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THE INVESTIGATION OF HIGH STRENGTH IN
"HIGH CARBON STAINLESS STEEL

Mlchael E Sauby
Inorganlc Materials Research D1v1s1on Lawrence Radiation Laboratory,
Departmart of Materials Science and Englneerlng, College of Englneerlng,
Unlver51ty of Callfornla Berkeley, California
ABSTRACT
Factors necessary for the development of'high stréngth»with retention

of ductility in austenitié stainless steels have been étudiéd. Two thermo-
mechanlcally worked alloys of the 18 Cr—8 Nl‘type containing éarbon con— .
tents of 0.13 wt % and 0.33 wt % have been found to have yield strengths
éﬁ leasf foﬁr times that'observgd in annealed Type’302 stainless steels.
In the low—éarbon alloy, eloﬁgations in éicess of . 40% are observed in fhe:_
'as—rolléd samples. In‘thé.0.33% C allOy the elongation increases from
.less than 10% to more than 40% during the course of an 8 hour aging period.
.Two highef_carbon alloys, 0.46% and 0.56% C, showed slightly higher
strengﬁh'but much lower elongétion.

| Weight loss in a boiling nitric acid-dichromate solution dgmonstrates
that the four élloys studied have much lower corrosion rates than annealed
samples of Types 302 and 30h'stainlessvsteels. The observed difference in
corrosion rates is due to the combination of higher"purity and.éXCeilentfv
'dispersion»of carbidés; Weight loss through grain removal is an important
" mechanism in the 302 and 30k samples but not in the four alloys used in- |

this 1nvestigation.



I. INTRCDﬁCTION

In most‘eases Where high Strength is deSired in an austenitic
stainleSS'steel'it'muet be'Obtained thrbuéh cold rolling. With_a 60%."
reductioﬁ by cold rolling of a Type 302 staihless steel, yield strengths -
‘of 180 OOO psi and ten31le strengths of 206 OOO p31 can be obtalned
But the elongatlon after thlS treatment is only about 3% ( )i

It should be p0551ble to‘use thermomechanical - treatments te develop‘:
comparable-strengths with lerge elongations. ‘This method of processing
- has been shown.to be of value in the development of TRIP (Trensfqrmatiohf
Tnduced Plasticity) steels { 2-4 ). The major factor.in fhe’improvement-
‘of propertiesvthrough the TRIP phenomenon are the'preper aiioyreOntent to
induce a highly etrain hardened austenite, a good dispersion of cerbidesé
and an austenite stability of the proper magnitude to undergo the 7y * a;;
transformation in areas demonstratihg premature.neeking. .Bressonelli and
:Moskow1tz ( 5) showed that early necking and failure could be prevented
‘by 1ncreas1ng the strain-hardening rate in localized regions through
strain induced transformation to martensite.

Little work has been done on the corrosionkproperties of a thermo-
mechanically worked.stainlesevsteel. One method of evaluatingAthe inter-
granular corrosion resistance of a stainless eteel is.that used‘by
Aust, et al. ( ¢ ). | They. éhov}ed that throﬁghA the proper heat’ treet‘inent.-
@iecrete globular carbides were fommed in the grein boundaries, thereby
reducing intergranular_attack. The creation of a similar structure:
througheut‘the microstructure Sheuld produce_generglly'greater eorrosion

resistance.



II. EXPERIMENTAL PROCEDURE

A. MateriallPreparation 

Tabie I liste_the compositions of the alloys studied and of ceﬁrr
| mericial Types 302 and 304 stainless steels. Alloy A (O 13% C) was .
“prepared to be within the comp081t10n limits - for a Type .302 stalnless
”steel.'iThree of the alloys (B, 0.33% c; ¢, o,h6% C; and D, 0.56% c) were‘f
gseleéted'en the basis of the'compositidﬁ limits for pure sustenite at:
1150°C given by Bain and Paxton (7). It-was‘desirable to have high:f
chromlum and carbon content for corresion re51stance and strength. 'ﬁickei"'-‘
was added to stabilize. the austenlte at room temperature. .
The_alloys were prépared’asfl6-p0und ingots by induction meitiﬁgﬁih o
an argén‘atmosphere-and‘poﬁring into cdﬁper molds.' Tﬂe resultdng iﬁgots:
were then homogenlzed at 1100°C for three days, the. 1ngots were placed 1n
steel tubes and surrounded by cast 1ron chips to reduce decarbonlzatlon
Upon cOmpletlonaof homagenlﬁatlon the_lngots‘were.ice—brlne quenehedr
The'scale_Was removedyﬁdeEQd—blastiﬁg;and castiﬁg defects.(veids:add
cracks) were ground out.

B. Thermbmechaﬁicad Treatments

Aldoys A and B were upset.forged at leO°Cvto 5/8 in. X 2 in{prhéft
cracks formed during forging were removed by milliné about O.30rin;ifrom”f?
. each face. Further reduction was obtained by roiling’at 1100°¢ te_OLQSQFiﬁ;
After’all sdrface cracks were ground out the samples werelsQlutionetreeted ’
at 130090 for 1 hour. An ice brine Quench followed each one of the éﬁbvé
hlgher temperature proces31ng steps.- | *

Alloys C and D were initially forged to 1 in. X 1 5/8 in., rolled at
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1100°C o 0.500. in. and solution treated for 2 hqﬁrs at 1250°C with an.
icé brine quénch following each step. The Saﬁples were then rolled t6 
0.250 in. at llOO°C and ice brine quenched. Finallj, the surface Cracké  ;'
Wére ground 6ut and‘the samples were solution treated at l300°C‘for:oﬁe
hour followed by an ice-brine quench. A;loys C and‘D Were'processed'fifst"
and plans were initially made to try to échiéve priof‘defofmation to 90%:3.
Preliminaiy.tésts indicated that deformafion'past 86%'waélimpraCtical. |

AMlloys A and B were reduced to 0.056 in. by rolling aﬁ'SOOOC with
heated rolls. Betweén paéses the samples were reheaﬁed iﬁ"an electric -
furnace held at 500°C. Alloys C and D were reduced to O;O66lih._byiroliing
at 500°C. Further deformafion was limited by se&ere'cracking. |

