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- EFFECT OF COMPOSITION ON THE CORROSION RESISTANCE .
"OF SOME ULTRA-HIGH STRENGTH METASTABLE AUSTENITIC STEELS
Fred Padllla, J.-F Challandef and S. F. Rav1tz
Inorgahlc Materlals Research D1v151on, Lawrence Radiation Laboratory

Department of Materials Science and Engineering, College of Engineering,
Univeristy of Callfornla, Berkeley, California

| A:BSTRACT |

‘The corrosion resistance of seme ultra-high strength'metestable
euStenific_ Cr-Ni-C and CrfNi;Mb—C steels having unﬁsually high ductility
was inreetigated by an ahodie-pelariZation}testfproceduré. The dﬁctility
was the result of transfdrmafioh of ausﬁenite ﬁe:mertensite during
deformetionr(transformation—induced plasticity;;ﬁhe'"TRIP" phenomenon).
Increasihg‘the chromium or melybdenum content,'Wiﬁhin‘the concentrafion
ranges eﬁudied, very'merkedly increased both the eeee with which the
steels beceme passive'and.their eorrosiOn resietanee in‘the passive
state.>'Inereasing the nickel content or adding manganese, hoﬁever, had
relativeiy little effect. A steel'containing il‘pct Cr, 8 pct Ni,
4 pet Mb, and 0.26 pct C, with a yield strength of 2é5,000 psi and an
elongafion ofVBl pet, had corrosion-resistance bropertiee,'as measured
by the ahodic polarization tests, closely approaching tﬁoee of type 316

stainless steel.

* ‘
Present address: Chalrman, Metallurgy Technology Department Don Bosco
Technical Institute, Rosemead, California.

*Present address: - French military service
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~ EFFECT OF COMPOSITION ON THE CORROSION RESISTANCE

OF SOME ULTRA-HIGH STRENGTH METASTABLE AUSTENITIC STEELS

By Fred Padilla, J.-F. Challande, and S. F. Ravitz

Fred Padilla and J.-F. Challandé, formerly Research Assistants,

. Indrganié Métérials Reséaréﬁ Diviéion; Lawrence Rédiaﬁion Laboratory,

.Univeréityﬁ¢f Califérnia; Berkeley, are now Chairmén;.Metailurgy
Teéhnoibgy_Déﬁaftment, Don Bdséo'Technical Instituté, Rbsemead, Cali-
fornia; and.meﬂber ofvthé Ffench‘military.service,»feépectivély.

_S}.F. Ravité iéfProfeSsor of'ﬁétallurgy, Department of Materials Sciencg

- and Engineéfihg} College of Engineering; Univeréity of Califérnia,

Berkeley.

Certain metastable auétenitic steels, aftér sﬁitable thermo-
mechanical proéessing, develop high yield stfengths (of the order of
200,000 psi gnd‘higher) and tend to transform to martensite during
sﬁraining. _If.the transformation begins before necking starté, a
high rate ofvstrain hardening results and the steel continues to de-
form plasticéily ét high stress levels. This results in high values
of elongatibn€l+3) The term "TRIP" steels (from transformation
induced p;asti¢ity) has been suggéstedhfor_steels that exhiﬁit such
behavior.(l); | ‘

Most qf:the work on TRIP‘steels thus far has been devoted to .
determiningltheir mechanical characteristics as functions df thermo—

(1,4)

mechanical treatments and microstructures. The present investi-

gation was undertaken to provide information concerning the effect of



'comﬁosition on corrosionﬁresistanqe'and qn‘tensile properties. Becéuse

':of the large number of possible variablés (including, for example, wide
' : _ .

