed.condition by incor-

porating nickel in such steels in a-proportion de-

termined by the proportions of the-other: con-
stituents ‘and an -equation fo -be. given: ‘helow.
While it is generally felt that an:austenitic: strue-

ture -is, advisable - from: the "standpoint- of: hot-

workabmty and: corrosion- resistance,” suscepti-
bility- to intergranular :attack:increases :as: the

_alloy:content of the steel is increased-beyorid that
,requ1red by the phase boundary. relationship:fo.

form a completely austenitic structure. =

In general, the method of the: inventmn is7ap-
phca,ble to steels containing: 16% to 25%: chronti-
um, 5% -to 25%: nickel,; rand -at -least”50 %= iron.
Such steels conventionally: conta,m up to 1% sili-

-con-and 0.25% 10 2.5.% manganese; bub it is’pre- -

ferred that the silicon.and: mariganese ‘contents

: _do not. exeeed 0.5% 10.1.5 % réspectively:: Carbon
;may be present up.t0-about-0.06%

v_.Prefera,bly, it
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should not exceed 0.04% . Nitrogen may be pres-
ent up to 0.2%, and it should not be less than
0.10%. Such steels may also contain up to 3%
molybdenum.

In regulating the composition of the steel for
the purpose of obtaining enhanced resistance to
intergranular:corrosion, as described herein, it.is
convenient to have the phase boundary between

fully austenitic steels and steels composed of

austenite and ferrite expressed mathematically:

g 4

about 0.25% and preferably should be held at
about 1%. The molybdenum content may be ex-
tended to 3% ‘if greater resistance fo reducing
conditions is desired, but there is some sacrifice
in resistance to oxidizing acid conditions when
the molybdenum content exceeds about 1%.

~When. nickel*is*partially replaced: with nitrogen,
it is advanhtageous to*add at least 05% to 1%

_molybdenum to the steel to offset the loss of re~

for any given set of conditions. Several such re-
lationships for austenitic chromium-nicke] steels -

may be found in the literatiure and in general

they reveal the attendant micro-structure for &'y

given composition. These equations: show -the. .-

extent that variations in carbon, nitrogen, man- - -

ganese, nickel, chromium, silicon, and molybde~ .

num affect the structure balance of a steel. How-
ever, it is well recognized that these relationships
represent the conditions under which the steels
were tested and they do not hold if the conditions
differ appreciably from those employed in the de-
velopment of the equation. For example, an
equation developed for wrought metal cannot be
applied directly to cast metal or welds because of
the differences in homogeniety which exist be-
tween the structures and such differences change
the value of the-constant term in the equation.
Another factor influehcing the constant term-is
cold-work. ~An equation, based on the amount of
ferrite present after a given amount of cold-work,
will differ significantly in the constant term from
one derived on the basis of the amount of ferrite
presént after annealing only. : For these reasons,

it is preferred to use the following equation be- }

cause it :is based on the:evidence supporting the
invention and therefore is'more suitable in carry-
ing out the method described herein:

' 7N1_(%Cr+1 8 (%Mo)-{—2 5 (%Sl)—-l(’))2

3—30 (%C) -36 (%N) —=0.5 (%Mn)
The equation’can be used to determine whéther
‘@ steel is fully a,ustem’mc or partially ferritic in
the annealed: condition’ without examining ‘its
micro-structure. For: example, if the nickel con-
tent of the steel is greater than that given by the
equatmn, the steel will be: fully austenitie; and 1f
less, it will be partially ferritic. -

A feature of ‘the invention: is the crlt cal pro-
portlonmg of “the ‘nickel and’ nitrogen contents.
If the nickel ‘content is significantly gr eater than
the amount required to render the steel in' the
annealed condition completely austenitic in ac-
cordance with' the phase boundary relamonshlp,
the intergranular  corrosion resistance of ‘the
steel is lowered.- It is believed that nickel' de~
creases the tolerance of the steel for carbon -If
nitrogen‘is utilized in conJunctlon with mckel 1o
form austenite, the resistance of the steels falhng
on the phasé boundary line to° 1ntergranular at-
tack can be further increased. Nitrogen: does not

‘increase intergranular susceptlbmty t0 the same
-?65

‘extent as carbon when the’ per1ods of: heatmg in
-the damaging range ‘are ‘short.” It preferred
that the. mtrogen -cotitent * be- held‘’at  abouit
-0.15% for this ;purpose, bt it should not’"exceed
the ‘amount that the steel- can safely ‘hold" in
solition "during “solidification ag othe1w1se tne
soundness ofithe metal will bé affected :
“The resistancs of the steels to mtergranular
~corrosion may~be-further increased by 1ncorpo~
Tating: molybdenuin - in the steel:
" pose, the™ molybdenum dontent: should ‘exceéd