Tensile specimeps machined to the specifications of Fig. i‘were” ‘
aged at 500°C for intervals of 1, 2, L, 8 and 16 hqﬁrs, with a 32-Hour
éging time added for alloy B. The as—folled épéCiméns afe assumed to
have recei&ed approximatel& 0.1 hour aging when réheated prior to‘thé
last pass'through the roilg. _Specimens of allobe_wergﬂaged also at
525°C for selected time inmtervals. |

Three'specimens each Of_alioys C aﬁd D were redﬁced in thickneés'by
grinding to be used in permeabiiity'studies. |

C. Mechanical Testing

Tensile -tests were conducted at room temperatuie with an Inétroh
;Testing'Maéhiﬁe. Alloy A was tested at a cfoséhead rate of 0.0h,in./mih
and.alioyS>Bs C and D were tested at a crosshead rate of 0.02 in./min.
A.few specimens of alldy B were tested at a crosshead fate of 0.04 in;/min.

to determine if there might be any strain-rate effeét in'this_alloy.]-
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D. Magnetic Testing

The saturation magnetizations of several specimens were determined
quantitatively"tqvmeasure'the amount of magnetic phase present beforé
and aftef ténSile testing. | v o | . - . o

The fraction of magnetic phése was‘determined‘through the rafio
BS/Bb; where Bs isrthé satu?ateé induction of the sample and By is the
saturate@,indgctibn of a completely martensitic specimen. BO varies with
alloy content'and can bc_calcﬁlated theoretically { 8 ). The experi-

mental apparatus has been described previously ( 9).

E. 'X-Ra& Diffraction

As—rolied samples éf alloys A; B, C and D and a sample of B
aged 8 ﬂoﬁrs‘at.SOOQC vwere mounted in bakelite,ground thréﬁgh 600 grit
silica paper; and polishedIOn:a 0.5 u diamond-paste-impregnated wheel.
The samplgs]were.fhen examinedvoﬁ a'Norelco diffractometer,vequipped with
a difffacted beam (200) - LiF cryStal-monochrométdr used with CuKd
radiation.>fThe Bragg angle (20 ) was varied frém 35° to 70° at a rate
of 1°/min. A puxbeu for bakelite_was run tQ enable definite identification

of those peaks beionging to the sémple.

‘ F, Ontigal and Eléctron.Microscopy
Polished specimens of alloys. A, B, C and D were etched with aqua
regia (ioiﬁ;.'HCl,5:;l.HNO3 and > ml.Hgo),- A Carl Zeiss,opticél micrdscope was .v
uséd for oBSefvation undér.inqident'and.croSs—pclarized light.
CarBidé eXtraction replicas were prepared'for a series of samples of
different aging times of ailoy B.. The samples-were poiished and deeply

etched with aqua regia prior to replication. The replicas were removed
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by electropolishing in a 10% perchloric acid, 90% acetic acid solution
" at about 20 volts. The replicas were examined at 100 XV in an Hitéchi.

HU-125 eléCtron microscope.

G. Corroéién Tests
The_corrosion resistance of alloys A, B, C énd D wére,compared'with
sémples of commercially available annealed sheetsAéf Types 302.and 30&
stainless steels. These tests are similar to those diécuséed by othér.
authors (6, 10-14). o

A boiling solution (109°C) of 5 N HNO. containing 11.3 gm/l of.

3
.potassium dichromate was used in this study. The solution was contéined

in a spherical three-necked, 2000-ml1 flask. Two of the ﬁecks were plugged'
and a condensor was attached to the third. - The sélﬁtion was heated usingv
a hemispheriéal-heating‘mantle;

Oheéhalf_inch disks machined from the sheet materials were‘used in
this study. Prior to immersion the samples were grqund throuéh 600-grit
silica paper, washed, and rinsed with diétilled wafer. All.éeven:speéi—"
 mens (A, as rolled;vB, as rolled; B, éged 8 hours #t 500°C; C, és rélled;.
D, as rolled; 302, and 304) were immersed simultaneously. The’samplesvused
showed enough variation in weight to be identified ?y weight diffefehéeé.

vFor coﬁpariéon purposes 1/b in. X 2/ in. X 1/2 in. sampiés of alloys
A and.B.were cut from the 0.250 in..annealéd bafsrpridr to warm-working.
These samples were prepared and tésted in the.samé manner as ﬁhe Q&rkea—
samples to more closely identify the benefits derived from thevtherm07 
'mechanical treaﬁmenfs. |
The samples Wefe remdved ét‘approximatély 2-hogr intervalé; rinséd,

 dried, and weighéd on a Mettler analytical balance with -an accuracy of
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+ 0.1 mg. : ) The test éqlution was changed after 8 h‘ou:_z‘é' to"rreduc‘e ‘the

effécts of a ch.ange in soiution concentration.
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' III. EXPERIMENTAL RESULTS

A. Mechanical Testing 

T@bles'II through VI list the mechanical prOpérties'of the alloys
under cbnsiderationﬁ Figures 2, 3, 5, 7 and 9 show the variations in

tensile properties with aging of alloys A (aged at 500°C), B(500°C),

| B(525°C),_C<500°C) and D(500°C).

Figure 2 summarizes the aging response of éiloy A. Except for the
slight reduction in tensile strength after 6 ﬁours litt1e résponse is
6bserved in the yield or tensile strength. Both the reduction in' area
and elongation deérease slightly with ag%ng tiﬁe.' The'engineering_
stress-strain diagram for an as-rolled specimen.of.ailoy A is shown in

Fig. 3. The shape of the curve resembles those observed in TRIP steel,

with“léng Luders strain followed by a serrated portion of positive

strain-hardening rate.
As shown in Fig. h, alloy E has a significant'résponsevto_aging at
500°C. Figure ka illustrates the precipitation hardening effect present

in alloy B. The elongation as shown in Fig. Yb increases rapidly with

aging at 500°C between 4 and 8 hours. There is a small increase in

reduction in area corresponding to this increase in elongation.
The improvement in mechanical'?réperties is “indicated by the changes

in the‘éhgiﬁeering.streég—stfain'CurVE'with aging as shd&n in Fig. 5. The

. curve for”thé'és~rolledfspecimenféhéw5'instability,as it'hécked'and

failed~early in the testi. The specimen aged forv8 hours at 500°C showed

vgodd stability. ‘This ‘curve is not:as gserrated as those observed in Alloy

A and most TRIP steels.
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_Téﬁsilé teété with specimens of alloij failed to shdw.thét thefe
were any differences in mechanical éroperfies'bétween strain rates of
0.02 and 0.0k4 in./min. |