'iiranges in compbsition, the temperaturevénd‘amount of deformation, and

vvthé Quenching conditions in the thefmdﬁeéhanical treatment), a very

- limited number of ailoy éémpdsitions ﬁas S§1ected and ﬁhiform treatment

'and testing’procedures were édopted.' A sﬁudy sﬁch as this one can be

considefed as oﬁly a étartvt6Ward déliﬁéaﬁing éome of the'éffeéts of.

cémpositioh. Much more exteﬁsive studiés are needed, inqiuding inves-

‘tigations of the effect of Strain—inducedvmarténsite on corrosion

resistandée

EXPERIMENTAL PROCEDURES

Alloy Preparation

_Ailoys were prepared from electrolytic iron and alloying con-
stitueﬁts of comparable purity by inductidn—méiting under argén in é
magnesié cruciblé'and castihg under:argén iﬁ.a:cbpper moid. The ingots;
about 2% in. in diameter and Weighiné 10 to.16 1b, were forged at 1100°¢
into plates 2% to 3 in. wide and % to%@-in; thick. The plates were
égossfrolled at 1100°C to 0.4 in. thickness. They ﬁerebthen»heated in
stainiess.steel bags 1 to 2 hr at 12000C, after which they were quenched -
in iée brine to prevent precipitation of.carbides. ' ' ' v _ S

'The thermomechanical treatment consisted of rolling the 0.L4-in.

steel atIMSOOC in successive reductions of 10 to 15 mils (with reheating
to 450°C ‘after each pass) to a final thickness of 0.080 in. (80% re-
duction), and then quenching in water. The material was essentially all

in the auétenitic state after this treatment.



Corrosion Testing
The>corrosion resistance of the Steels was evaluated by a

(5,6)

polarlzatlon—potentlal method developed by Edeleanu,: in which

the anodlc polarlzatlon current of the metal in a sultable electrolyte
is measured as -a functlon of applled potentlal (7- 9) This method
prov1des 1n a few hours 31gn1f1cant data on the corrosion propertles

of metals that exhlblt pa551v1ty and has therefore become a valuable

tool for the study of corr051on v ‘,, ,mr e

For the ‘corrosion tests,’ spec1mens about 1.4 em square were cut
from the 0.080-in. sheet, and a 2l-gauge copper vire was soldered to the
back of each spe01men. The ‘specimen, after. being mounted in a selr-curing
resin (! Kmldmount ') was polished on silicon—carbide papers (through
600-grit) and then with a one-micron diamond PaSte on a canvas wheel,
washed ultrasonically in water and in ethyl alcohol and rinsed thoroughly
in ethyl alcohol.

The polarization celi consistedaof three enciosed glass cylinders; f.
one'containing;the briquetted specimen (mounted vertically in a hole in -
the cylinder wall), another a 51m11arly arranged platlnum counter—
electrode approx1mately 1.4 em square, and the third a saturated calomel
reference eleotrodei . To minimize contauination, the first and second
compartments:were connected near the bottom by a 10-mm glass tube about
8 em long, in the middle of which was sealed a 2-mm-thick medium-coarse
fritted glassvdisk, while the first and third were connected by a 2-mm
glassrcapillary tube 10-em long. The electrolyte was lO—pct (2-normal)

sulfuric acid solution prepared from reagent-grade concentrsted sulfuric



acid and‘tfiplé}distilled watef. To eliminate air, purified hydrogen
was bubbled #ather vigorously through'the electfdl&te;for éb@ut an_hour
before each ?ést and at fhe rate of one or tWobbubbiés.per secona during
the test. ;ThéASpecimgn was immefsed in the‘eléctrolyte for 15 min
before thevst;rt of the measurements to establish the steady-state
corrosion.poﬁential (i.e., the potential that.exists Between the épecimen
and the saﬁufaiéd caloﬁel electrode (SCE) ih fhe'absence of an appliéd
potenfial*)jif ‘ ' h

