'~ June 16, 1936.

2400

2000

~ ~
A )
S S R
S QS Q

TEMPERATURE FAHRENMHEIT
A
S

2,044,743

E. C. BAIN ET AL
' TREATING AUSTENITIG STEEL
Filed May 4, 1935 3 Sheets—Sheet 1
T T T T T T T 1
ﬂ LIQUID -
— — 7400
. ‘ o ‘//’_
. AUSTEN/ITE //// - 7200
/// | : :
_— /// : pr—
—~7 [Nﬁ _
- ///li — 7000
s j .
- y_
— 7
/ Ny .
/ 5— 800
—/ v
/ N_
1 Eow
1 AUSTENITE anvo FERRITE &#_
g )
| ' . I
| FERRITE Q
[ oeveLoPED By coLo wors S| 200
| * X
I ]CAfE’OI/V vCl:’O/VlTEl}/f' | I
T
05 10 .75 .20 .25 .30 .35 .40
INVENTORS
' Locar C B

gy ROFERT 7. As0RN.

s

ATTORNEYS



2,044,743

3 Sheets-Sheet 2 -

E..C. BAIN ET AL
 TREATING AUSTENITIC STEEL
- Filed May 4, 1935

June 16, 1936.

| ———gnioH R : SYNOH—= .

RS
N

V72"

%

- ATTORNEYS

care .,
SERT /7.,
-~

o o % o o - 10 o7 A o
o : m | - %Q\L‘Qh g 24 \h.gQ\’O/\\
1 : - IR
: T P B
005—— ———F
PRRCLY.IZ & T Iz e
3 ok ke 1T 98¢
b D [~y 73 - T .v
LN \ = o |
. | mw 2 2
s N = = ) DIED [Mjossip g
o I s o =" DAl . T B o . i 2 22 i
(<) . .
. -I\oM s P &WN prad . ) gﬁﬂk.
: P~ gu‘\w . | g \\ ° :
o S - . - - . -
. 1] F4 T ~ | I |
sonl— L9 &@N.GA.//./_// . |t V| Ly ,
. ¥ JARNN | B VOSSG SRITEI T
: I A //.WWT 1o _ .
M\.mﬁ.x\\\:g\ o b«\hEQQmQﬁ\ SO OZYOYSALIYY Fo - 280 Ypmo-gr Lt .bkmk\ctu«m\_ PG

o lapir

Lo
Ao

BY



June 16, 1936. E. C. BAIN ET AL 2,044,743
: ) TREATING AUSTENITIC STEEL )
Filed May 4, 1935 - 3 Sheets-Sheet 3

£ CBINVEI\FI‘ORJ
OGARL.LIA/N, .
beaz,erhf Asorcn:

ATTORNEYS

B



5

10

13

20

25

30

40

45

50

55

Patented June 16, 1936

2,044,743
TREATING AUSTENITIC STEEL

Edgar C. Bain and Robert H. Aborn, Short Hills,
N. J., assignors to United States Steel Corpo-
f-ta.tion, New York, N. ¥., a corporation of New

ersey ‘

Application May 4, 1935, Serial No. 19,865 -

4 Claims. (CL 148—12)

2,044,743
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- 'This invention relates to iron and stcel alloys
and more particularly to those alloys containing
carbon, chromium and nickel in such relative
proportions as to produce what is known in the
art as stainless steel of the austenitic type. A fa-
miliar example of this type of steel is the approxi-
mately 18% chromium, 8% nickel alloy kriown
as “18-8” which however may carry either more
or less of the alloying elements than indicated.
The invention is equally applicable to all such al-
loys as are austenitic even though the nickel
content ranges as widely as from about 6% to
about 50% and with chromium between about
10% and 40% with or without various propor-
tions of other auxiliary elements. This applica~
tion. is a continuation in part of our prior appli-
cation filed February 17, 1931 bearing Ser. No.
516,474.

Heretofore in the art austenitic chromium,
nickel and iron alloys have been known. Such
alloys, however, have heen characterized by a
marked loss in corrosion resistance and loss in
toughness when subjected to temperatures with-
in the range 800° F. to 1500° F. This loss in cor-
rosion resistance and toughness is attributed to
the intergranular precipitation of metal carbide
compounds of a chromium-rich type probably
based on the compound CrsC with more or less
of other elements such as iron incorporated
therewith. :

Heretofore in the art it has been customary
to subject such alloys to a relatively high tem-
perature heat-treatment (1800° F. or above) in
order to “homogenize” the alloys prior to sub-
jecting the alloy to service use wherein the corro-
sion resisting properties of the alloy are desired.
This homogenizing heat-treatment is for the
purpose of converting the alloy structure entire-
1y into austenite. In such an austenite structure
all of the carbon and associated metal constitu-
ents of the alloy are in solid solution.

