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- M. D. Merz, .G. R. Chanani, V. F. Zackay, and E. R, Parker
Inorganic Materials Research Division, Lawrence Radiation LaboreVOfy,
(=3

Depdrtment of Materials Scisnce and dnvlneezleo, College of Engineering,
Un1ver1 ity of California, Berkeley

ABSTRACT

TheLuniaxiel‘tehsile‘propertieé of a series of TRIP steels of
Qaryingheerben contents and pfocessing histories were defermined over a
wide rdnge of test tempera*ureu. |

The yleld strengths at room temperature varied both wiuh the deforma—
tion temperature (over the range 250° to 550°C) and with_the‘carboﬂ
content (O 05 to O 20%). Possible reasons for these variations were ad-
vanned. |

For all'steels, the yield strength exhibited a minimum at a test
femperaﬁure'of aﬁout:;50°c and ‘a maximum et e'test temperature of about
100°¢, The minima ‘and the maxima were especially pronounced for the
steels processed at the lowest deformaticn temperatures.

Both the rate of work hardening and the elon g tion were influenced
by the strain-induced austenite-to-martensite transformation. Both the
rate of etrain hardening and the rate of production of strain-induced

martensite (per unit strain) increased with decreasing temperature.

* Present address: Battelle Northwest, Richland, Washington
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_Tensile Pfoperties'of Lower Carbon TR P Stcels

M. D. Me rz, G. R. Chanﬁnl, V. F. Zaékéy end E. R, Parker'
INTRODUCTION

‘The intfodﬁction éf hiéh-éarbon high—manganés; steéis by'
.Sir Robert‘Hadfiéld'éighty—si# years ago inauguratéd.thé USé ofisfrainﬁ
ihduced phéSeItransfdrmations to imprové'thé méchanical properties of
Stéels.(l)  Sihcé that’timé, this phénbéénbn hes béen widely.expléited,
pgrticUlarly,for enhancing the propértiéé of metastable austeﬁitic stain-
(2-5) o Hadfield's mangenese steel.and metaateble
aﬁsténitié’stéinléss steélsvhavé low yiéla strengths and high elongaﬁions

in the solutlon“quﬂncqed conultlon, and in the cbld—worked condition'they

-héve highlyield strengths and low elongations. Both of these com bwnatWOﬂs

of strength and ductility are useful, but it would be better to have high
strength combined with gq.élongation: In_a_recént baper; Zackay et al.(6)
described a pro ss for producing high—streﬁﬁth st?eﬁs with ﬁiéh'values of
elohgétion; ‘Thése steels wére dé signed to be thernodyna.lcally unstzble

so that plastic straining would induce a martensitic transformation. A

suggestion was made in this peper that steels exhibiting 2 high degres of

transformation induced plasticity be called TPIP steels.

»The present étudy is concérned with the effecfs 6f the wérm working
used ‘to raise the yield strength and the testing témperature on the
tensile prdpértiés of several_lower carbon TRIP'stééls; The carbon
contents of these ste=ls were chosen to braéket the estimated equilibrium
eutectoid carbon content of.a base alloy.containing 12 Cr, 8 Ni, h'MO,

s

1.5 8i, 0.75 Mn. In this study, the primary emphasis was placed on



-2~

UCRL-18466-

correlating the properties of the steels with the structure. A wide range

of processing and testing conditions was explored.

A

N
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- EXPERIMEUTAL PROCEDURE AND RESULTS

T&enty;pdund vacﬁum:meltéd'ingofs were forged to 0.5 in. thickness

at 1100°C and subsequently hot rolled to 0.25 in. at 900°C. The plates

ﬁerévéélution anncaléd ét ilOOoé for one héur;and water.queﬁched.‘ Fineal
deformatibns'durihg'warm Working (whieh involved éb% réducfion in thick-
" ness eiéébﬁ where noted) were carried out at'tempefatuies Qf_250°, 350°,
ASO°; énd 550°C. Preheated rolls were used and ﬁempefaturévéontrol_was
hainﬁainea by retufning the pieces to the furnace’betheﬁ.paésés to re-
esﬁabliéh‘temperatﬁre'equilibfium. The compositioﬁs of the four steéls
inveétigated-are given in Table I.