The pofentialvbetweén ﬁhé speéiﬁeh and the calomél éiéctroaé
was control1ed'Qith a potentiostat and was'cohtinuously recorded,
together with the corres?onding polarization current.between the spe¢imenA
and the pléiinpm countef—electrode,-on an x-y recofderr' The potential
was varied‘aﬁtQmatically at the rate of 1.3 v pet hr;“starting<neér?ﬁhe
corrosion potenfial (about -0.3 té -0.4% v) anad endiné at a potential
of abouﬁ l.8tv; With thé aid of a ldgarithmic éonverter, a éet of
suitable'rQSiéfances, a seléctdr switch, aﬁd a low—paéé filter, polari—
zation currenfs ranging'from one—haif microampere td oﬁe émpefe could-

(10)

be recorded smoothly and uninterruptedly. All measurements were

made at 22° * 1°C.

¥ Potentials are expressed here relative to the saturated calomel
electrode, with the convention that the more positive the potential
the strongér the oxidizing power of the electrolyte with respect to

the specimen.



Interpretation of Corrosion Test Data
An idéalized anodic polarization curve and a typiéal actual
curve are shown in Fig. 1. As the pdténtial is increased above the

corrosion pdtéh#iél; Eéorr’ at wﬁich no exfernal éurrent flows, the
cufrenﬁ»déﬁéify.rises to évméximum (the‘critical aﬁédicvcurrent density, '
Icr) at thébpfimafyvpassive potential, Epé' The curreﬁt density then
drops rapidiyfto the passivé rangeb AB; where it remains more or less
constant afvﬁﬁé passive current density; Ip; befdfe rising égain in

the transpaséive regibh. Thévléwer the passive current density, thé

lower the cdfroéion rate of thevpéséivated metal in fhé tést'solution;

in a prolohged test on a TRIP stéel in this investigation, the measured
weight loss corresponded to a corrosion rate of.approximafély 0.5 mil perv
yr (0.013 mmvpér yr) for each microa@@ere pef sq cmglin yefy good agreement
with the raté:éalculated for steels by Faraday's law,: The lower the

critical current'density, Iér’ and the primary paSsivevpotential, E

]

pp
the less strong are the oxidizing conditions re@ﬁired'to make the metal
passive and ﬁﬁe less likely is the metal tO»become”depéssivated by
changes in its environmentﬁ .Steels can become passi%e spontanééusly'in
a solution.éaﬁurated with air if the critical current density is.less
than approximately 100 ua/émz.(ll),

Data:dbtained by the corrosioh.testvprocedure described above on
samples of commercial stainless steels are given iﬁ Table I, together
with data for similar stainless steels estimated from cur&es presented

(12) '

by Fontana and Greéne. The passive current density and especially

the critical current density are very sensitive to the chromium content,



TableiI} fCorroéibn—Test’Data for Commercial Stainiess Steels

Stainless’ F_;f. ‘ o ' Passive ,Crifical Prim. pass.
Steel ifj“g.Data - R éurr. dens. ; cﬁrf.ﬁens.,' potential, v
type no.* 'i;f {soufcé . ‘ ya per sq cm pa‘pér sq em v vs SCE
304 'Prééent investigation . 5 80 -0.22
304L ' ;Foﬁpana and Greene(lg) 3 200 -0.27
316 .P?eéént'inVestigation  5 15  -0.18
316 . fbﬁpéna and Greene(lg) 2

15 -0.18

* Nominal cémpésition (in addition to maxima of 2 pet Mn, 1 pet Si,

0.045 pet P; and 0.03 pet 8):

Type no. 304: 18-20 pet Cr, 8-12 pct Ni, 0.09 pect C max.

Type no. 30LL: 18420 pet Cr, 8-12 pct Ni, 0.03 pet C max.

- Type no,f316: . 16-18 pet Cr, 10-14 pet Ni, 0.08 pct C max, 2-3 pet Mo.