Following this heat-treatment the alloy is
rapidly cooled to atmospheric temperatures to
preserve the austenitic structure, hence retain-
ing the carbon and associated metal constituents
in solid solution. Thereafter, when the alloy is
heated within the range 800°.F. to 1500° F. dur-
ing its service use the carbon in solid solution

tends to separate out as metal carbide com- .

pounds along the grain boundaries. The prin-
cipal carbide compound formed is a chromium-
rich carbide. Due to the fact that the diffusion
rate of chromium is relatively low as compared
to the diffusion rate of carbon, the separation
of chromium-rich carbide at the grain boundary

at first results in a marked deplétion of the
chromium content of each grain in the region
immediately adjacent the grain boundary irre-
spective of the temperature of heating. A very
prolonged time interval of heat-treatment is re-
quired after the carbide is precipitated to re-
place this chromium by diffusion of chromium
thereto from the areas more remote from the
carbide precipitation area. If the alloy is cooled

‘very slowly, instead of rapidly from the homo-

genizing temperature mentioned abhove, carbide
precipitation may occur while the metal is in
the range 1500 to 800° F. ‘

If during or after a more brief time interval
of heating the alloy is also subjected to corrosive
fluids and gases especially under pressure con-
ditions, corrosion of the alloy along the grain
boundaries in the chromium-depleted areas will
rapidly occur, which in many cases is sufficient to
proceed throughout the. cross-section of the al-
joy with Tesultant loss in strength and failure
of the alloy. This limits the useful application
in many flelds wherein it is desired to be em-~
ployed. .

In iron, chromium, nickel austenitic alloys the
corrosion resisting properties of the alloy are im-~
parted primarily by the chromium. It is esti-
mated that the minimum chromium content to
obtain marked corrosion resistance is approxi-
mately 10 to 12%. In these alloys it may readily
be seen that it would require but relatively small
carbide precipitation along the grain boundaries
to lower the chromium content in the area im-
mediately adjacent the said boundary to below
that necessary to maintain corrosion resistance
in this area, as for each atomic weight of carbon
as much as four atomic weights of chromium

‘may be precipitated. For this reason, in the

past it has been essential to limit the carbon
content of these alloys to a relatively low figure,
e. g., .10% or below. Where the carbon content
is higher than .10% the amount of metal carbides
precipitated intergranularly is frequently suffi-
cient to cause a marked loss in toughness irre-
spective of the action of corrosion agents which
often is such that the metal may be readily
crumbled to pieces. ‘ )

These circumstances are such as to markedly
limit_the useful application of these alloys if, as

_in the case of welding, they are, in any Zone,

heated in the range of temperatures 800° F. to
1500° ¥., or if employed at temperatures in this
range and the object of this invention is to re-
move this limitation. '
Another object of this invention is to provide a
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method of treating these alloys whereby the loss
in corrosion resistance and toughness incident
to metal carbide precipitation with or without
intergranular corrosion is substantially elimi-
nated. - :

Still another object of this invention is to
improve the corrosion resistance and toughness
of austenitic stainless steel alloys within, and
after exposure to, the temperature range 800°
to 1500° F. ] :

Other objects and advantages will become ap-
parent as the invention is more fully disclosed.

In accordance with the above objects we have
made an intensive study of the phenomenon of
metal carbide precipitation in the said austenitic
alloys. As a result of such study we have dis-
covered that slip bands, located within the in-
terior of the austenitic grains of the alloy, are
full§ as potent loci for metal carbide precipitation
as are the grain boundaries themselves, and that
by causing metal carbides to precipitate along the
slip bands rather than along the grain boundaries
and by properly heating the said alloy after the
carbides have been precipitated the objects of the .
present invention thereby may be achieved. Slip
bands are formed in a grain when the grain is
“cold worked” or mechanically distorted at a cold
working temperature.’