| ’Sheef'tghsile:specimens having 2 one inch gauge length, a‘thicknéés
of 0.05 ih., and a test section width of 0.125.in:, were ground from
proceséedﬁShéets;;'The'SPecimens %efe-lOadéd éy neans of éins péssing
tHrough holes to thé enlarged.end sections to afoid misalignment.’ The
total elqngatibn'was ﬁéasured Betweén small indentétioﬁé”ﬁaae_on the
Surfacé bfiof to teSting. A yield point occurred in most cases (except
for thé solution-quenched steels), and the yield stress ﬁas taken as the
stress whefe_the load dropped. When there was no.drop in load, thé-O;l%
offset meﬁhod.was used to obtain the yield stres;.ZVTrue stress-strain

' éalculatidhs'were baséd on measuréments'of engineéring stress4strain'data
taken ffoﬁ the Instron recorder. (The total eiongation as measured‘at the
. end of the tésf was used as the scaling factor.) The elastic strain of

nbpth the-épécimen and the tensile machine was subtracted from the total

~strain in computing these curves. The strain rate employed was 0.0L per
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Steel.Designations and Percentages of Alloying Elements

Steel Designation C Cr Ni Mo Si Mn Fe
A 0.05 | 12. 7.7 3.9 | 1.5 1.1 Bal
B 0.07 | 12. 7.8 3.9 | 1.5 0.83 | Bal
c ) 0.16 | 12. 7.8 3.9 | 1.5 0.82 | Bal.
D 0.20 | 12.0 7.9 k.o | 1.5 0.80 | Bal
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minute; for test temperatures above and below room temperature, the

specimen was. immersed in a temperature controlled liquid.

The amount of the transformation tﬁat-occurred during'testing vas

‘determined quantitatively by a magnetization Lcthod The tethnique was

based'upon neasurenients of the difference in saturation magnetization of

' austenite and martensite. The readings were converted to volume percent

ﬁérteﬁéité, andléorréctipns wgré mede for fhgiipfluéncé of thé‘glloying,
elements.(7 8) 'MeaSUréménts of the Vélumeifractioﬁ“df maftensite
produ¢éd”durihg straining at room and liquid niérag¢n=témpeféfures.were
ﬁé&é‘dﬁfiﬁgiﬁénéilé ﬂeéfihg. For ther testing téﬁ;éfatures; ﬁeasurements
were madé~6ﬁly.at room température béforé and éfter thebtest.

‘Steels A, B, C, aﬁd D hed different Mg tenvaraturea becauses of

differences in carbon content. The Mg temperatures of steels A and B

were above 22 C; both contained some martensite when the material was

quenched ﬁo roop emperature, as shown in Figs. la and 1b. These two

steels were stabilized against further decomposition by room temperature

aging. After.hoiding‘at 220¢ for'se#eral'wéeks, no additionzl martensite

formed in steel A until it was cooled to -35°C; and steel B did not
'transform_further‘until it was cooled below -70°C. Steéls‘C and D

contained less than 0.1 volume percent martenéit even after cooling to

-196°C

.The test data are summarized ‘in Tables II through VI.
The qualitéﬁive marnetlc reanéns es (i.e. to a hand magnet) of the’
specimensbbefore and after tensile tésting are also iﬂcluded in these
tables. The true stress-true strain curvés of two stééls (0.05% a;d

0.20%C) with prior deformation at 250°C are shown in Figs. 2 and 3 for
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several test temperatures. (These curves are plotted to the point of

maximurn load, not to fracture.)
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DIsCuUssIoN

Deformatlon Tempe*auure

The defofmation temperature is an important processing,variable in
fhe pfeducﬁion of TRiP steels because it influences boﬁh>the;strength and
the stablllty of the austenlte (9) In~aﬁ earlier éépérf the effect of
the amount of deformatlon on the ten51le propertles of these.steels was
dlscussed ( ) In the.present study; the amount of deformation Vas.held
eonstent (80%),end the deformation tempereture wes_Vafied from 250° to