(a)

as will be shoWn‘léter. Thus, in view 6f;the_possibie.differences’in
compositionrindicatéd by the'nominal composition rangesishown at the
bottom of Tab1é I, the agreement between the_present résults and those

of Fontana and;Greene may be considered reasonable.7ﬂ 

Mechanical Testing

Specimens of one-in. gauge length were machined from the 0.080-in.
sheet and teStéd at room temperature on an Instron festing machine at
a cross-headlspéed of 0.0k in. . per:min.  Each specimen wis tested for

ferrbmagneﬁiém7ﬁithin the gauge iength with a small hand magnet before

~and after'the_ténsile'testing{

.>'RESUﬁTS
A sefieéﬂaf>alloys containing 13 pét;‘Cr, 6f£o.;i pct. Ni, and
varying amqun£é of Mo and Ma. were prepafed énd'téstéd asvdescribed
aboﬁe; tﬁeif;éémpositions aﬁd the results'of the tés£§ are summarized
in Table II,:_All thé alloys’éxhibited.the TRIP effecf éxcep£ alloys

B and C, whiCh necked down rapidly during the tensile test and exhibited

low elongationé; After the tests, .alloys B and C were strongly magnetic

. only in the hecked—down region, whereas all the others were strongly

magneticlthrdﬁghOut the gauge length.

A1l the’ailoys showed very good passive corrosion resistance, the
passive curreﬁt densities béing 10 £ 2 pa per sé cm,'COrresponding(to
a corrdsion rate of only 0.005 in. per yr. Compéfison with the data in
Table I indicates that these alloys approach types 30h and 316 stainless

steels in passive corrosion resistance. There are wide differences,



Table II. Effect of Composition on Properties of Metastable Austenitic Steels¥*

Containing 13 pct Cr and 0.25%¥0.01 pect C

Passive.  Critical - Primary-
Current’   current - i::fpéééiVé' f'--iéfféngth,f“ >--Elong.;:f"”'ﬁéduétign-;“r'
Percent density density potentialT . kpsi y pct in in area,
Alloy Ni Mo Mn ua.per sq cm Ua-pef'sq»cm v vs SCE  Yield Tensile 1in. ~_ pet
A 8 - - 12 1,000 ~0.3k 164 253 28 32
p** 1 - - 11 750 -0.32 187 187 8 : 51
c* 001 - 12 100 -0.31 194 194 . s
D 9 2 - 12 35 -6.27 200 209 b6 bl
o 8 1 - 12 , 75 -0.32 190 264 o1 35
F 8 3 - 8 15 -0.25 187 231 38 38
. o N | ’f- 15 ok 185 e  5t3hf‘_ o Eléa‘f .
H 6 3 2 9 30 : -0.28 f‘ 185 231 o o 33
Is 6 3 Y 10 35 - -0.38 186 188 46 v_ Lo

* Before being tested, all alloys were homogehized at 120000; quenched in ice brine, reduced 80 pct in

thickness at hSOOC, and quenched'in‘water.
t The corrosion potential was cohsistently 0.0k to O.QSv more negative..

£  Not a TRIP steel

DY
]

- § Slightly magnetic,before being tésted (all others were nonmagnetic).
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however, in the. critical current densities and in the tensile properties.

.These preperties‘are'diSCUSsed'beiow.

Effect of'Inereesingfthe Nickel Content. |

.Increesing the nickel'content from 8 pct.(aliéy A) to;ll pet
(alloy B) had relatlvely llttle effect on the crltlcal current den51ty
but had a profound effect on the ten31le propertles, changlng the alloy
from a TRIP steel with a yield strength of 164,000 ps1 and an elongatlon
of 28 pet to. a non-TRIP steel w1th a yield strength of 187 000 psi and

an.elongatlon:ofionly 8 pct.

Effectvof,Additien of Molybdenum.

Thebaddition of molybdenum to the alloy A composition had a pro-
found effectfen the critical current density butbonly almoderate effect -
on the tensile properties. With 1 pct Mo.(alloy E);hthe critical current
density dropped from 1000 ua per sq cm_to 75 ua per. sq em, a value
comparable tb;that of 18-8 stainless steel (Table I) and with 3 pet Mo
(alloy F), the{eritical current density was onlyjls ua per sq cm, a value
comparable-te that of type 316 stainless steei. "The yield strength ﬁas
raised somewhat by 1 pctband'S bcthMe, and the elongation was increased

by 3 pet Mo.