Since in cold worked austenitic stainless steel
the carbides are precipitated along slip bands in
a veritable shower within the grains rather than
along the grain boundaries, loss of corrosion re-
sistance or toughness incident to such carbide
precipitation is not so readily manifested as.cor-

rosion is then a general surface reaction rather

than an intergranular reaction. Also by short-
ening the path along which chromium and car-
bon must diffuse in order to precipitate, the extent
of local impoverishment in the area immediately
adjacent the place of precipitation thereby is re-
duced and the time interval required for uniform
re-distribution of the remainder of the chromium
by diftusion throughout the austenitic matrix
thereby is markedly shortened. Moreover by
markedly increasing the number of nuclei for
carbide precipitation the intensity of chromium
impoverishment at any point is thereby decreased.

Slip bands within the metal grains are caused
or produced by “cold working”. “Cold working”
as it is understood in the art means working or
mechanically deforming the metal at tempera-
tures below that at which it will “recrystallize”.
"Recrystallizatiqn" is the process of reorganiza-
tion of mechanically deformed or strained grains
into equiaxed or unstrained grains. When a cold
worked metal is recrystallized the slip bands
within the interior.of the grains and the old grain
boundaries entirely disappear and a new grain
structure dissimilar to the old structure is ob-
talned. It is characteristic that the presence of
slip bands in a grain indicate a cold-worked or
strain-hardened metal whereas the absence of
such slip bands indicates an unworked and un-
strain hardened ‘metal. These terms: and phe-
nomena are well recognized by those skilled in

. the art.

It is known, for example, that austenitic alloys
of chromium, nickel, fron will cold work at tem-
peratures below about 1550 to 1600° ¥. depending
upon composition and it is also known that when
cold worked the temperature at which these alloys
will recrystallize depends primarily upon the de-
gree of cold work imparted, the time at tempera-
ture and somewhat upon the grain size or physical”
state of the alloy. - : .

-metal carbide compounds to precipitate along
.the slip bands and uniformly to re-distribute the

2,044,743

For the purposes of the present invention ac-
cordingly it is essential first to obtain a cold-
worked or strain-hardened austenitic alloy having
& degree of cold work with consequent number of
slip bands favorable for the purposes of the pres- 5
ent invention and thereafter to heat-treat the
same to a temperature, below that at which it
will recrystallize, for such a time interval as
will effectively cause the major portion of the
10

remaining chromium throughout the austenitic
matrix. Any temperature of heating that will
substantially destroy or eliminate the said slip
bands by recrystallization is not within the scope
of the present. invention since thereby some of
‘the advantages would be lost. The precise op-
timum temperature of heat-treatment accordinzly
iIs subject, as one skilled in the art will recognize,
to wide variation depending upon the degree of
cold working imparted, the time at temperature
of heat-treating and the grain size of the metal as
well as other factors as will be more fully herein-
after disclosed. After such treatment the alloy
may be subjected to the action of many cor- 25
rosive agents (fluid or gaseous) without the usual
intergranular attack or material loss in strength
or toughness.

Before further disclosure of the present inven-
tion reference should be made to the accompany- 30
ing drawings wherein:

Fig. 1 is a chart indicating the carbon solubility
of a typical austenitic chromium, nickel, iron alloy
at various temperatures superposed upon a con-
stitutional diagram of said alloy. ) © 35

Fig.2 is a chart correlating the various factors
involved which determine the temperature of
heat-treating in accordance with the present in-
vention.

Fig. 3 illustrates the microscopic appearance of 40
austenitic alloys in the homogenized condition, the
parallel twin bands being characteristic of such
alloys. s

Fig. 4 illustrates with moderate degree of mag-

nification the microscopic appearance of the alloy 45
of Fig. 1 after the metal carbide compounds have
been precipitated along the grain boundaries by
heating within the range 800° F. to 1500° F.
- Fig. 5 illustrates at still greater magnification
the microscopic appearance of the abnormally
large grain boundaries caused by carbide precip-
itation and the consequent separation of the
grains resulting from intergranular attack.

Fig. 6 illustrates the microscopic appearance
of cold work or strain hardened austenitic al-
loys, the hatching appearing in the center of
each elongated grain being employed to illus-
trate the infinite number of slip bands created
interiorly by cold deformation.