- 550°C. The meeHanicaI working can:be donevat,any-tempera£ureiaboye‘MD
._(MD.is’the.temberéture abeve'which no martensite will formﬁduring‘plastic
' defermatienf) ‘The influence of deformation tempefature.on thé room
temperatu;e'field strengths and elongatioﬁe of eteels A, B, C, and D, is
showﬁ in figs.'h and 5. = i

‘The yleld otrengtho of the steels of 1nuermed1ate carbon conbent

[

(0 07% and O 16 ) are not significantly influenced by the deformation

erature, as is shown in Fig. k. However,at’the’250°C'deformation

: temperature, th“ yleld stren;th of the 0.05 carbon steel is low, while

: that of the 0420% carbon steel is high. ' The reasons for these dlfferences_
in behavier.will be considered‘next.

The'&ield strength of the 0.05% carbon steel is relatively low for
prlor deformatlon at 250° and 350°cC. -It rises to‘e siight}maiimum for
'hSO C, and, finally, decreases again to a 1ower.felﬁe”ef£er processing
at 550°C. The low yield strength forvthe 250° ana 350°¢C deférmation
temperatures is believed to be du; to the martensite (9%) which‘ﬁas edn—
ta;ned in the steel after the solution treatment and ﬁhich'became'

tempered during the rolling. Tempered low carbon martensite is weak, and
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its presence is believed to be réspoﬁsible fof the lower yield stréngth.'
The temperéd ﬁartensite can be seen in Fig. 6; whitﬁ'is a pﬁotomicrogfapb
of the spééimens déforméd at 250°C. Thé'soméWhat higher étréngth of thé
olos% carbon steel after deformation at 450°C can be atiributed to the
presencé of additioﬁal ﬁntempéréd marténsite that forméd during‘cooling_
from the deformation témperatufe; Méasureménts showéd'that the total
“amount of martensité had'incréased frdm thévoriginél 9 té 22 volume percent
_after tﬁevu50°C'pr0cessing tfeatmeﬁt.

After proceésing'at 550°¢C, thé amount of hartensité was only 1k
volume pefééﬁt,'ahd the yield stréhgth ﬁés'lowér‘than aftéf the Lso°c
treatment. In'this‘casé, it:is:tﬁought that more’cafﬁbﬁ”Vas’retainéd‘in
soluﬁion'bécéuéé‘of thé higher solubility of carbon in zustenite at the
higher temperature énd that this carbon réténtion madg théléusﬁenite mbré

stable.

A distinctive feature of the plots shown in Fig. b is the high yield =~

strength of the 0.20% carbon steel deformed at 250°C. The higher yield

strength is presumed to be due to hardening caused by carbide precipitation

~ during the 250°C processing treatment.- Metallographic obsérvatioﬁs_support
the cgrbide precipitétion hypothesis. The undeformed, solution?treated
matgrials contained scome undissolved carbides, thevamounﬁ being greaater

in the highér carbon steels, as can be seen by a c§mparison of the
phoﬁomicrographs of solution quenched stéels A and B in Fig. 1 and sﬁeel

D in Fig. T. Afier deformation, the amount of pfeéipitation was

observably greater in all of the steéls, as is shown by compafisons of

Fig. 1 with Fig. € and Fig. 7 with Fig. 8. Furthermore, the amount of

i
|
1
|
|
i
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pfeéipifﬁte forﬁéd auring deTormation was greétest for the steel of the

highest:carbon contént,bas can bé séén b§ a-com§ariéoﬁ of Fié. 6 witﬂ

Fig. 8.
o - v o in most'instahcés; the yiéld stréngﬁh and thélultimété jénsile strength
increaééd‘ﬁith'cérﬁon.confént fof each défbrmatibn tempéréﬁuré studied,'
 as‘is shown in Taﬂlés III'tﬁrdﬁgh V. However, the vélues,forAstéél B were
 éometiﬁ5s_lowérvthan for those bf.gtééi A; This ﬁés prééﬁﬁébl&bdﬁé to.thé
largeflﬁuéhtity of mérténsite.ihitially ?résénﬁ iﬁ stéel A; _Thé défbr;
ﬁéﬂidn téﬁpéfatufé does”n6t appear‘to inflpéncé thé‘élongation significently,
aé.was sﬂown in Fig. 5.