Effect of Partiai Replacement of Niekel-by Molybdenum.

Alloys B C, D, F, and G represent a series in ﬁhich, starting
with 11 pct. Nl, part of the nickel was replaced successively Wlth molyb—
denum in steps of 1 pct by weight. Major changes occurred in both the

corrosion and tensile properties. The critical current density dropped
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rapidly from fsd ua per sq.cm invalléy B_td 15 ua péf SQicm in alio&s'
F and G. Tﬁefé,was.also é slight (bﬁf pérhaps:not éigﬁificant) drop
in ﬁhe passiveféﬁrrent-density, and thére.wasﬂa steady:éhange ih the
primary passiﬁé-potehtial from -0.32 v in alloy B td'-d;éh v"in‘allOy'G.
As mééfiéned pre#iously, allobe, containing_li_pct Ni and no.Mo,
was not a TBIP'éteel. Substitution of 1 pct of molybdenum.fdr a cor-
respondingiémouht of nickel.(alloy C) had relatively little effect on
the tensile.pfOPerties, as may‘be seen in Fig. 2. :Substitution of'anbfhér
percent (aliqyiD, with 9 pet Ni énd 2 pct Mo), howeVer,lcauSed an abrupt
changé, restofing.the TRIP effect aﬁd giving the'hiéhésf yield strength
and.one of tﬁéﬁﬁighest elongations of all the alloys listed in Table II.
Fufther replacémentvof nickel by mOldeenum (ailoys F”dnd G) caused
modefate_décfééées in yield_sﬁrength,and elongation bﬁt produced a

- substantial increase in tensile strength.

Effect of Maﬁéanese.

Alloy H is similar to alloy F, but with 2 pct of manganese
subétituted for an equal quantity bf nickel. This.substifution doubled
the wvalue df the critical current density bqt had &irtﬁally no effect
on the tensile pfoperties. Addition of 2 pct more manganese without
further éhahging:the‘nickel contept (alloy I) had little or no effect
on the critical current density or on the yield strength, but decreased
the tensilé'étrength to about the same vélue as the yield strengtﬁ . _ »

while at the same time it increased the elongation substantially.
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Effect of CﬁrOﬁium.

The'éhrOmium content was not varied in the alloys listed in

Table II. However, during>the development of the cbrro$ion—testing

~ procedure thatfwes finally adopted, tests were made.oanRIP'steels»

available freé‘ether investigations. ' Among these was evseries eOn—
taining 8 to'iErpct Cr; 8 pet Ni, and 0.26 = 0.02 pct C, which had

been preparedrend thermomechanically treated in essentially the same
manner as deeeribed previously. ' The sanodic polarizetioh test procedure |
used, heﬁever;'ﬁes somewhat different.” The reeuits fer this series

are summariZed“in Table. III. Alioy A ih this tableris the same as in.

' TablevII._'The bassive current density found for this alloy in both

séries Was‘12_ua per sq cm. The criticel current density for this

alloy, however, was 3000 ua per sq'cm in the Table III series compared

- with 1000 ud per sq cm in the Table II series. The difference is very

likely due t6 the differences iﬁ test procedure, whichECOuld affect the
nature of the film on the surface of the metal and th'us the current
density required to form a passiye‘film.

The data in Table III show that the critical.current density was

extremely sensitive to the chromium content, dropping from the very

» high value of 200,000‘ua per sq cm‘et 8.pct Cr-to the low value of

Thebapplled éotentlal was started at about 0. 6 v and was: changed at -
the rate of 3 v per hr to -0.8 v, then to +1.8 v, and finally back to
the starting voltage whereas for the data in Table 1T the potentlal
was started at -0.3 to -0.4 v and was increased at the rate of 1.3 v

per hr to 1.8 wv.