Pig. 7 illustrates microscopically the appear-
ance of the grains of Fig. 6 after heat-treating
the cold worked metal at temperatures favorable
for carbide precipitation but unfavorable for re-
crystallization of the cold worked grains,

Fig. 8 illustrates in greater degree of enlarge-
ment the microscopic appearance of the metal
of Fig. 7 and shows the criss-cross arrangement
of the slip bands within the interior of the cold
worked grain upon which the shower of metal
carbides precipitate and illustrates the relatively
short diffusion paths for the chromium and car-
bon in reaching the points of chromium deple-
tion next to the carbon particles, as compared
te the path indicated in Figs. 3 to 5 inclusive,
thereby shortening the time interval of carbide 75
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precipitation and chromium restoration by dif-
fusion into the areas immediately adja.cent the -
point of carbide precipitation.

Figs. 9-and 10 illustrate diagrammastically the
comparative internal structure of sheet or tube
madterial -comprised of austenitic_alloys treated
in accordance with prior art practice and treated
in accordance with the present invention respec-
tively. In Fig. 9 the grain boundaries provide
connecting paths through the metal from sur-
face to surface which when filled' with metal
carbides provides a vulnerable line of attack for
corrosive flulds and gases particularly if under
pressure.. In Fig. 10 by locating the carbide pre-
cipitation throughout the interior-of the grain
rather than along the grain boundaries the line
of attack by corrosive fluids and gases is con-
fined, if it occurs at all, to the surface area of
the grains exposed to said fluids and gases and
proceeds as a surface deterioration rather than
an intergranular deterioration and can thereby be
visually noted.

Referring to Fig. 1 of the drawings, we ha.ve
determined that the solubility of carbon in aus-
tenitic alloys of the type herein discussed and

" more particularly . the solubility of carbon in

those alloys containing about 18% Cr and 8%
Ni is substantially constant, or changes very

. little, at temperatures below about 1200° F. and

30

40

45

50

65

60

85

70

approximates .025%, more or less. Above this
temperature the solubility of carbon. increases,
slowly at first,-but more rapidly above about

1500° F. At 1500“ F. we have estimated the car-

bon solubility as being about .03%. >

- It is extremely difficult to manufacture the °
austenitic alloy with a carbon content much be-
low about .10% or .08%. Accordingly  such an
alloy when heated to temperatures approxi-
mating and below about 1200° F. will ultimately
precipitate all carbon in excess of about .025%,
at least in the vicinity of the grain boundaries.

It Is apparent from the chart of Fig. 1 that when

the alloy is heated to temperatures approxi-
mating 1800° F, the _carbon solubility is about
.10% and hence with this usual low carbon con-
tent of this type of alloy no carbide precipita-
tion will occur, nor, if ‘previously. precipitated,
will any be able to remain undissolvéed. The re-

- solution of this precipitated tarbide to -obtain

the -equilibrium carbon’ solubility percentage at
any given temperature requires a time interval
which decreases with increase in temperature.

In ‘the contemplated use of these alloys the
temperatures to which they are subjected seldom
exceed about 1500° F.  Accordingly, it is highly -
desirable to render the alloy stable with respect
to carbide precipitatlon ‘at or below this temper-
ature, -

We have determined that both the precipita- -
tion and re-solution of carbides ‘are -essentially
time-temperature ‘reactions. = The greater the,
tempernture, the. less the time interval, and vice -

.versa, to obtain any desired degree of precipita-

tion. or solution compatible with the actual solu-
billty :

We ha.ve also determlned that the time mter-

‘val of treatment at any given temperature must

be prolonged over and above the time req’mred

to obtain substantially complete carbide precipi-
tation for -a further time interval necessary to
obtain a un‘form diffusion. of the chromium re-
maining after carbide precipitation throughout
the alloy in order to eliminate the loss in cor-
rosion resistance of the alloy due to chromium
impoverishment in the areas immediately ad-

3

jacent to the line of carbide precipitation. This
also is a time-temperature reaction as the rate
of diffusion of chromium through the austenite

.increases with increase in temperature and vice

versa.

. We have further determined that this time
interval of heat-treatment and the temperature
of heat-treatment- to oblain a substantial pre-
cip:tation of carbides and uniform dispersioni of
the remaining chromium is markedly affected by 10
the profuseness of the precipitation and hence
by the degree of cold working imparted to the
alloy prior to heat-treating.. In general the

b

‘higher the degree of ¢old working the lower the

temperature of heat-treatment and the shorter 15
the time interval of treatment at any given tem- )
perature to obtain carbide precipitation and uni-
form re-distribution of the rema.ming chromium
in the austenitic matrix.

