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Solubility of Carbon in 18-Percent-Chromium-IO-Percent- J 

Nickel Austenite 

Samuel J. Rosenberg and Carolyn R. Irish 

A series of high-puri ty iron-chromium-nickel alloys, made to a base analysis of 18 per­
cent of chromium and 10 percen t of nickel, and wi t h carbon ranging from 0.007 to 0.30 
percen t, was melted and sol idified in vacuum. The presence or absence of carbides in t hese 
alloys after var ious m echani cal and t hermal t rea tments was determined by metallographi c 
examinat ion . The practical limit of solubili ty varied from less t han 0.007 percent of carbon 
at 1,300° F to slightly more than 0.077 percent at 1,975° F , t he highest temperat ure studied. 

The presence of ferri te and/or sigma as stable phases in many of t he alloys \"as 
est ablished . 

l. Introduction 

The austenitic stainless steels of AISI types 302 
and 304 are essentially alloys of iron with 18 percen t 
of chromium and about 10 percen t of nickel , contain­
ing rela tively small amoun ts of carbon. Although the 
higher carbon content of th e type 302 steel results in 
somewhat higher strength than is obtained in its 
lower carbon counterpart, type 304 , it has long been 
recognized that this higher carbon has been the cause 
of lowered corrosion resistance, par ticularly of th e 
intergranular variety. These steels becom e suscep­
tible to intergranular corrosion if exposed to tempera­
tures tha t cause the precipitation of chromium car­
bides. The use of type 304 stainless steel , with its 
0.08 per cent maximum of carbon, was based upon the 
premise that th e lowered carbon content would 
render the s teel more resistant tointergranular corro­
sion, and this point of view has been emphasized by 
the recent development of the type 304 ELO steels, 
with carbon held to a maximum limit of 0.030 
percent. 

Even th ese extra low carbon steels, however , pre­
cipitate carbides under certain conditions of time and 
temperature. Although such steels are definitely less 
susceptible to intergranular corrosion than the 
regular type 304, it is ' apparent that complete im­
munity to intergranular corrosion of unstabilized 
austenitic stainless steels can be achieved only wh en 
the carbon conten t is less than the limi t of solid 
solubility . It is now generally believed that the 
limit of solid solubility of carbon is less than the 
valu e of 0.02 percent usually assumed. 

The austenitic stainless steels are annealed with the 
object of obtaining a completely austenitic stru cture 
with all carbon in solid solution. To attain this end, 
annealing temperatures used in commercial practice 
are quite high, usually about 1,950 to 2,000° F. 
Although such high annealing temperatures are 
effective in causing the solution of precipitated car­
bides, the use of lower annealing temperatures with 
smaller resulting grain size is considered desirable 
from th e viewpoint of resistance to intergranular 
embrittlemen t . As the temperature of complete 
olution of carbides is a function of carbon content, it 
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cJ 
appears logical to presume that the low-carbon steels \ 
may be annealed at lower temperatures than the 
higher carbon varieties. In the absence of defini te 
Imowledge of the carbon solubili ty, how ever , anneal­
ing temperatures must be kep t qui te high . It 'would 
seem that a determination of these limits would be of 
considerahle practical as well as theoretical interest. 

D espite the large amount of experimental work on 
the austenitic stainless steels reported in the litera­
ture, there does not appear to have been much study 
devoted to the determination of the limi t of solu­
bili ty of carbon in chromium-nickel austenite. AboI'll 
and Bain [1 ] 1 note that snch a determination could 
be made only with considerable difficulty and express 
a well-founded doubt that it is possible to determine 
the Rolubility of chromium carbide at temperatures 
below about 1,000° F . They present the results of 
their experimen tal work in the form of a curve a.nd 
state that this curve represents the solubility of car­
bon in 18-percent-chromium- 8-percent-nickel alloy, 
although no analyses are given. Ourves are also 
shown by Krivobok and Grossmann [2], giving the 
solubili ty of carbon in 18-percen t.-chromium- 8-per­
cent-nickel and in 18-percent-chromium- 12-percent- ~ 
nickel austenite , and by Green [3], giving the solu­
bility of carbon in ] 8-percent-chromium~g-percent­
nickel austenite. Values taken from the curves of 
these investigators are given in table l. 