Figufe 6 shows changes in.mechahical properfiés with aginé at.525°C;'
After aging at 525°C alloy B shéws slightly différent prgpertieé thaﬁ wheﬁ
1aged at 500°C. The yield strength ét 5é5°C sho&s.a slight peak similar
to that observed_at 500°c¢C, but'the,teﬁsilé strengthbdecfeaseé'with aging
.timé.. But the major diffefence befwéen'the two égiﬁg temperatures is seen
in the résponse of the elongation to aging. .At 500°C there is an apparent.
increase ih élongation of about 37% while at SZS?C the increase is ohiy'
about 29%. This difference may be due td incorrectly fiXing the peak'in
Fig. 6. The actual peak at 525°C may be betwéen'2 énd 4 nours rathéf than
jas indicaﬁed;‘ V | .

| SlightApeaks in the'yield.and tensile streﬁgth are‘possibly bbservedi
in alloy C after about lihour.af SOQ°CIas shown:in_Fig.‘7a; The reducfibn
iﬁ aréétis seen to decrease_with aging time except for the regioﬁ‘betweéﬂ
1 and 5 hours where the reduction in area is obseredfto:bé'apﬁrﬁxiﬁately
constant;.'Litfle change is observed in:the.eiongéfion; és,shoﬁn in Fig.
Tb. The éhape of the engineering stress-strain curve'forlahna%—rOlied
specimen of alloy C is shown in Fig. 8a. B

Small peaks in the yielé and fensile strengths'were:observed in
allqy D with aging as shown in;Fig, 9a. Thévreduétion in.aréa is obéerved_
to decrease steadily #ith aging while the elongationAremains fairly con-
stant. A# engineering stress—strain'diagram for alloy.D is iilustrated iﬁ
.Fig. 8b. | | ’ B |
The reiationship betweenAcarbon content'éndvyiéld strengfh for 80%

deformation is shown in Fig. 10. The point at 0.02% C was ektrap¢lated
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from the data of Floreen and Tufnell (15). Tnere appears to be a .
slightly_pefabolic functionbfor'the dependence. of the.yield strength upon
- carbon content. Since alloys C and D were only deformed about 73% the
cnrve has been drawn sllghtly above the p01nts for these alloys to
represent more closely the effect of carbon ;n an,alloy recelving 80%
prior defofmetlon. | .

B. Magnetic Testing.

The emonnt of magnetic phase present was found-to be very low in
specimens whose saturation induction was determined prior to mechanical’

' ,testing. The amount of.magnetic phase present in the as—rolled specimens
appear to be independent of carbon content 0. 3% in alloy A, 0.2% in B,
0% in C, and O.h% in D. After 8 hours at 500°C the fraction of magnetlc
phase in alloy B has risen to about 0.6%.

In the specimens of alloys A (as rolled) and.B (aged 8_honrs, 500°C)
_showing good elongations; s:lafge amount of magnetio phase was observed.
A‘specimen'of alloy A having an elongation of about 41% showed an_increase
in the frection of magnetic phase. to TM%. A specimen of.alloy B aéed
"8fhours at 500°C showed only abont 39% magnetic'phase after‘meehenical
testing. |

_ In alloys C and D little increase in martensite was;obServed;:i.e.,
- about 0.6% and 0.5%, respectively; after mechanical testing. In both
- cases the fracture was not in thevcenter of the-gage length, thefefone;‘
tne actnal'amount of transformation may be larger. With a hand—held megnet

the necked region of both specimens is highly magnetic.
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C. X-Ray Diffraction

The'dirfractometer‘curves obtained from samnles of alloys A (as rolled),
B (as rolled), B (aged 8 hours, 500°C), C (as rolied), and D (as rolled) j
inaicated that no phases were bresent except auStenite.

The.(200)Y peak was observed only in alloy A. This peak rose about
20 counts per second.(cps) above the noise while the (lll)#kpeak rose
about 400 cps above the noise. |

The :(.l:ll)Y peak rose to an intensity of ahout;hoh cps in the as rolled
sample of alloy B. In the sample of B aged 8 hourstat 500°¢C tov(lll)Y
peak Showed a further decreese in intensity in alloys C.and D; lhh‘cps '
land 10h cps, respectively. |

- D, Optlcal and Electron Mlcroscopy

Some of the results of" metallographlc studles ‘are presented in Flgs
11 through 18 In Flg. lla the bandlng present in alloy A can be seen as
well as the good dlsper31on of prec1p1tates created by warm rolllng (500°C)
| Flgure 1la also shows ‘that prec1p1tatlon has occurred along slip
bandsvand that very little precipitationvhas occurred'in the;grain bound-
aries.. Figure lib shows more clearly that the precipitates'have formed |
along siip bands in the austenite. |

Banding is also observed in the as—roiled sampie of alloy B, but the
' precipitation is heavy and fairly uniform throughout most of the structure
as shown in Fig. 12a. The irregular structure'ofhsiloy B is shown in
"Fig. 12b at higher magnification. -

Figure 13 is an eiectron micrograph showing the small size of the
precipitetes in the austenite of the as-rolled samples of alloy B. These
needle shaped precipitates'have been identified.es Cr7C3vfrom electron

diffraction patterns.
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The severe delaminafion and longitudinal craéking thét occurred in
a'speciﬁén of alloy B aged 8 hours at 500°C is shdw# in Fig. 14. This
.indicates that the mechanical properties caﬁ be e#peéted to be very
anisotropié in this type of material. Betwéen afeas of delamination the
failﬁre'éépears to have been by avshear mode. Figure 15 shows the heavy
precipitation in this aged sample.