" The degree of cold working that may be ap- 20
plied to-the alloy in accordance with the presen?
invention, accord'ngly, may vary widely depend-

‘ing upon the mode of cold working, the amount

of carbon in solution, the mechanical properties
developed, the desired temperature and time of 25
heat-treatment, and in part upon the contem-
plated service temperatures to which the metal

is to be exposed.

In general with alloys containing not over .129%,
carbon, which is the customary range of carbon 30
¢ontent in accordance with present practice, we
have determined that the degree of cold working
imparted to the alloy may vary from about 5%
to 80%, depending upon the particular. manner
of cold working such as rolling, drawing, forg- 33
ing, etc. and the temperature of cold working,
In most cases we have found that 15% to 50%
reduction of cross-section by cold deformation

_broduces a satisfactory development of slip

planes in alloys containing up to about .12% 49
carbon.

Inasmuch as carbide precipitation may inltlate
in these alloys at temperatures approximating

'800° F. obviously the temperature of cold work-

ing should preferably be below 800° F. Still 43
more preferably cold working should be done at
atmospheric temperatures and such cold work-
ing as is referred to in the specification is to be
understood as referring particularly, but not as

a limitation, to mechanical deformation at tem- 59

peratures approximating atmospheric tempera-~
tures, or-such as result naturally from cold work-

ing without intentional heating of the metal. . <~

In Fig. 2 we have graphically illustrated the
time-temperature - characteristics of metal car- 53
bide precipitation and solution (left) and of re-
crystallization (right) in an austenitic alloy con-
taining 18%. Cr and 8% Ni with carbon about
.08%. . This alloy is characteristic of -the stain-

.less austenitic steel alloys included within the 50

scope of the present invention. Referring to this
chart, we have illustrated in the. left hand sec-
tion the time-temperature characteristics of car-:
bide precipitation. In the char e center verti-
cal lme sets forth-the temperature in degrees F, €3
and the base line ln\either direction from the
center vertical line sets forth time in hours on 3
logarithmic scale. The right hand vertical line
denotes temperature .in degrees C.

‘curves A, B and C of Fig. 2 indicate the ap- 70
. proximate heating temperatures and time inter-

vals at these temperatures necessary to dissclve
the indigated proportions of carbon, starting with’
an alloy in which"a large part of the carbon is
in the form of carbide particles. Above the tem- 75
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perature of the horizontal portion of curve A
the whole of the .08% carbon will always be dis~
solvable.
stainless alloy at the temperatures of the hori-
zontal portion of curves B and C only .05% and
.03% carbon respectively will remain in solution.
Substantially complete precipitation (probably
less than .025% dissolved) would probably ulti-
mately occur at lower temperatures.

Curves D, E and F indicate the temperatures
and time intervals at these temperatures required
to accomplish a substantial carbide precipitation
in the homogenized 18-18 alloys which have been
cold worked to the several degrees shown. It
may be easily seen by one skilled in the art that
the cold working greatly accelerates the rate of
carbide precipitation. In the light of this ex-
planation the area below curve C but above curve
F is for convenience identifled as the “carbide
precipitation” range.

Referring to the curves lying to the right of
the center line the time-temperature character-
Istics of recrystallization of these alloys is illus-
trated. As hereinabove noted before a metal
may recrystallize the metal must be strain hard-
ened by cold working or mechanical deformation
at a cold working temperature.’

We have found that for the purposes of this
invention the degree of cold working that is im-
parted to the austenitic alloy must be such as to
increase the surface area for carbide precipita-
tion at least sufficiently to (a) shorten the time
interval for carbide precipitation, (b) to reduce
the localized area of chromium impoverishment
adjacent the points of carbide precipitation, and
(¢) to shorten the time interval for the remain-

ing chromium to diffuse uniformly through the’

austenitic matrix.
‘When an austenitic alloy such as the so-called
18-18 alloy is cold worked or mechanically de-

- formed at a'cold working temperature a certain

amount of ferrite may be formed along the slip
bands. On heating to elevated temperatures
this ferrite is the first constituent to be affected.
This ferrite, often containing carbide pa;ticles
after initial heating, transforms into austenite
at temperatures ranging from about 1100° F. to
1300° F. depending upon the time interval of

 heating at any given temperature. This is indi- -

cated in the chart of Fig. 2.in curve marked G.
This allotropic transformation is not to be con-

fused with recrystaliization in this description of

our invention.