TABLE l. Solubi lity of cmbon in chromium-nickel austeni te 
according to val'ious investigatol's 

I 
Temperature 

O F 
1,400 ........... ... .... . 
1,500 .................. . 
1,600 ........ . ... .. ... .. 
J,700 .................. . 
1,800 .... : ....... .. ... .. 

1,900 __________________ _ 
2,000 . .... . ............ . 
2.100 .................. . 
2,200 .................. . 

Percentage o[ carbon soluble in austeni te-

IS·percent· IS·percent· IS·perce" t · IS·percent· 
(' 1'-8· per· Cr-S, ')er· Cr- 9·oer· Cr- 12.per. 

cellt-N i II ] cent·Ni [2] cent·Ni 131 ccnt·Ni 12] 

< 0.02 
. 025 
. 045 
.075 
. 12 

. IS 

. 23 

0.05 
. 10 

. 17 

. 26 

. 3S 

0. 07 
, 12 

. Ii 

. 24 

. 32 

.41 

O. OS 

. 16 

. 25 

. 3S . 

, Figures in brackets ind icate th e literature references at the end o[ this pape,·. 



2 . Materials and Methods of Study 

rl~h e !nater!a1s used i~ this study were all high­
punty lI'on-m ck cl-chromlUm alloys prepared in the 
!aboratory. T~le raw materials were electroly tic 
lron, elcctrolytlC chromium, and .Mond nick with 
the following analyses : 

l'ercentage 01-
Malerial ------------------------

_______ ~_ Mn I~ __ s_ ~~ _~_ N~ _~~ __ ~~_ 
Iron .~ ...... 0. 0040. 00210. 0040.0020. 002 (1) (') (3) 
C hromium .. <. 001 ... ... . 001 ... 99. 4 < . 01 < 0. 01 I 
N ICkeL .... .02 ....... 002 ... 99.9 . 03 < . 01 

I Not detected, 
~ Balance. 
3 Trace. 

All.melts V~r el'e pI'~~ared in .slip-cast high-purity 
beryllIa cru cIbles. 1h e cruClbles were approxi­
mat~ly 1% in, in diameter by 8 in. long, and a new 
cruClble was used for each melt. The charges were 
calculated on the basis of 18 percent of chromium 
10 percent of nickel , and 72 p ercen t of iron carbo~ 
being added in the form of high-puri ty graphite. 
Each charge weighed approximately 900 g. All 
h eats were m elted in vacuum in a small indu ction 
furn~ce; each mel t was allowed to solidify in the 
cru cIble. It was attempted to maintain the molten 
metal under vacuum for a p eriod of several hours 
~n an effort to remove gases, but trouble was exp er­
Ienced because of th e vaporization of chromium at 
low pressures, Because of this the chromium con­
tents of the alloys were appreciahly lower than the 
desired amount, and the ingots invariably weighed 
less th an the charges. 

The i~gots were subseq uently h eated to 2,100° F 
for forglllg into rods of about 0.6-in. diameter, and 
th e forged rods were cleaned by machining abou t 
0.030 in. from the diameter. About 1 in. of the end 
of each rod corresponding to the bottom of the ingot 
was discarded , and the next inch was used for ch em­
ical and gas analyses. Millings for ch emical analysis 
were taken from the cross section of this length . 
All carbon determinations were made in duplicate, 
and the values reported are believed to b e accurate 
to ± 0.002 percent in the lower ranges. The results 
of th e analyses are given in table 2. 

TA n l. 1i] 2. Chemical c01npositions of the alloys (percentage by 
weight) 

Alloy 0 Mn p S Si Or Ni 0 a N a H a 

-------------------------
3 ..... 0.007 < 0. 01 0.001 0.009 0.010 17. 51 10. 25 0. 026 0. 002 0. 0003 
9 ..... . 012 <. 01 <, 001 . 008 . 004 16.80 10.30 . 003 . 001 . 0006 
4 ••... . 013 < . 01 <. 001 . 008 . 003 18.26 9.90 . 003 . 002 . 0004 
2 _____ . 016 . 042 . 002 .021 . 060 17. 46 10. 01 . 023 . 009 . 0001 
15 .... . 035 <. 01 < . 001 . 010 . 001 18.25 10. II . 001 . 002 <. 0001 