Updh overaging, fine precipitates of Cr23C6'havevformed in.the_grain
boundaries as shown in Fig. 16 of a specimen éged for 16 hours ét 500°cC.
The precipitates are‘about 600 A in size.. In the as-rolled condition
there were no areas observed that contained Cr23C6 precipitates. Dif-
fractionfpaxterns from the area Shown‘in Fig. 16'iﬁdicate that two types
of precipifates_are present, Cr23C6 in the grainfboqndaries and both
Cr7C3 and.Cr23C6 in the austenife.

Figure 1Ta shows some of the banding preséﬁt in_an as-rolled speéi—
men of alloy C. fhe microstructure is‘also observed to have a high
volume fraction of smal% precipitates With some large precipitates through—
out thevstructure. In Fig. 17Tb the majority of the precipitates are ob-
served to be vefy small and well dispersed and the precipitation along the_
grain boundary is discontinuousf | ”

Figures 18a and 18b show the precipitation aiong slip lines and in
slip bands of alloy D. Figure 18a shows that the‘majority of the pre-
cipitates had formed in the deformed austenite rather'than'at the grain

boundaries.
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E. Corrosion Resistance

The Susceptibility to attack of the Types 302 and 304 stainless
steels and»thé four thermomechanicaliy worked alloyé in a solution of -

SN HNO ﬁbntaining 11.3 gm/1 of potassium‘dichrométe are sumnmarized in

3
Pigs. 19 and.20. '
 Figure 19a illustrates the behavior of the Type 302 anneaied sheet

used in this study and the various heat-treated éambies of 302 used by
Aust, et al. (11). The curves exhibit steady state corrosion rates of
(g) 4.8 itig/cmz/hr; (b) 8.3 mg/cmg/hr; (c) 3.1 mg/cmg/hr; and |
v(d) 9.3vﬁg/cm2/hr. Optical examination of'the'éurféce showed se#ere
general attack. |

Figufé 19b shows the behavior of.the'TyPe 30&’sample used in this
‘study and-the variously heat-treated samples used'By Aust, et ai. (11).
" The steady state corrosion'rétes are (a) 4.2 mg/cm2/hr; (b) 6.2 mg/cmg/hr;
and (¢) 1.9 mg/cme.hr. | |

The corrosion behaviofévof alldys A,'B, c énd-D are summarized in
Fig. 20. _Thé five curves of Fig. 20 show that thefé is no‘incubatioﬁ
period in.é thermomechanically worked stainlessiéfééi., Thé‘sampies of -
Types 30é and 304 stainless steel used in this study show a corrosion
rate more than an order of magnituée greater than that for any of the
alloys prepared for this study. The corrosion rates of the various
samples are listed in Table VII. The differences invthe'surface attack
can be seen in Fig. 21. The'sémples §f 302 and 3Qh are observéd to bé
deepiy andvevenly attackedehile alldys A, B (as rolled and aged 8 hours _
at 50090),:C and D are observed to be lightly etéhed.

The comparison tests run with undefofmed‘saﬁples of alloys A and

B show that there is no appreciable difference in the corrosion rate

¢

C
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between.samples,annealed at 1300°C and similar samples that have been
reduced 80% by rolling at 500°C. In alloy A the deformation appears to
have aided.the corrosion resistance by reducing‘the.rate from 0.2L mg/cmz/hr
in the aﬁnealgd sample to O.ZI‘mg/cm?/hr in the déférmed sample. But in
alloy Bva slight increase in'corfosion rate from:0;19 mg/cm?/hr to

0.20 mg/cmz/hr is observed after deformation.
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1v. DISCUSSION

A. Mechanical Properties:

The déﬁelopment of high yield strengbhs in austenitic steéls can be
attributed to two main phenoména:

(i) the increase in the strength of the austenite through strain
hdrdening‘during thermomechanical working, and |

' (2)lldevelopment of a fine dispersion §f carbides during.the thermo-
mechanical treatment.

In a very low carboﬁ austenitic stainléss_steel (12 Ni-18 Cr—O.Q2,C)
receiving érior deformation at 525°F an increase in yield strength was
found with increasing deformation:(lﬁ). The majority of the inérease_in'
strength.is due.to the strain hardéning'of the'aﬁéﬁeﬁité:since the volume
fractioﬁ of precipitates forﬁed would‘be very sﬁalivin this alloy. Wifh .
increasithCarbon‘content the increase in strength can be associated with
the‘fofmation of alloy carbides. This is partly due to disperSioh strength-
enihggiﬁut the‘carbides#alséiaffebflfhé“rétérof.$£rain‘hardeningvof'
the éusteﬁite at elevated temperature so as to produce a ﬁérevhighiy dis—
located structure. Figure 10 shows that a significént increase in strength
is obtained with carbon. The rate of increase appéars to decline after
about 0.5%C.

Sévérél authbrs have discussed thevimportancé of carbide formers in
ausforming (2,3,:16=18). They have found tha%JQLhigh dislééation density |
is impbrtant to the création of a fine dispersion bf carbides. An in- |
creased dislocation densityrprovideé not_oﬁly.moré.nucleation sites for
carbides to form but alsoc aids vacancy enhapced diffusion.of substitutional

atoms. An important consideration in thermomechanical working must be



-15-

the temperature of deformation; McEvily, et al. (16) and Kula (19)
bhave stressed the 1mportance of a deformation temperature corresponding
to that at whiCh alloy carbides form, but not so high as to cause re-
crYstallization' |

Figure 13 show prec1p1tates of Crg 3 formedvdﬁring the deformation
.of alloy B at 500°C. These precipitates are finely spaced, i.e.'about
0.351. | o

Examination of the microstructure has indicated that precipitation
is fairly uniform throughout the matrix. Figure 11 shows clearly that
precipitation has occurred aiong deformatlon bands in alloy A. This type
. of precipitation can iead to the.fine dispersions observed.

Of the four alloys tested, alloys A ande denonstrated the most
interesting results. Both had high strengtns and demonstrated a signifi;
cant amount of ductility after properlheat*treatment. Alloys C and D both
showed-high strength but.did not demonstrate large elongations.