On heating to more elevated temperatures the -

temperature at which the cold worked austenitic
metal will recrystallize depends upon (a¢) the de-

gree of cold working imparted, (b) ‘the time in-

terval of heating, (¢) upon the particular. grain

size of the metal, and (d) upon the composition -

of the alloy.
In the chart of Fig. 2, curves “I” identified as

. R/A=15% (reduction area=15%) the time-tem-

65
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perature relationship of recrystallization is indi-
cated with 15% reduction in area. When the al-

loy is heated for 0.1 hour (as indicated at bot- .
' tom of chart) incipient recrystallization occurs
at a little below 1750° F. If the temperature is

raised to about 1800° F. for the same time in-

.terval (0.1 hour) recrystallization will be com-
If, however, the time interval at 1750°

plete.
F. is extended to a little over an hour recrystal-

lization . will be complete as indicated by hori-
zontal dotted line (a@). The same result will be
obtained at lower temperatures with still longer

‘time intervals of heating. ‘At 100 hours heating

Obviously after holding this austenitic’

.solubility,

2,044,748

incipient recrystallization may be observed at
& temperature approximating 1600° F. but com-
plete recrystallization will not occur until & tem-
perature of about 1650° F is mamtained for the
same prolonged time interval.

With a reduction in area (R/A) of 50% the
temperature of recrystallization for any given
time interval is lower than with a 15% reduc-
tion in area, as indicated in the group of curves
identified by the letter “K"” on the chart of Fig.
2. In this group of curves we have also indi-
cated the effect of coarse and fine grain struc-
tures, showing that the finer grain structure with
the same degree of cold working recrystallizes at
a lower temperature than coarser grain struc-
tures.

The group of curves “K” show that with a
time interval of heating of about 0.1 hour in-
cipient recrystallization of a fine grained aus-
tenitic alloy, having a degree of cold work ap-
proximating 50%, occurs in the neighborhood of
1450° F. and at 10 hours heating in the neigh-
borhood of 1200° ¥., while complete recrystal-
lization is obtained at temperatures approxi-
mating 1550° F. and 1450° F. respectively. With
coarse grained metal under the same conditions
the temperatures of heating for incipient and
complete recrystallization respectively are ma-
terially higher, approximating 1500° F. and 1650°
F. respectively for 0.1 hour of heating and ap-
proximating 1300° F. and 1500° F. respectively
‘for 10 hours of heating.

Upon recrystallization the old cold worked
grain structure of the alloy entirely disappears
and an entirely new and dissimilar pattern ap-
pears. This new pattern is free from any evi-
dence of cold working such as the presence of
slip bands and is subject to change by reason of
grain growth which invdlves the phenomenon of
adjacent grains merging to form larger grains.
This latter effect is a time-temperature reac-
tion as indicated by curve identified by letter
(IJ”

From the above description of curves I, K, G
and J, it is believed apparent that the tempera-
ture of heat-treating the cold worked alloy in
accordance with the present invention to obtain
precipitation of the carbides without substantial
recrystallization of the cold worked structure
may be  widely varied depending upon the de-
gree of cold working imparted, the time interval
of heat-treating and in part upon the grain size
of the cold worked alloy.

It is apparent to one skilled in the art that-
the present invention in order to be economical- ’

ly practical must employ a time interval of heat-
treating that is reasonable in view of operating
costs.. Curves D, E and P indicate the lowest
temperatures of treating at any given time in-
‘terval to obtain carbide precipitation. Ciurve C
indicates the maximum temperatures at any
given time inferval of treating to obtain pre-
cipitation of carbon in excess of about .03%.
In between these temperatures at any given
economically practical time interval, for example
10 hours, the temperature of heat-treating must
be selected with any given alloy to which any
given degree of cold working has been imparted,
to accomplish the purposes of the present inven-
tion; namely, (@) a substantial precipitation of
the metal carbide compounds above the carbon
of about .025-.030%, (b) uniform
distribution of the remaining chromium through-
out the austenitic matrix, and (¢) without sub-
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2,044,743
‘stantial recrystallization of the cold worked

metal.