“For this pur-
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- sistance to reducing conditions due to the low-
so that the optimum composition can be selected. ..

ering -of. nickel.
The résistance of -the steels to intergranular

“attack is greatly: ine¢reased if the carbon content

slheld ‘at-4 maximum of 0.04%. Low-carbon

~'steels ard particilarly required if the steels are
to be welded: and stress-relieved during fabrica-
‘stion.- It has been noted that the short period of

heating in the carbide precipitation temperature
range - during welding coupled with a heat-
treatment of 2 hours at 870° C. for the purpose
of stress-rellevmg is Tar miore ‘damaging to’the
corrosion “resistance ‘of the 'steelthan the iso-
thérmal heat tréafments normally employed to
simulate - weldihg - conditions: for test pUrposes.
‘Where partlcularly heavy sectrons are “involved
especmlly where it is necessary to weld ‘'siich sec-
tions or otherw1se heat them- to ‘a’ temperature
within the range of 400 to 900° c., 1t is adv1sable
to keep the: carbonless than 0. 04%.

As is well understood by -those sk1lled 1n the
art, it is generally not poss1ble fo secure an exact
composition, and in the endeavor to obtam the
preferred’ composmon, the Tesults are likely to
vary within certain’ limits. Dewatlons w1th1n the
following ranges ‘are permissible withiout . greatly
impairing the resrstance of the steel fo _inter-
granular corlosmn ' A

T CE0.005%
‘N-£0.03% °
Mo+0 25%

Wh11e the method embodymﬂ the mventlon
‘does not necessitate the exclusion of" ‘any compo—
sitions withi th n’ges desenbed herem that

‘conform’in composmon “With the’ requlrements

--of the phase boundary relatlonshlp, it'is preferred
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-for ﬁve perlods of 48‘ hours each"

that the compos1 ons fall w1th1n the followms
harr ower range )

C0.02% 00, 045% -
-'?Mn—-075%t0175%, o
81—02% t006% - -
Ni-5%to 129
CCr11%t020% T
*'Mo—0:25% t03% -
N—0.10% t0020%

Illustraln- e examples showing the eﬁect of -

‘creasing’ the ‘total alloy ‘content beyond that néc-

essary to orm an austemtm structure on ‘the" re-

5\10-

-Jected to an Ch elerated corrosmn test consls’cmg

of immersing the steel in oiling 65% mtrxc acid
ctor b

..sufn‘cxent .

‘nickel iy re a’aon to‘lts chromium ‘stlicon; man-
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B
ganese, nitrogen, and carbon contents to render
the steel fully austenitic in the annealed condi-.
tion. In each series, the nickel content was in-.
creased beyond the amount required fo form an
austenitic structure, and it is clearly seen that as
the total alloy content of the steel increases it
becomes less resistant to intergranular atfack in
this test medium. S

8 .
In Taple III are ‘typical examples of sieels
made in accordance with the invention, and the

. accompanying corrosion data illustrate.the ex-

:cellent resistance to intergranular corrosion ex~

hibited by these steels after-heating for short
periods of time in the detrimental temperature
range. 'The corrodent employed -in the tests
consisted of 10% nitric acid-3% hydrofluoric acid

Table I T
Composition, Percent—Remainder Fe Cq¢g$;2%§ggi’§fggtf ene-
Cr Ni Mn Si C N A B

18,37 10.88 | 1.09 0.32 0.024 |. 0.029 0. 00056 0. 00080
18. 51 11,82 1.32- 0.51 0.023 0.026 0. 00058 0.00084
17.92 12.64 1.27 0.50- 0.022°| -0.027 0. 00053 0. 00069
18.02 14.97 - 1.43 0.47 0.026 | ..0.027 0. 00055 0.00197
20. 52 12,71 1.24 0.54 0.028 | 0.039 0. 00053 0.0050

20. 36 15.24 1.39 0. 47 0.028 | 0.035 0. 00039 0, 0125

20,61 18,32 | L35 0.53 0.037 | 0.034 0. 00042 0. 0350

18.3 6.5 1.2 0.4 0.030 0.115 0. 00088 0. 00092
18.3 80 1.2 0.4 0.030:| - 0.113 0. 00072 0. 00074
18.25 10.15 1.24 0.4 0. 030 0.110 0. 00065 0.00191
18.3 6.5 1.2 0.4 0.033 0. 146 0. 00099 0. 00099
18.3 8.0 1.2 0.4 0.033 0.144 0. 00076 0. 00081
18.35 10, 47 1,20 0.40 0.033 0.153 0. 00075 0. 00250
18.31 12.50 | 1.22 0. 46 0.033 | 0.176 0. 00062 0. 00170