6 ..... . on <. 01 . 001 .008 . 003 16. 40 10.34 . 001 . 001 <. 0001 
8 ..... . 115 <. 01 .001 .008 . 002 17. 08 10.31 .001 , 001 .0001 5 _____ . 129 < . 01 . 001 . 009 .006 17.88 10.05 < . 001 . 001 N il 
7 ..... . 134 < . 01 <. oo t .008 . 007 16. 67 10.38 . 001 . 001 Do . 
13 .... . 30 <. 01 <. oo t . 009 . 001 17. 39 10.37 . 001 . 006 , 0001 

• Determined by the vacuum -fu sion method . 
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Alloy 2 proved to be high in both manganese and 
oxy.g?n, and alloy 3 was high in oxygen. These im­
puntlCs apparently had no effect upon th e carbon 
solubility as determined in this study nor did the 
variation in cl1l'0mium from a low of 16.40 percent 
to a high of 18.26 percent. 

The forged rods were annealed O~ hI' at 1,975° F , 
~ater-q uenched) and cleaned by grinding. A sec­
~IOn of each rod w3:s reduced about 40 to 50 percen t 
III area by cold-rolllllg for the purpose of facilitatinO' 
the precipitation of carbides during subsequent 
heat treatments. Samples of both the annealed 
and the ann~aled and cold-worked alloys were subse­
qu ently subj ected to a temperature of 800° F for 6 
weeks to precipitate carbides. Individual samples 
were then treated at various higher temperatures 
for the purpose of dissolving in the austenite all car­
bides in excess of the solubility limit, The sch edule 
of temperature and time is shown in table 3. 

TA R L ·1i] 3. Treatm ents to effect solut ion of cal'b-ides 

Solu t ion Time Solution T ime 
tempcrature temperature 

OF W eeks OF' 11 ·"ks 
900 f\ 1,500 3 

I. 000 {\ 1. 600 3 
I. 100 (j 1, 700 2 
I. 200 " 1. 800 I 
I. :l00 ., 1, 900 I day 
I. 400 :1 

Considerable thought was given to a satis factor 
method of determining the limi t of carbide solu­
bility. Many m ethods that might o·ive quantitative 
values were tried, bu t a ll proved unsatisfactory. 
Among th e m ethods tried and abandoned were tlle 
following: 

1. NJeasurement oj magnetic permeabiLity , Two 
samples of the same steel containing 0.07 percent of 
carbon were studied . Both samples were quenched 
from 1,975° F, and one was subsequently heated 2 
hI' at 1,200° F. Microscopic examination showed 
that the annealed sample had a completely austenitic 
structure, and that the sample heated at 1,200° F 
had an abundance of precipitated carbides. The 
magnetic permeability of both samples was about 
the sam e within the limit of experim ental error. 

2. NJeasurement oj lattice parameter. It is known 
that the lattice parameter of austenite is a function 
of carbon content, and an attempt was m ade to 
measl!re the lattice parameters of the two samples 
mentIOned above, which obviously contained differ­
ent amounts of dissolved carbon. Because of the 
small amounts of carbon involved however the 
differ ence in lattice parameter wa~ less tha~ the 
accuracy of m easuremen t. 

3. Measurement oj electric resistivity. :Measure­
ment of ~he electric r esistivity of the two sample 
showed dIffer ences so small that they were within 
the limit of experimental error. 

4. l!leasurement oj electrolytic-solution potential. 
The m easurement of electrolytic-solu tion potential 



has been advocated as a very sensitive method of 
determining the boundary between a homogeneous 
field (in this case, austenite) and a heterogeneous 
field (in this case, austenite plus carbide). An ex­
haustive series of measurements of the electrolytic­
solution potential of the two samples mentioned 
above was made. The results obtained were entirely 
too erratic to be used as a basis for determining the 
limits of carbon solubility. 