By the term “substantial recrystallization” is
meant the recrystallization of the major portion
of the cold worked grains. As may be noted
from the charts of Fig. 2, at temperatures short
of complete recrystallization, incipient recrys-
tallization may occur., Within the scope of this
invention incipient recrystallization may occur
to some extent as long as “substantial recrystal-
lization” of the cold worked metal is not ob-
tained. The extent of incipient recrystalliza-
tion permissible depends in part upon the carbon
content and in part upon the degree of cold
work imparted. With relatively low carbon and
with relatively high degrees of cold working the
amount of incipient recrystalliza,tlon perm1s51b1e
may be higher.

As the rate of carbide precipitation and the
rate of chromium diffusion increase with increase
in temperature, it is to be clearly observed that
the maximum temperature of heat-treatment to
perform purposes (a) and (b) above is limited
only by the temperature of recrystallization.

This can be determined readily by one skilled
in the art from a knowledge of the degree of
cold working imparted given any arbitrary eco-
nomically practical time interval of treating.

This can be noted from the following tabulated
results:

5

In this connection, however, the cross-section-
al area and mass of the alloy to be heated must
be considered in actual furnace schedules. Rel-
atively small articles and articles of relatively
small cross-section may be readily heated to ele-
vated temperatures for relatively short time
intervals. But as the mass and cross-section
of the article increases longer time intervals
are required to obtain uniform temperatures

~ throughout the mass of the article.

Accordingly, in the practical application of the

present invention to austenitic alloys the size,
shape and configuration of the article also con-
trol. the choice of time-temperature heating
combinations to obtain optimum precipitation of
the. carbide and chromium redistribution with-
out substantial recrystallization of the cold
worked austenitic structure. For purposes of
brevity the redistribution of chromium is herein
identified as “desensitizing”. When the carbide is
so precipitated as to induce local chromium de-
pletion the alloy is “sensitized” towards corrod-
ing reagents. '
" About 16 hours for heat-treating to obtain
carbon precipitation and chromium re-distribu-
tion (desensitizing) has been found economically
practical, although for special purposes the treat-.
ing may be as long as 100 hours or as short as
1 hour. -

The best and most economically praetical tem-

Degree of cold work (R/A)**

Result .

Type of material " R/A 5t010% R/A 15t0 209 | Result* | R/A 36t050% | Result®
) . - 15% 50% .
Sheet and strip stock._| .|  4Yrs, 1470° F.... C; l1hr, 1425° F....
18-8 (.08 C) 16 hrs. 1380° F. .| (B 4 hrs. 1380° F_____ A
100 hrs, 1200° F___.}  (A) 1200°F.____ A
. 5% 30
Wire snd rod stock. |- __. 1ohrs e Fo| (B |10hm DR F| W)
18-8 (.05-C)
20% 36% .
18-8 (.14 C) 4hrs. 1380° F...[ - (C) 41hrs, 1380° Fo... ©)

ubing.
18—8 (.07C)

59,
16 hrs. 1200° B

©)

15%
16 hrs. 1200° F_...
16 hrs. 1350° F....

:I*{R/A=reduction in cross-sectional area.
esult :
A =Excellent (fully de-sensitized).
B=Good (substantially de-sensitized).
C Fair (in major part de-sensitized).

From these results and a large number'of-

other tests we have determined that with tubes
and the like articles the minimum degree of cold
work. should approximate 5% and may be as
high as 50 to 709%. With wire, strip, sheet and
bar materials the minimum should approximate
15% but the reduction may be as high as 50%
to 80%.

For example, with respect only to avoiding

-substantial recrystallization in the alloy com-
. position of the chart of Fig. 2, the maximum
temperature of heating at 10 hours approximates
1600° P. with a reduction in area of 15%; with

a reduction in area of 50% the maximum tem-
perature of heat-treating approximates 1300° F
‘When the arbitrary time interval of heat-treat-
ing is set at 1 hour, the maximum temperature
of heat-treating for 15% reduction in area ma-
terial is approximately but under 1700° F. and
for 50% reduction in area material is approx-
imately 1400° F. However, we have found that
re-solution of .carbon imposes a limiting max-
imum tempeéerature of ‘about 1500° F. for the
best results

peraturé range for treating appears to be be-
tween 1200° F. to 1400° F. as in this range the
rates of carbide precipitation and chromium

diffusion appear most favorable for the purposes -

of the present invention and the time interval
most flexible {or general commercial application.
At lower temperatures these rates are markedly

_slower and the required time interval of treating

accordingly longer.