High strengths and ductilities have been onserved in a number of
austenitic steels (Q—hj. The high duetilities:oﬁserVed haveibeen found
to be due to strain induced tranSformations of austenite to martensite.
The high values of ductility are observed when the austenite is jnst
unstable enough to prevent~necking by the Yy ~» af_transformation, But not-
so.unstabledas to cause rapid work—hardening.

.Bressanelli and Moskowitz ( 5) showed that,by increasingvthe rate‘
of strain hardening-through transformation, faiiure by early necking
could be*prevented. In highly stable austenite the work hardening rate
is not sufficient to prov1de the needed strengthenlng during necklng.

But in a metastable,austenitic steel the transformation‘to‘martensite
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éan Qccur in'the éreas of highest strain thereby increasing the strength.
Thérefore,.localized flow is feduced and uniform strain along the gage
lehgth isfpfomofed.

Thé stability of the austenite'in an alloy-éan bé calculated using
the empiiical results of Angle (8). He defineslstabiiity in terms of

M, . As used here, M will be the ﬁemperature.suggested by Angle (8)

d d

30 . 30
at which 50% martensite is formed in tension after_a true strain of 0.30.

The Md : temperature can be charécterized by
30
| M, (°C)
430

413-462[C+N]-9.2[51]

8.1[Mn]-13,7[0r]-9.5[Ni].

- 18.5[Mo],

wheré [X] eéuals the weight percent of the individﬁal alloying elements.
Thé Md3O temperature of alloy A was ca;culated'to be 30°C. 1In room‘:
temperature teSts, this alloy would be expected to undergo some strain-
induced transformation. This was found to be the case, with alloy A
showing ekéelleﬁt elongatiohs.
| The‘sﬁfess—sfrain cﬁrﬁe of alloy A shown ianig. 3Iis éimilaivto
that observed for some.TRIP steels (2-4), i.e., high yield strength ana
long Luders strain followed by an increase in the straiﬁ hardening rateu
with the final portion of the curve serrated. The frend in the téhsile
data indicating a decrease in elongation with aging time (Fig. 2a) cén
be attribuﬁed to further réduction in the stability:of the austenite as
carbidéé:are precipitated. | |
.The'measuremeht of saturation magnétizatibn demonstratés that

strain induced transformation is an important factor in,tﬁe elongation

(3,9). In the case of alloy A, an as-rolled specimen showed a volume
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fraction of magnetic phase of less than 0.3%. After testing, the amount
.of maftensite detected was T4%. This large amount of transformation,
‘especially at points of necking, is responsible for the good elongations.
of sﬁecial interest in‘this'inveStigatidn is the response of alloy

B to aging. With a calculated M, of -30°C, this alloy had fair duc-

%30 o
tility in the as-rolled condition (about 9% elongation).

Upon.aging, a definite increase in'ductility is obser?ed. In tﬁe
course of ‘the first 8 hours of aging the elongation'has increased from
about 9% to L45%. During this aging périod additional carbides were
precipitated causing small increases inlstrenéth;‘This precipitation also
acts to reduce the effective alloy content §f the;austenite decreasing
its stability. McEvily et al. (16) have noticed‘fhat precipitation can
lead to réduced.amouhts of carbon in_the area surrounding the austenite,

leading to local elevation of M In the case under consideration the

439

volume fraction of precipitates is large and the dispersion is fine.
Therefore, increased precipitation will lead to general elevation of the

Md température.
30

In studying carbide extraction replicas it ié found.that a transition
is occurring in the type of precipitates observed with increasing aging
time. The volume fraction of Cr703 is decreasing and a fine dispersion
of Cr23C6_is being forméd; The transitioh'from_Cr7C3 to Cr23C6 nay ex-
plain some of the increase in strength.'

» The'change in the stress-strain curve of‘alloy B as a result of
aging is shown in Fig. 5. After aging 8_houré:gt'SOO°C the transformaf‘

tion was not sufficient to cause an increase in the strain hardening

rate but the strain hardening rate was sufficiently increased to prevent
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neqkingﬁand result in a larger Luders strain and total elongétion. in
alloys A and B ﬁhe austenite lacks tle strain—hérdening capacity to
Ovefcome'necking and transformation to martensite is necessaiy to producé
uniform elohgaﬁions.

To ﬁtoﬁuce approximately the same elongatibné in alioys A and B,
51% and hT% respectively, strain induced transformations of about T75% and
39% respectively were needed. The austenite in the_hiéher carbon alloy,
therefore, has a high enough strain hardening ré£e £o 6vercome a greater
proportion of»the necking instability without transformation.
"temperatures:ofv

d
» S 30 .
~-138°C and <135°C, respectively, is found to be too high to enable good

The austenite stability of alloys C and D,.M

elongaﬁion to be obtained.

Thé'reéﬁlts of the X-ray diffraction study indicate that no major
phases.othef than carbides are present in the austénite ﬁhat might affect:
the mechaniéal properties;. Therefbre, the observed'properties are merely
a function of the austenite stfeﬁgth and stability. There are con-
flictiné ﬁhéories as to the effect of prior defbfﬁation upon the miéré—
structure. Mangonon and Thomas (20) obéerved that e-martensite (a para- .
magnetic phasé) is formed during rolling at liquid nitrogen temperature.
But Floreen and Mihalisin (21) have raised doubts that € is formed by
rolling, The diffraction curves obtained in the present study seem to
indicaté that no € marténsite ié formed during rolling at 500°C. This

'might be expected since Mangonon and Thomas (20) féund that 200°C was
near the temperature at which €-martensite begins‘fo revert to austenite.
But, it is. possible that the rolling texture of these samples plus the .

presence of carbides would mask the presence ofﬂsméll amounts of additional
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phases, The‘Volﬁme fraction of»precipitates apbears to affect the dif-
fractometer curve as noted in Section III-C. The.decrease in the intensity-
of the (_lll)Y peaks in the aged sample of alloy ‘B and the as-rolled

» sampleé,qf:élloys C and D indicates that the austenite is strained‘by in-
'creasing numbefs of carbides causing microabsorp£ion, thereby reducing thé
intensity. |

B. Corrosion Resistance

In addition to the development of improved mechanical properties
very desirable corrosion resistance is foind to be present after thermo-
meqhanical treatments. The results of the present investigation indicate |
fhat the thermomechanically worked steels studied have much greater cor-
rosion resistance in a boiling nitric acid—dichromate solution than the
annealed commercial samples of Types 362 and 304 stainless steels.