5. Detection of chromium carbides by X-rays. 
Several samples of this same steel were annealed and 
then held at various temperatures to precipitate 
carbides. X-ray examination of these samples 
showed positive evidence of carbides in the samples 
held at the lower temperatures. Carbides could not 
be identified positively, however, in samples that 
had been held at the higher temperatures (where the 
amount of precipitated carbides naturally was small), 
even though these precipitated carbides definitely 
could be seen under the microscope. 

6. Determination oj chromium carbide by chemical 
analysis. It would seem that the amount of soluble 
carbon (that is, the carbon dissolved in the austenite) 
and insoluble carbon (the carbon precipitated as 
carbides) could be separated by chemical analysis. 
Circumstances did not permit an exploration of this 
experimental technique. 

Following the failure of the above methods, the 
presence or absence of carbides in the various alloys 
was determined by metallographic examination only. 
Although the determination of the presence of pre­
cipitated carbides offered no difficulty when moderate 
or large amounts were present, this examination 
became increasingly difficult and uncertain as the 
amounts of carbides approached the temperatures at 
which complete solution took place. Moreover, the 
determination of whether or not carbides were 
present was frequently complicated by the presence 
of other phases, such as ferrite and sigma. Although 
not directly connected with the main theme of study, 
it was necessary to investigate the presence of ferrite 
and sigma in many of the specimens. 

As a matter of interest, hardness measurements 
(Rockwell "c" and "B") were made on all samples. 
The data obtained could not be correlated with the 
solution of the carbides. 

3. Results and Discussion 

A major problem that arose early in the metallo­
graphic examination of the samples was the need for 
a positive method of differentiation between carbides, 
sigma, and ferrite. In many of the specimens the 
structures were such that a carbide etch (10-percent­
sodium cyanide, used electrolytically, was adopted 
as a standard etch for carbides) revealed 11 structure 
that could not be definitely evaluated, and many 
other etchants were tried in an effort to accomplish 
this. In several instances metallographic examina­
tion was supplemented by X-ray examination. 

It soon became apparent that definite identifica­
tion of all the constituents in all the samples would 
increase the scope of study far beyond the limits 

originally contemplated, namely, the determination 
of the limits of carbide solubility. Even though a 
certain amount of study was, of necessity, devoted 
to the identification of other constituents, the work 
was mainly restricted to the determination of the 
presence or absence of carbides. These carbides 
were shown, by X-ray examination, to have param­
eter measurements corresponding to those reported 
for Cr23C6 • 

The microstructures of the 10 alloys studied, as 
forged and then annealed at 1,975° F , are shown in 
figure 1. At this temperature the carbon was in 
solution in all the alloys containing less than 0.115 
percent of carbon. Undissolved carbides were 
present in this alloy (fig. 1, G) and appeared in 
increasingly larger amounts as the carbon content 
increased. As might be expected, the lower carbon 
alloys contained delta ferrite . At 1,975° F, this 
constituent was present in large amounts in the very 
low carbon alloys and could be detected in all alloys 
containing up to and including 0.077 percent of 
carbon (fig. 1, F ). 

Whether or not the alloys were cold-worked after 
annealing at 1,975° F and prior to holding at the 
precipitation temperature of 800° F appeared to 
have no material effect upon the temperature at 
which complete solution of carbides took place. 
However, this intermediate treatment (cold-working 
after annealing) greatly facilitated the precipitation 
of carbides at 800° F. Samples of the lower carbon 
alloys (less than about 0.02% of carbon), when held 
at 800° F for 6 weeks, usually showed but very little, 
if any, carbide precipitation unless cold-working had 
followed annealing, which indicated that 6 weeks at 
800° F was not sufficiently long to secure equilibrium 
in the annealed alloys. As the sl)lution tempera­
tures were raised, precipitated carbides appeared in 
the lower carbon alloys which had previously been 
annealed only . 
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It was noted that this intermediate treatment 
frequently affected the presence of delta ferrite and 
sigma, particularly the latter, it being conducive to 
the formation of sigma phase. Sigma was found in 
large amounts in the lower carbon alloys, particularly 
in those samples that had been held in t he range 
1,000° to 1,300° F and frequently at higher tem­
peratures. Its presence in some of the samples was 
confirmed by etching with modified Mmakami's 
reagent (30 g of KCN, 30 g of KOH, and 60 ml of 
H 20), which is reported to attack sigma only [4] 
and by X-ray examination. The accelerating effect 
of cold-work upon the formation of sigma may be 
observed from the relatively large amounts of sigma 
shown in figure 2, A and C, as compared with traces 
shown in figure 2, Band D. This important effect 
of cold-work upon the formation of sigma was shown 
by Jette and Foote for iron-chromium alloys [5]. 
The sodium cyanide etchant used for th.:lse samples 
reveals sigma and ferrite as well as carbides. The 
latter are evident in figure 2, A and C, as fine dots 
alined on the numerous slip planes resulting from 
the previous cold-working. The sigma phl1se is 
evidenced by thil heavy black particles, sometimes 
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F I GURE 1. lYfiCl'ostl'uctUl"es of the alloys as annealed at 1 ,975° F . 