. 'The most effective degree of cold working for
heat-treatment of sheet, strip, plate, wire and
bar products, within this temperature range ap-
pears to be between 35% and 60%. The effect of
higher degrees of cold working is to shorten the
time: interval of heating within this specified
range which for some purposes may be desirable.
For tubes and similar drawn articles the optimum
degree of cold working for this temperature range

~appears to range from 156% upwards; for other

articles from 35% upwards, although the cross-
sectional area and mass of the article may vary
this appreciably, 'The degree of cold working in
those articles of relatively small thickness or
diameter may well be sufficient to extend sub-
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stantially uniformly throughout the cross-section
of the article. In relatively thick sectioned arti-

_cles the degree of cold work need only be suffi-

cient to immunize the article for a moderately ex-
tended distance inwardly from the surface.

By the practice of the present invention we are
enabled to condition the austenitic iron, chro-
mium, nickel alloys.so that within the so-called
“damaging range” the deleterious effects of car-
bide precipitation are substantially eliminated
and these alloys may be employed in contact with
corrosive gases and vapors at service tempera-
tures within this so-called “damaging” range as
well as thereafter at atmospheric temperatures.
The alloys moreover are in such physical condi-
tion that they may be welded together without
‘substantial loss in strength or corrosion resistance
in the area adjacent to the weld. Tubes made of
this alloy treated in accordance with the present
invention are adapted for use at elevated tempera-~
tures under pressure without the immediate
danger of failure as has heretofore been ex-
perienced. After treatment in accordance with
the present invention the alloys are adapted to
use at all temperatures up to about 1500° F.
whereas alloys not so treated cannot be used at
temperatures above about 800° F. with complete
assurance.

Having broadly and specifically described the
present invention and indicated the extent to
which the broad idea may be modified commer-
cially to apply the same, it is apparent that the
present invention is adapted to wide use and
modification without departing from the nature
and scope thereof as may be included within the
following claims:

What we claim is: .

1. The method of treating austenitic iron-
nickel-chromium steel alloys to render them re-
sistant to corrosion in the temperature range 800°
F. to 1500° F. and at all temperatures below 800°
F. affer heating in said range, which comprises
cold working the steel and then heat-treating the
steel to temperatures not in excess of 1500° F.
but below the temperature of complete recrystal-
lization for a time interval at least sufficient to
effect a precipitation of substantially all of the
carbon in excess of the solubility limit at the
temperature of heating and at least sufficient to
effect substantially uniform redistribution of the
chromium throughout the said steel.

2,044,743

2. The method of treating austenitic iron-
nickel-chromium steel alloys containing between
6-50% Ni and 10-409% Cr, to render them re-
sistant to corrosion in the temperature range
800° F. to 1500° F. and at all temperatures below 5§
800° F. after heating in said range, which com-
prises cold working the steel and then heat-
treating the steel to temperatures not in excess
of 1500° F. but below the temperature of com-
plete recrystallization for a time interval at least 10
sufficient to effect a precipitation of substantially
all of the carbon in excess of the solubility limit
at the temperature of heating and at least suffi-
cient to effect substantially uniform re-distribu-
tion of the chromium throughout the said steel. 15

3. The method of treating austenitic iron-
nickel-chromium steel alloys containing chro-
mium at least 10% and nickel between 6-509%
in such an amount as to impart to the compost-
tion a substantially stable austenitic structure, to
render them resistant to corrosion in the tem-
perature range 800° F. to 1500° F. and at all
temperatures below 800° F. after heating in said
range, which comprises cold working the steel
and then heat-treating the steel to temperatures 25
not in excess of 1500° F. but below the tempera-
ture of complete recrystallization for a time inter-
val at least sufficient to effect a precipitation of
substantially all of the carbon in excess of the
solubility mit at the temperature of heating
and at least sufficient to effect substantially uni-
form redistribution of the chromium throughout
the said steel. :

4. The method of treating austenitic iron-
nickel-chromium steel alloys containing nickel 35
approximately 8% and chromium approximately
18%, to render them resistant to corrosion in the
temperature range 800° F, to 1500° F. and at all
temperatures below 800° F. after heating in said
range, which comprises cold working the steel 40
and then heat-treating the steel to temperatures
not in excess of 1500° F. but below the tempera-
ture of complete recrystallization for a time-in-
terval at least sufficient to effect a precipitation
of substantially all of the carbon in excéss of the 45
solubility limit at the temperature of heating and
at least sufficient to effect substantially uniform
re-distribution of the chromium throughout the
said steel.
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