It is possible that the improvemehts in Corrééion resistance are not
entirely dué to the thermomechanical treatments. For example, Armijo (lﬁ)
has shown that corrosion resistance in the nitric acid-dichromate test
solutidﬁ can bexstroﬁgly influenced by the impurity elements phosphorus
and silicon. Excessive additions of phosphorous (> lOgvppm) and silicon
(between 2 X 103‘ppm and 2 X th ppm) can seriously detract from the cor-
rosion résistance. “

The work of Armijo (14) on the effect of phospﬁorus on the corrosion

rate would tend to indicate that the 302 and 304 samples tested would have

|  _’a corrosion rate four times as fast as that observed in alloys A, B, C

and D if other variables were equal. Therefore, an important factor in _f
‘the improvement in propertiés'may be the,lowerbphosphorus content of

the workéd alloys.
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. The lérge differences in corrosion rates with'variations in silicon
content determined by Armijo (14) in a high purity lh Cf—lh Ni—Fe alloy
may only‘be partly applicable to nominal 18 cr-8 Ni—Fe alloy. If the
Variatibh in rate of attack with‘siliconvcontent héld true, the 302 |
sample ﬁsed in this investigation would have a éérr§sién rate about five
times as fast as the 304 sample used. Howeﬁer, it ﬁas found that the
differenée ﬁas negligible. Therefore, the effect of silicon iﬁ this type
alloy (rominal 18 Cr-8 Ni) may be subject to question. In a quenched
alloy very little effect is foupd with carbon content (14), therefore,
this is not considered a major factor in the currént stﬁdy.

The samples of 302 and 304 stainless steels.uSéd in this investiga—f
tion for comparison purposes shoﬁ sbme discrépanciés fromrresults of
Aust, et al. (11). Within Figs. 19a and. 19b, curves (a) and (b) are
for siﬁilarly heat-treated materials. The discrepancies may be due to
differénces in annealing temperature and time. No control was exerted
over the‘commercial alloys used in this study.’ Sméll differences in
alloy coméosition (14) and concentration differeﬁcés in,the.nitric acid-
dichromate solution (10) may lead to variéﬁions'ih the results.

Significant improvements in corrosion resiétance of annealed 302
and 304 étainless steels have been realized thfdugh selected heat.tréat—
ments (11). A two hour heat treatment at 850°C followed by a water
quencthas shown to decrease the corrosion ratelban 302 annealed samplé
from 8.3 mg/cmg/hr (curve (b) Fig. 19a) to 3.i‘mg/cm2/hr (curve (c)) (11).
A similar heat treatment in a 304 sample at'900éC reduced the corrosion
rate from 6.2 mg/cmg/hr (curve (b) Fig.'l9b) to 1.9 mg/cmg/hr'(curve (c)).

If is bélieved that the carbides formed durihg the heat treatment

incorporate solute impurities from the grain boundary region (6). The
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higheSt'rétes of corrosion were observed in the‘annéaied samples having.
no carbidesvin the gréin boundaries and in samplés.having a éontinuous

' cérbide phése in the grain Boundaiiesf - The lowesf corrosion rates were
found to cbfreSpond to the presence offisélated'carbides at grain bound-
aries (6, 11). The model of S§lute segregation at grain boundaries i§
further confirmed.by the observation of Armijo (l2)_that the corrdsion
rate can be'reduced by high temperature solution treatment. At solution.
temperatures approaching the melting temperatuié susceptability to cor;
rosion is reduced through desorpfion éf impurifies.'

Froﬁ the observations made by prévibus iﬁveétigatoré (6, 11, 14) it.
may bexPOSSible to explain -the excellentvcorrosidﬁ‘resistance of alloys
.A; B; C and D, in a boiling nitric acid-dichromate éolution. The puritj
of the alloys;”eSpecially the low phosphorﬁs content, must be an im-
portant.factof in the low corrosion rates. ABut; a significant part of
the'corrosion resistance muét be dué to:the heétbtreatments that these
four alloys received.

Thé low corrosion rates in the anﬁealed‘sambleé of alloys A and B
must be due to the alloyipurit& and the high anneal temperature used.
After aﬁnéaling at 1300°C the solute impurities are more evenly dis—
tributed throughout the microstructure rather théﬁ at the grain bound-
aries.

After thermomechanical working the excellen£ corrosion resistance
is beiievéd to be due to a éombination of the élléy.purity and the dis—:f
persion of carbides produced at the rolling teﬁpergture. As observed
in the_micrographs thé dispersioﬁ 6f carbides is fine;iwith no>continuou§

carbide paths obserﬁed even in the higher carbon alloys. The dispersion
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ef carbides is such that nearly all of the harmful impurities shculd be
absbrbea. “

It is difficult to visualize the electrochemicél‘prccess that musf
be respcnsiblevfor the excelleﬁt corrosion fesietecce in the_therﬁo—
pechanically'worked samples of alloys A, B, C and b; No incubation period
is obser&ed in alloys A, B, C or D as opposed to 302 and 304. This would -
indicate uniform attack. Another factor which must cevconsidered also
is the'custenite grain siie.' The small grain size in the 302 and 304
samples ﬁoﬁld enable weight loss to occur throcéh removal of entire grains
while in'alloys A, B, C and D the grain size is so.lerge that weight_ioss
cah occur only by chemical attack and not by grain removal. |

Buﬁvit would be expected that in a highly deformed alloy the free
energy would be so high that electrochemical attack should bevenhanced.
Residual'sfresses around paiticles may cause an'increase in chemical
attack (22). It is aisc possible that plastic deformation at the tips of
the grain boundary grooves may 1ead to an increase in the'intergranular‘
penetrafioc rate (10). The fine disperSion of pfecipitates should lead
to many smeil electrochemical cells in the austenite leading to'higher cor-
rosion fates. The high irregularity produced icvthe grain boundaries
_-through the large deformation in processing shculd.also contribute to an
increase in the corrosion rate.