| Consistent witﬁ the provosed rolé of carbon .in TRIP steels are the

properties'of éfeéls of the same nominal compositibn (9 Cr, 8 Wi, bk Mo,
2 Mn, évSi).and similar processing (80% déformgtion at 450°C) but’diffefing
in carbqn coﬁtent(6) (0.25%';nd 0.30%). The’yield‘straégth:ahd eléngation
for the Q}é5% C steel were 208,000 psi and 27% and those for the 0.30% C
'steel were 222,000 psi and 31%. The expécted grééter volﬁme fraction of
precipitateq carbides ih the 0.30% C steel evidéntly accounts for the

higher yield strength observed with the higher carbon alloys.
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The temperature'dependence of the tensile properties of TRIP steels

is complex. The stability of the austenite as well as the flow character-

istics of both austenite and strain-induced martensite are influericed by

the temperaturé of»tésting;(lonlu) Thé Qariatidn# of yieid stfength and .
- elongation with tést_témpérature for steéls A; B; C; and D, in both the
solution’quénched ana deformed (80% at 250°C) conditions are shown in
Figs. 9 and 10. Thé yield:strengths of the solution quénchéd steels in-
crease ﬁonotonically with decréasing temperature at all ofvthe tést
temperatures employed.

For all stéels of\thé séries, regardless of thé déformation temper-
ature, the yiéld stréngth increaséd with decréasing test temperature
between -50° and 5196°C. Thé‘iﬁcreasé in yiela strength for the deformed
steels was greatér than for those that were undeformed in thev—50° to
—196°C range; In general, the deformed steels exhibited & minimum in
yield at about -50°C and a meximum at about 100°C. The minimé and mexima
were espeéially pronounced for the steels deformed at 250°C. Similar
trends were observed for the temperature dependence of ihe yield strength
of solution quenched AISI Type 30k stainless steer.(15) ' -

A striking feature of TRIP steels is the sharp drop in elongation
above the MD temperaturé (which is estimated for theée'steels tsrbe_
between lOoovand 200°C). Above the MD, the austenite no longer transforms
to martensite dufing straining; and the elongation approaches that of
‘ (16,17)

highly cold-worked austenite. As several investigators have shown,

the formation of martensite during straining enhences the work hardening
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of metastable austeﬁitic steéls andvneCking of,t§nsile test séecimens is
thereby inhibited. |
| .Thé ultimaté ténsile stféngthé of all foﬁr\steéls in bbth thé ﬁolutioh
Quénchéd énd deforméd conditions éxhibitéd thé strqng‘témpérafﬁré.dépéndence
fhat isvcharéctéristic of météStablé:aﬁsténitic stééis(la)'(seé Figs. 11
v and'l2);_‘This béhivior can Ee'attfibutéd torthévhigh wqu%hardéning rates
fesulting frdm the formaﬁion of strain—induced'm;rtenSité::v
Thé ekistenée of a widé range of work.hérdéning ratés in‘TRI?.stegls
isvrévealed;by true—stréss trué~strain curvés nade at several test
temperaﬁﬁres for the 0.05 and 0.20% C stéeis-defdf@ed 80% at 25060
b(Shown’in'figs} 2 and 3); As indicated by'{hevdashéd line;,.all specimens
tested below the‘MD deforn initialiy (fof 5 to iO%'strain) by the for-
mation and growth of Luders' bands; Following thé fofmation'bf'the Ludeﬁs'
' bands throughdut the entire g;uéelength,‘the steels work~hardened.rapidly,
 with the réfe of'work—uardening inéfeasing with décfeasing'test tempersture.
vFor‘the special’caseiof‘the steels tested at 100°C, the neaf—hdrizoﬁtal
curve suggests that the entire strein was due td Lﬁdéré' band‘formation
and growth. ) |
| Thé influence of fest temperature onvthe faﬁe‘of work hard;ning of
both ther;OS% and 0.207 steels, as solution quenched and as défOrmed,”
is shown in Fig. 13.. The rate of wOrK hafdening was deterﬁined_by
measuring thé slope of the true—stréss true-strain curfé at a trus strain
slightly beyond the Luders' strain.
| The work-hardening rate increased markedly with>decreasing test