A, Alloy 3 (0.007% 0 ); D, a ll oy 9 (0.012% 0); C, alloy 4 (0.013% 0); D, alloy 2 
(0.016% 0 ); E. a lloy 15 (0.Q:l5% 0 ); F, a lloy 6 (o.on% 0 ); G, alloy 8 (0.115% 0 ); 
H, alloy.1 (0.129% 0); r. a lloy 7 (0.134% 0 ); ,1, alloy 13 (0.300% 0). All etched 
el ctrolytirally 5 minute~ in a 10·pcrcent 3Cjueolis solution of sodiu m cyan ide. 
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with grayish voids. Only minute traces of sigma 
are shown in the micrographs in figure 2, Band D. 
Carbides appear mostly at grain boundaries, and 
some delta ferrite (sharply outlined clear white areas) 
is present . 

Apparently sigma is a stable phase in the low­
carbon iron-cm:omium-nickel alloys, particularly in 
the temperature range of about 1,000° to 1,300° F. 
According to published diagrams [6), the isothermal 
section at 1,200° F of the iron-chromium-nickel 
system shows that the lS-percent-chromium- 10-
percent-nickel alloy should be completely austenitic 
at this temp.erature. The diagrams presented by 
Pugh and NIsbet [7] mdlCate that the lS-percent­
clu-omium- 10-percent-nickel alloy . should consist of 
alpha plus gamma at temperatures below about 
1,470° F , although discussion [S] of this paper indi­
cated that sigma could b e expected to form at lower 
concentrations of ch.romium than was indicated by 
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FIG U RE 2. Photomicrogl'aphs illustrating the accelerating ejJect oj cold-working on the formation of sigma (alloy 3, 0.007 
percent of carbon) . 

A and C, Originally a nnealed and cold-worked ; Band D , originally annealed ; A and B. after holdin g at 1,0000 F ; 0 and D, after holdin g at 1,3000 F . Etched 
electrolyticall y 2 minutes in a lO·percen t, aqueous solu tion of sod ium cyanide. X500. 

Pugh and Nisbet. The work of R ees, Burns, and 
Cook [9] indicates that some sigma should be formed 
in this alloy. The iron-chromium-nickel phase dia­
gram at 1,200° F , proposed by Thielsch [10] on the 
basis of the work of several investigators, indicates 
that the 18-percen t-cluomium- l0-percent-nickel al­
loys should consist of gamma (austenite) and sigma 
at this temperature level. In high-purity alloys 
containing very small amounts of carbon , the pres­
ence of both sigma and ferrite in the range 1,000° to 
1,300° F was quite definitely established in the 
present investigation in the alloys that had not been 
ubj ected to cold-working. It should be noted, how­

ever, t hat no ferrite was observed in the cold-worked 
low carbon alloys after 6 weeks at 1,200° F . As is 
shown in figme 3, the ferrite that was present in 
the alloys that had not been cold-worked partially 
transformed to sigma, and it is possible that the 
ferrite observed would have transformed completely 
to sigma had the time of exposure at 1,200° F been 
sufficient to attain equilibrium at that temperature. 
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The fact that the cold-worked alloys, solution­
treated at 1,200° F , contained no ferrite lends some 
credence to this balief, since the intermediate cold­
working assists in the attainment of structural 
equilibrium. 