The.means by which thermomechanical workicg'caﬁ reduce the chemical_;
attack in a nitric acid-dichromate solution is not clear. If the impurity
solute segregation is the primary factor'in raising'the corrosion rate
then the fine dispersion of precipitates would absorb the impurities very

effectively throughout the microstructure. It may be possible that each
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precipitate forms an electrochemical cell with the austenite and that
these very small cells may interact in some manner so as to'reduce the

overall effect.
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- V. CONCLUSIONS

Thisviﬁvestigation was undertaken to deterﬁihe the pbésibility of
developing‘a high strength austehitic stainless steel through glloy con- _'.
trol and_fhermomechanical treatments. |
i It has been shown that a stable austenitic»éfainiess éteel similar
to a Type‘302 can be made to show a two fold incfeaée'in tensile stréngth-
and a four fo1d increase in the yield strength.throﬁgh'théfmomechanical
fréatmeﬁts. The increased strength of the alioyé is obtained with no -
significant loss in ductilify. Thé strain-induced transformétion obéerved
during ﬁésting is an important facfor in the fefention of ductility; |

Throuéh the addition of carbon an austenitic alloy of higher stability.
hés been obtained. Alloy B (0.33% C) wéé found to possess yield and
tensile strengfhs'in excess of 200;000 psi;'_Thé stability of the austenite
_ detracted:from the elongafion obéerved invthe aé—fdlled samples.‘ But upon
aging, the brecipitatidn of carbides has reduced the effective alloy con-
tent of the austenite enqugh so that strain indﬁcéd trénsfofmation can
contribute to the deformation, 1eadiﬁg to eXCelient elongation;

- In cdmparison tests with samples of 302 and_30h‘stainless éteels,

the alloys déveloped for this investigationvweré found to be far éuperior
in corrosion resistance. The differences in corrosion rates are due to a
combination of differences in purity and the fine dispersion of‘precipitatés
created during the thermomechanical treatments. It has been suggested
that by reducing solute impurities through absorption into the carbides
the corrosion resistance can be improved.  But some other undetermined -
facfor is probably more importanf in this reduction in‘corrosion'rate.

The austenite grain size effect may also have an important role in the
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low rates ¢bserved. In alloys A, B, C, and D the grain size is so
large-thgt weight loss will only occur by chemiéal attack for a long
period of {ime rather than through grain removal as observed in thé much

finer grained 302 and 304 stainless steels.
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V1. SUGGESTIONS FOR FUTURE STUDY

Iﬁvestigate the effect‘df thermomechénical tréatﬁents on thé
mechaﬁical and chemical properties of a commercial purity
stainiess steel. |

A comparison test of annealed and thermomechanically worked
comercial stainless steel to determine the‘effect of warm
working on corrosion resistance of samples of épproximately
equal grain size. A small graln size woﬁld Be desirable to
determine if weight loss through grain removéi'can be deterred.
Poténtiodynamié corrosion tests should be run to determine if
the corroéion resistance of the present ailoys:are as good
relative to 302 and 304 samples in a differént-electrochemicél

system.
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Table I. Chemical composition of alloys in weight percent

Ingot  Alloy
No.

£911-18 A
6911-19. B
6911-20 C
6911-21 D
302
30k

% Cr %N 9C Mn Mo %P %51 %S
Weight Percent '
17.84%  7.81 0.13 0.02%  0.02% .00k 0.0k 0.007
15.91 7.86 0.33 | 0.02%  0.02% .003 0.02 0.007
19.20  7.59  0.46  0.05  0.02" 0.003 0.06 0.008
.15.59 7.80 0.56 0.06  0.02¥ 0.003 0.09 0.008
17.85 8.31  0.06 1.7 o .025  0.42  0.025
18.02 9.08 0.08 1.70  0.15 .025 0.62 0.011

% ,
Indicates "less than"
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Table II. -Mechanical properties of Alloy A

Aging Temp. Aging Time f.S. U.T.S. Z Elong. | % Reductioﬁ

°c hours 1000 psi 1000 psi 1 inch in area
sc0 04" 153 185 51 54
500 0.1 156 180 41 52
500 o 0.1 157 182 '35 53
500 1 161 183. 37 53

500 1 160 . 181 39 k9
500 . 2 158 S99 3T ke
500 2 a9 19 ¥ 56
s00 4 160 183 N 53
500 4 151 e o 52
500 8 16L 18 -39 bt
500 8 145 181 : 39: 5k
500 . - 16 156 179. 37 L

500 16 S1sk 181 C3%6 48

*® B : o .
For this presentation as-rolled specimens are assumed to have been aged
approximately 0.1 hours. This time represents the length of time that
the samples were in the furnace before the last-pass. The last pass

contiibutes only approximately 1% to the total deformation.
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Table IIT. Mechanical p;ppegﬁies of Alloy B

R TR 5

Aging Temp. ‘Aging Time Y.S. U.T.5. % Elong. = % Reduction
oC -~ __ hours 1000 psi 1000 vsi -1 inch in area

500 0.1 208 023 T 50
N 0.1 208 223 -8 58
0.1 212 223 L9 58
500 1 207 oop 10 ko
1 212 222 11 R
500 2 210 22); 11 5)
2 208 212 11 52
500 L 213. 225 -1 - 54
4 213 221 22 55
500 8 212 203 43 5)
: 8 212 216 o5 s
8 217 226 Y ( L9
500 16 221 226 & ko 39
16 215 221 8 35
16 206 _ 213 bt . 51
500 32 205 215 26 29
' 32 203 210 26 22
525 1 215 . 225 10 - 58
' 1. 209 - 219 9 55
525 2 199 21k 15 37
2 213 - 221 27 60
525 k 21k 219 35 50
L 213 218 Lo 33
525 8 200 220 12 2Y
8 192 207 27 3
525 17 187 206 2 20
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Table IV. Mechanical properties of Alloy C

Aging Temp. Aging Time Y.S. “U.T.S. % Eiong. | % Reduction
°C ' hours 1000 psi 1000 psi 1 inch " in area