Table III. Effect of Composition on Pfoperties of Metastable Austenitic

B8teels Containing 8 Pct Ni and 0.26%0.02 Pct C

- Passive Critical Primary_ ..
: éurrénf 'cu;réﬁt: fpassiye.;7'7:“AS£f;ngth, :fi f_ E1¢ng5?j_,
Percent density density potential kpsi._' ﬁct ig
Alloy Cr Mo ua per_sq em  pa per sq cﬁ_A.'v vs SCE'_ ‘Yield Tensile 1 in.
3 8 - 100 200,000 C+0.17 196 271 17
kT 1m - ¥ 30,000 0.00 198 2k 35
A 13 - | 12 3,000. ‘0;30, 164 - 253 28
L 16 - 9 10 0.2k - - -
M 9 10 50 -0.25 I - -
N 11 k4 10 .20 -0.07 . 223 . 2k n
08 13 N 6 ,6' -f+o:ié»  o 'f;f . o

¥ Pretreatment essentially as in first footnote of Table I.

' Pretreatment same; except quenched to —196OC-after homogenization.

* Same alloy as A of Table II.

5 Also contained 2 pet Si and 1 pet Mn.

raN

AR
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10 ua per_sq.éﬁgét 16 pct.' The chromium_content had.a‘strong effect aiso
onlthe-passiﬁéléﬁrrent &eneityf‘ﬁhiéﬁ-éféﬁpééfff@ﬁ 166 va per éq e &k
8 pct Cr'toi? u#_pervsq cm at 16_pct.» The tensile teét data afe incom- .
- plete but inaicaﬁe that a Qecreasé in yield-strength may 5e_associated

with an increase in chromium content.

Befect of Chromium and Molybdenum.

Molﬁbdénum, like chromium, was,very:effectivé in lowering both
ﬁhé passive:énd;critical curreht:denSities, aé'shown by the data in
Teble III for alloys M, N, and O, which contained k pet Mo (alloys M
and 0 containéd”alsolE pct Si and 1 pet Mn).  Alloy ﬁ;'Vith.ll pet Cr,
8 pctvNi,,hvpciiMo, and O.26 pct C not only hed a p;ssive current
density cor:é3p6nding to a cormosiqn rate of only 5 mils per yr and a
critical chrent'densitj appfqaching that.of type. 316 stainless s£ee1,-.”
but also had a yield étrength of 223,000 psi and an‘éidﬁgation of

31 pet.
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Flg. l - Anod1c polarlzatlon curves.. i( ) Ideallzed curve."(b). Actual_',.

curve for alloy A;. Table II (13 pct Cr, 8 pct Ni 0 o5 pct c).

21"2 “ [Note to. edltor Part (b) of Flg. l should be placed elther’

. 1mmed1ately to the rlght of or- 1mmed1ately below part (é)(];

'. ; Flg. 2 - Effect of replacement of Nl by Mo on ten51le propertles of,_ .

. alloys containlng 13 pct Cr and O 25 pct C
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Neither the United States, nor the Commission, nor any person acting on

behalf of the Commission:

A. Makes any warranty or representation, expressed or implied, with
respect to the accuracy, completeness, or usefulness of the informa-
tion contained in this report, or that the use of any information,
apparatus, method, or process disclosed in this report may not in-

_ fringe privately owned rights; or ‘

B. Assumes any liabilities with respect to the use of, or for damages
resulting from the use of any information, apparatus, method, or
process disclosed in this report.

As used in the above, "person acting on behalf of the Commission"
includes any employee or contractor of the Commission, or employee of
such contractor, to the extent that such employee or contractor of the
Commission, or employee of such contractor prepares, disseminates, or pro-
vides access to, any information pursuant to his employment or contract
with the Commission, or his employment with such contractor.
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