Figme 4 shows the progressive changes that took 
place dming solution heating of alloy 15 (0 .035% of 
carbon) , The structure resulting after annealing, 
cold-working, and then holding at 800° F to pre­
cipitate carbides is shown in figure 4, A, and consists 
of ferrite and carbides (and austenite). R eheating 
at 900° F (fig. 4, B ) caused no appreciable change, 
but reheating at 1,000° F (fig . 4, C) caused the for­
mation of sigma and the virtual disappearance of 
ferrite. After holding at 1,100° F (fig. 4, D ) con­
siderable sigma was evident, and this constituent 
persisted up to 1,600° F (fig . 4, 1). Carbides were 
still evident at this temperature, and ferr ite also 
was present. At 1,700° F (fig. 4, J ) the structure 
consisted ~sentially of austenite and ferrite, although 
careful meW-lQ.graphic examinat ion revealed occa-
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FlO U R E: 3. Photomicrographs 'ill ustrating the tendency of sigma to form from ferTite, 

All alloys a nnealed r~r )' hOur at 1,975° F , hc ld (\ wecks at 8()()0 F, t hen held 5 wee ks a t 1.200° F . A, All oy 3 (O,()()7% C); n, alloy 9 (0,012% C); C, a lloy I 
(0.013% C ); D, a lloy 1 (0,035% C ). E tched electrolytica ll y 5 minutes in a 10· percent aqueous solution of sodium cya n id". X.IOO. 

.,. 

ional minu te tra ces of carbides. At 1,800° an d 
1,900° F (fig . 4, K and L ) fenite was t be only 
xcess phase, 

Figure 5 shows the changes that took place in 
Lhis same alloy but wi thou t the in termedia te cold­
working. The structure resul ting after annealing 
and then holding at 800° F is shown in figure 5, A, 
and consisted of ferri te and some slight traces of 
precipitated carbides in a matrLx of austeni te. As 
m entioned previously, the holding period of 6 weeks 
was not sufficiently long to precipitate all excess 
carb~d~s at 800° F ; however , carbides were r eadily 
precIpI tated at 900° F (fig. 5, B) . At 1,000 ° F 
(fig. 5, C) sigma b egan to form in the ferri te areas, 
and essen tially th e same structure of carbid es, fer­
r ite, sigma, and austeni te existed a t 1,100° F (fig. 
5, D ) . At 1,200° F (fig. 5, E ) the structure consisted 

:? of austeni te and carbides with traces of sigma. The 
carbides began to ' show evidence of coalescing a t 
1,300° F (fi g. 5, F ); sigma was also present. 'lhe 
pho tomicrograph of the sample held at 1,400° F 
(fig. 5, G) shows evidence of fur ther agglomeration 
of carbide wi th sigma still persisting. At 1,500° F 
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(fig. 5, H ) traces of ferr i te were eviden t, and sigma 
was presen t in but sm all amounts ; at 1,600° F 
(fi g. 5, I ) its presence wa doub tful , ferri te was 
presen t in small amoun ts and most of the carbides 
had been dissolved. At 1,700° F (fig , 5, J), the 
s tru cture consisted of small amounts of fen i te and 
dou btful traces of carbides ; apparen tly solu tion of 
carbides was essen tially complete at this tempera­
ture. At 1,800° and 1,900° F (fig. 5, K and L ) the 
structure consisted of ferri te and austenite. 

The limi t of solubility of carbides in the high-pur­
ity 18-percen t-chromium- 10-percen t-nickel alloys 
studied , withou t regard to oth er constituen ts, is 
shown in figure 6. Two curves are shown. The 
lower curve (solid) is presen ted as r epresen ta ti ve of 
the temperatures at wh ich solu tion of carbid es is 
substantially complete, that is, the temperatures 
above which only occasional minute traces of car­
bides r emain. The upper curve (dash ed) represen ts 
the temperatures a t which all carbides have been 
dissolved. These curves were established on the 
basis of careful metallographic examination of all 
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FIG rrRE 4, Microstn!ctu1'e of alloy 15 (0 .035 percent oj carbon), cold-worked seri es , after treatment at Ihe jollowing temperatures . 