500 . 0.1 231 245 W LYy
0.1 226 240 5 Ly
0.1 232 . 2140 an 48
500 1 235 250 o 36
1 230 2h2 6 Lo
500 2 231 LT 6 L5
_ 2 233 2kl 3 3k
500 4 235 250 5 42
. 4 229 2ks 6 42
500 8 232 2hy b 43

8 23l 24 b 35
500 16 24o 253 b 31
16 226 okl Y 29
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Table V, Mechanical properties of Alloy D

R

Aging Temp. Aging Time Y.S. U.T.s. % Elong. % Reduction
. °C : hours 1000 psi | 1000 psi 1 inch in ares

500 0.1 240 247 3 Cu
0.1 233 2h3 5 39

0.1 230 242 5 43

500 1 2ho 246 b 35

1 231 23 6 40

500 2 237 25k L 35

2 237 2lt 6 37

500 4 239 251 L 33

L 23L 2Ll i 33

500 8 2Lo 254 R 32
8 237 2L7 5 Lo

500 16 240 - 246 3 31
16 224 2h3 L 30
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Table VI. Mechanical properties of commercial

Type 302 and Type 304 stainless steels

Alloy Y.s. = . U.T.S. % Elong. % Reduction
' 1000 psi 1000 psi 2 inches in area
302% 3P 90 o550 65

304% 35 -85 55 65

a. Values taken from Metals Handbook, Vol. 1, 8th Edition, 1961.

b. 0.2% Offset yield strength
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Table VII. Summary of corrosion resistance

o

Miloy _ Corrosion rate (mg/cme/hr)
302 | . 4.8
304 | | 7 k2
A i S 0.21
B (as rolled) | 0.20' |
B (aged 8 hr, 500°C) | 0.19
c 0.31
D 0.30
A (annealed) . | 0.2k

B (amnealed) . 0.19
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Figure Captions

1. Diagram of tensile specimen.

2. Effect of aging at 500°C on the mechanical properties of Alloy A.

3. Eﬁgineering stress-strain curve for Alidy A as rolled.

4., Effect of aging at 500°C on the mechanicél properties of Alloy B.
S.I_Engineering stress-strain curve for Alloy B showing the dif-
| ferences between the stress-strain curve of minimum elongation (as rolled)
and the curve of maximum.elongation. (agéd:8 houré at 500°C)
6. 'Effect of aging at 525°C on fhe‘mechaniéal properties of Alloy B.
7. Effect of aging at 500°C on the mechaniéal properties of Alloy C:
8a. Engineering stress-strain curvé for Ali§y Cf; as rolled.
85, Engineering‘stress—strain éurve for Alloy.D,,as rolled.
9. .Efféct'of aging at 500°C on the mechanicéi properties Qf Alloy D;
10; Effect of carbon content on the yield_sﬁréngﬁh of thermo-
mechanically worked stainless steels (as rblled).
ll; Optical micrographs of Alloy A showihg banding and preferential
‘ précipitation along slip bandsvduring tﬂermomechanical working

at 500°C to 80% reduction in thickness.

12a. Cross-section of Alloy B after 80% reduction at 500°C. Large

"volume fractions of precipitates are obsérved. (Taken with
cfoss—polarized light).

léb. Cross section of Alloy B illustrating discontinuous nature
of grain-houndary precipitation and ifregﬁiar structure.

13, Electron micrograph of ¢arbide extraction replica showing the
needle Shaped precipitates of Cr_C in,the as rolled'condition

73"
‘_~of Alloy'B.
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Fig. 1k, Cross-section through fracture. of Alioy:ﬁv(aged 8 hours,
500°C) showing severe longitudinal cracking and delamination.
Fig. 15. Finer dispersion of precipitatés in Alloy B after aging 8 hours
at 500°C. (taken with cross-polarized iiéhting);
Fig. 16. FElectron micrograph.of carbidé extractidn replica from a
sample of Alloy B aged 16 hours at 500°C. Fine particles of
Cr2306 are observed in the érﬁin boundaries. o |
Fig. 1Ta. Cross-section of Alloy C showing banding and heavy precipitation.
Fig. l7b; Cross section of‘Alloy C showing heavy pfecipitation thfoughéut"
structure and relatively discontinuous nafure of precipitationf
in the grain boundary. | |
Fig. 18a.'Cross-séction Alloy D showing decorated_élip lines.
Fig. 185. Cro#s—section of Alloy D showing heaviiy decorated slip bands..
Fig. l9a;106rfosion of Type 302_stainiess steel.
(&) Commereial cold rolled andiannealedvsheet used in this
study
(b) 2 hours at 1050°C, and quenched
(¢) same as (a) plus 2 houré at 850°C,vquenched
(d) same as (a) plus 2 hours at 650°C, quenched (sensitized)
(b, ¢, and 4 are from Aust, et al. Trans ASM, 60, 360 (1967).)
Fig. 19b. Corrosion of Type 304 stainless steel |
| (a) Commercial cold rolled and aﬁnealed sheet used in this
study.
(b) 2 hours at 1050°C, quenched | ‘
" (¢) 2 hours at 1050°C and cooled to 900°C within 20 min,
held é hours at 900°C, quenched |

(b and c are from Aust, et al. Trans ASM, 60 360 (1967).)



~ Fig. 20,

Fig. 21.
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Corrosion of thermomechanically treated alloys.

“A. Alloy A

B. Alloy B: as rolled and aged 8 hours, 500°C

C. Alloy C

D. Alloy D

Surfaces of corrosion samples after 19_*hours in boiling solution

of SN HNO3 - containing 11.3 gm/1 Of-POtaséium dichromate.
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LEGAL NOTICE

" This report was prepared as an account of Government sponsored work.
Neither the United States, nor the Commission, nor any person acting on
behalf of the Commission: '

A. Makes any warranty or representatzon 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 th1s report may not in-
fringe privately owned r1ghts or

B. Assumes any liabilities with respect to the use of, or for‘dafnages

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 Commzss1on
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. ‘




S ——.

e

' TECHNICAL INFORMATION DIVISION
LAWRENCE RADIATION LABORATORY

UNIVERSITY OF CALIFORNIA
BERKELEY, CALIFORNIA 94720

o

A,