A=Heated 10 minutes at 1075° O. and air-cooled: -
_B=Heated 10 minutes at 1075° C., air:cooled,’ then
air-cooled. . RS ;

Many tests have shown that the method of im-
proving intergranular corrosion resistance de-
seribed herein is applicable to a wide variety of
compositions falling within the limits of compo-
sition set forth above. Several examples of steels
containing nitrogen or molybdenum or bothi are
given in Table IT to illustrate further the inven-
tion. The steels in Table II were also tested in:
boiling 65% nitric acid, but, in these tests, the
samples were exposed for three periods of 48
hours each after heating 15 minutes at 1125° C.,
air-cooling, then heated 2 hours at 650° C. and
air-cooling. 'As in Table I, the first steel in each
series is in accordance with the invention.. Again
it is seen that as the total alloy content is raised
above the amount required to form an austernitic
structure, in these cases by increasing nickel, re-
sistance to intergranular attack decreases. - It
‘will be apparent that steels made by the method
described herein need not be annealed after being
exposed to the detrimental range for short -pe-
riods of time as in welding, to avoid subsequent
intergranular atfack in service.
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'hpea'ted 1 hour at 650° C. and

heated to 70° C.; and the tests were conducted

for 5 periods of 1 hour each. This solution is
extremely corrosive and provides a sensitive and
rapid test for revealing intergranular suscepti-
bility' due to carbide precipitation at the grain
boundaries. -Prior to heating in the detrimental
range, the test samples were held 15  minutes

“af 1125° C.and air-cooled. . The composition of

the steels -included in the tablé meets the re-

 quirements of the phase:boiundary relationship
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for a completely austenitic structure, and they
fall within the allowable . variation. limits de-
scribed above. These data clearly indicate that

- steels made “in - accordance with this invention

so effectively retard carbide precipitation that,
when heated in the detrimental temperature
range for short periods of time as in. welding,
they will retain substantially all of their initial
corrosion resistance .in subsequent exposure to
severe corrosive conditions. “In.this respect, the
steels’ containing  in excess of 0.10% -nitrogen
and 0.5% molybdenum are especially noteworthy.

Table II -
Composition, Percent—Remainder Fo nggtg:%ggn%%geivﬁggh

Cr Ni Mn Si Mo C N A B

18 5.0 1.5 0.5 0.057 | 0.145 0.00113 0.0021
18 6.0 1.5 0.5 0.051 0.145 0. 00101 0. 0049
18 7.0 1.5 0.5 0.051 | 0.144 0. 00086 0. 0054
18 6.0 1.5 0.5 0.5 0.060 | - 0.166 0. 00094 0. 00108
18 8.0 15 0.5 0.5 0.050 | 0.158 0. 00088 0. 00180
18 10.0 1.5 0.5 0.5 0.060°| 0.139 0.00079 0.00825
18 7.0 1.5 0.5 | 10 0.06 0.17° 0. 00085 0. 00098
18 9.0 1.5 0.5 L0 0.06 0.13 0. 00079 0. 00379
18 10.5 1.5 0.5 - L0~ |. 0.058 0.04 0. 00057 0. 00191
18 15.0 L5 0.5 1.0 0.050 |- 0.04 0. 00088 0. 00420
18 9.0 1.5 0.5 |- 2.0-{-0.054 | 0:166 0.00076 0. 00120
18| 15| s | o5.| 20 | o04| 0159 0.00141 | 0.00830

A =THeated 15 minutes at 1125°.0. and gir-cooled,.
B=Heated
air-cooled. -

15 minutes at 1125° C., air-cooled, then ﬁqate@‘é‘ﬁdurs at660° Coamd T . 7T
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i Table IIF IO
Percent 'Compbéiti’on, Remainder Fe and*‘ oF Oorrosmn Rate, Inch Penetra-
: k 5oun18% Crit L RCTERY KOMANINRN n (1) per month

Ni [Mo] sicfMel ol Nl oA | B O D

60 | sl “osl: 0.146 1 0.91 ‘0.87] 0.75| 0.9 -

6.0 1.5 0.5 0.16 0.46 0. 52 0.51| 0.53

7.0 1.5 0.5 0.17 0.37 0.35 0.36{ 0.35

7.0 1.5 0.5 0.17 0.31 0,34 ceacn | eomes

9.0 L5 0.5 0.167 0.11 0.13 0.13 0.12
10.0 15 0.5 0.135 0.04 0.05 0.03{ 0.03

A Heated 15 minutesat 1125° C. and air-cooled. ;
]Elfeéa.ted 15 minutes at 1125° C. and. air-cooled, heated 2 hours at 650° C. and
aKOCO(ifeated 15 minutes at 1125° C. and air-cocled, heated 14 hour at 750° C. and
auﬁzoollfe%‘ted 15 minutes at 1125° C. and air-cooled, heated 2 hours at 870° C. and
air-cooled.