A, 800° F ; B, 9000 F ; C, 1,000° F ; D , 1,100° F ; E , 1,200° F ; F, 1,300° F; G, 1,400° F ; H , 1, 5000 F ; I, 1,600° F; J, 1,700° F; K , 1,8000 F; L, 1,900° F . 
All etc bed clect rol yt icall y 2 minutcs in a IO-percent aqueons solut ion of sodium cyan ide . X 500. 
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F TGURE 5. l\IJicrostmclllre oj alloy 15 (0 .035 percent oj carbon) , annealed series, ajter treatment at the following tem peratures, 

A ,8000 F ; B, 9000 F ; 0, ] ,000° P; D, 1,100° F ; E , 1,200° 1"; F , 1,3000 P ; G, 1,4000 F; H, 1,5000 F ; I , 1,600° F; J, 1,7000 F ; K, 1,800° F ; L , 1,900° F . 
All ctched clectrol ytically 3 minutes in a lO-pm'cent aqueous solutio n of sodium cyanide. X 500. 
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FIGURE 6. Summary of metallographic evaluation oj solu­
bilityof carbon in high-pw'ity 18-percent-chromium- l0-per­
cent-nickel-iron alloys. 

Solid Jine indicates limit of substantial solubi lity. Dashed line indicates tern. 
peratures at which last min ute traces of carbides are dissolved. e, Oarbides; 
0, slight traces of carbides; X , no carbides . 

the samples involved. At 1,900° F , the highest 
solution temperature used (observations obtained 
from the samples a);mealed at 1,975° F are also 
included in fig. 6), carbides were present in all alloys 
con taining 0.077 present of carbon and over. At 
1,300° F and below, the solubility of carbon in the 
base alloy was less than 0.007 percent, the lowest 
carbon content in the series. Minute traces of car­
bides could be observed in this low-carbon alloy at 
temperatures as high as 1,600° F. It is apparent 
that the solubili ty of carbon in the temperature range 
considered damaging from the viewpoint of sensi­
tization (1,000° to 1,200° F ) must be very low­
certainly less than 0.007 percent. 

Insofar as annealing to effect solution of carbides 
is concerned, it would seem that the type 304ELC 
steels (0.03 % of carbon maximum) could be annealed 
at temperatures as low as 1,700° F , but that type 
304 stainless (0.08 % of carbon maximum) should 
be annealed at temperatures in excess of 1,900° F. 
For type 302 stainless (0.08 to 0.20% of carbon), 
the annealing temperatures apparently should be 
well over 2,000° F if effective solution of carbides is 
desired. 

4 . Summary 

A metallographic study of high-purity iron­
chromium-nickel alloys containing 18 percent of 
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I chromium, 10 percent of nickel, and varying amounts 
of carbon showed that with a carbon content of 
0.007 percent (the lowest carbon con tent studied) 
solubility of carbides was substantially complete 
between 1,300° and 1,400° F. Complete solution J 
of th e last minute traces of carbides, however, was ld 

not effected until 1,700° F. The solubility increased -, 
as th e temperature increased, and at the maximum 
temperature studied (1,975° F), the solubility of 
carbon was approximately 0.08 percent. The curve 
developed shows that the solubili ty of chromium 
carbide in 18-percent-chromium- l0-percent-nickel 
austenite is appreciably lower than has been reported 
previously. . 

On the basis of the solubility curve developed, it 
is believed th at type 304ELC stainless steel can be 
effectively annealed at 1,700° F but that type 304 
stainless should be annealed at temperatures in 
excess of 1,900° F. 

The existence of sigma as a stable phase in the 
low-carbon alloys, particularly in th e range of about ~ 
1,000° to 1,300° F , ,vas establi shed. I 

The au thors are indebted to J. H. Darr for modi­
fication of the vacuum melting furnace and assistance 
in melting some of the heats, to J. D. Grimsley for 
assistance in the metallographic work, to J. L. Hague 
and C. H. Corliss for chemical and spectrochemical 
analyses, respectively, and to H. C. Vacher and R. 
Liss for X-ray identification of the phases present in 
many of the alloys. The work reported herein was 
sponsored by the Bureau of Aeronautics, Department 
of the Navy. 
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