The excellent resistance of steels made in
accordance with the invention to intergranular
corrosion is further illustrated in Table IV.
The corrodent in these tests consisted of boiling
65% nitric acid; and the tests were conducted
for 5 periods of 48 hours each. The corrosion
rates after. the fifth test period are given iin
the table. These dafa show that the steels con-
templated by the present invention are well
suited for service in nitric acid after exposure
to the detrimental temperature range for limited
periods of heating when properly selected with
respect to molybdenum content.

molybdenum; 6.02% to 0.06% carbon; 0.25% to
2.5% manganese; up to 1% silicon; and 0.1% to

20 0.2% nitrogen, the remainder iron, the nickel
- content of such steel being substantially equal to:

(%Cr+1 8 (ToMo)1-2.5 (7,81)— 16)2
12,

. 13—30 (%C)——36 (%N)——O 5 (%Mn)

2 Chromium- mckel ‘steel. fully austenitic in
the annealed condition and containing 17% to
209% chromium; 5% to 12% nickel; 0.25% to
3% molybdenum; 0.02% to 0.045% carbon: 0.75%
to 1.75% manganese; 0.29% to 0.6% silicon; and

30

Table IV
Percent vavniposition, R‘emainder Fe and’ Corrosxou Rate, Inch Penetratlon

- 18% Cr: : - 3 per-mont! .

. Ni- | Mn | Si .| Mo c N A B C D
6.0 L5 0.5 .2...] 0032 -0.144 } O.k 00094-] 0. 0ﬁ103 0.00090 |.0. 00094
6.0 |.15| 057.0.5| 0.036|.0.16.'} 0.00099 | 0.00145 | 0.00111 | 0.00092 |.
6.5 1.5| 0.5 0.5°| 0.042 [ 0.140 |-0.00068 | 0.00240°| 0.00205 | 0. 00092
7.0 L5 0.8 [..1.0}..0.039 | - 0.170. 0.00113.| 0.00135 {. 0.00108 | 0.00090

9.0 1.5 0.5] 2.0 ) 0. 0§1 0. 167‘ 0. 000'(9 0. 00250 O. 00470 0, 00150

=Heated 15 minutes at 1125° C and air- -cooled. ©

B Heated 15 minutes at 1125° C., air-cooled, then heated 2 hours at 650° C. and

air-cooled.
C=
air-cooled.

=Heated 15 minutes at 1125° C., aur ~¢cooled, thén heated V5 hour at 750° C. and

D= Heated 15 minutes at’ 1125* C air- cooled then heated 2 hours at 870° C and -

air-cooled.

In the process of proving this invention, &
large number of steels have been made and
tested for the purpose of establishing the limits
of the invention.. The data obtained permit. the
conclusion that steels made:in accordance with
the invention possess-superior resistance to inter-
granular attack. While an improvement is de-
rived in every case, it will be apparent that not
all steels embodying the invention will possess
the same degree of intergranular corrosion resist~
ance. It will be apparent, for example, that
alloy constituents such as nitrogen and molyb-
denum, may be used with beneficial results. It
will also be apparent that, while the maximum

prermissible carbon content varies with composi~

tion, for extremely severe conditions it is pref-
erable to keep the carbon at about 0.04%. -And
finally, it will be apparent that the choice of.com-
position will depend on the service conditions to
be encountered. ’

This invention is in part a continuation of
our application Serial No. 748,110, filed May 14
1947, now abandoned.

We claim:
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1. Chromium-nickel steel fully austenitic in

the annealed condition and containing 16%: to
25% chromium; 5% to 25% nickel; up to 3%

11

0.1%.t0 0.2% nitrogen, the remainder :1'ron the
nickel content of such steel. bemg substantially
equal to: :

(%Cr+1.8 (%Mo)+2 5 (%Sl)—16)2
12
13-30 (%C)—36 (%N) 0 5 (%Mn)

and such steel being characterized by resistance
to intergranular corrosion after exposure to con-
ventional fabricating heating cyecles.

WILLIAM O. BINDER.

JAMES THOMPSON.
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