temperature bzlow the MD, as shovn in Fig. 13. This is reflected in the

increase in the amount of martensite produced per unit strain, as shown
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in Fig. 1h. The rate of work hardening of these steels was further

enhanced by prior deformation. At all test nemperatures, the deformed,

and hence stronger; steels had a higher rate of work hardening then the

solution- quenuhed steels( 19) Appdrent]y, the kind of martensite produced ‘i

in a deformed dustenlte metrlx is more eerctlve in hardenln* than that

formed in-solution—quenched eustenite. ‘This may be due to a finer plate

size. and/or a hlghCT defecb den51uy in the mdrten51te.( 20)
'>The.work~hardening rate for boih the deformed and solution-guenched

steels becomes very low as tne amonnt of maftenéite produced ddfing

straining approachee ZEero, (i.e.;'et tempenatufes above aboutnlOOOC), as

can be seen'in.Fig; 13. The lOW‘work—hdrdening’rate, however, wes net as

detrimenfal to the elongation of ?he selution quenched steels,r(see Fig. 10),

because'their loﬁer strength didlnot require a high rate of work hardening

to prevent necking. (2 l) The deformed steels quickly necked and failed at

ow elongaulons wnen they were tested at temperatures at or above the.MD,

as shown‘in Fig. 10. Below the My, the rate of work hafdening of the

deformed steels is dependent upon the amount of strain—induced nartensite

produced per unit strain. The correlat1on bet veen wor<.hardenlnc ra é

and the rate of martensite formation is ev1dent from the plots shown in

Flgs 13 and 14. This behavior is consistent with the observatwons of

(15) ( 6) . oan

Gunter and Reed, Bannerjee, et 2l Bressanelli and Moskowitz,

(22) | ~

and Cina, among others, ) : R oo
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. Influence of Alloying Elements

The alloy content of the steels studied to date is such that the
amount of carbon that can be retained in solid solﬁtiénvis sévéfély re—
striéted;' As pré?iéusiy aiscusséd; the éutéétoid‘éabeﬁ‘céngénf for
.theSé Stéé1$ii$ approéimatél} 0115%: As is‘wéll knoWn;vstfong carbide

formers sﬁéh;as moiybdenum, vanadium;.titanium, andinidbiuﬁ sé#érely.
-dépressithglcarbbn-solubilitybin éﬁstenitic stééls;(zs) Zackéy et al}(6)
.assumed in gnvéariier invéétigation that a fairiy lérgé amguntﬂof a strohg
carbide foréer such.as.molybdénum was néceséary fof Optimﬁm‘properties.
'in'a recent invéstigation, ;ahr(zh) has shown that ﬁhis‘is'not nécessary;
He-has.obtaiﬁéd»résults which indicatéd that TRIP Stéels free of strong
cafbide~forﬁing elements can bé made withvéxcellént.combinationsvof |
strength'and‘éiong?tion. For examplé, thé yield strehgth and elongation
of é fully austenitic TRIP steél, (nominal compositibn_Q Cr, 8 Ni, 2 Mn,
'd.ye c), deerged 803 at 250°C, were 218,000 psi and 3473 respectively.
This_reéult Suégests that TRIP stesls of higher carbon content can be

- made with an accompanying improvement over the propesrties obtained to

date.
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Thé uniaxial tensile properties of = seriés of TRIP téels of.
varying carbon conteht and processing histcriés.haVé'béen.detérmihed over-
a Wlde range of test temperatur és. ihe res u]t; can be surwa“1aed as
fdllors ' ' - | )

Thé yiéld.stfehgths at room témperatufe'were ind.p endent of
défbrmation tempéféturé froﬁ 250°" to 550°C for thevstéels of intermediat
carbon‘cdntént‘(0.0T and 0.16%). ‘However, the yleld strength of the
1owésf'¢arbon'stéél'(o.ogﬂ) was low and thet of the highest carbon steel
(0.20%) was high for thé‘lowést déforﬁation températﬁré (250°C); Possible
reasons for this behav%or wére édvanced, viz. decompbsitipn of the austenite
during'proééssing‘for the low cérbon steél and precipitaﬁidn hardenin
coupléd'wiﬁh work hardéning for the high.carbdn steél.

The ultimate tensile strengtrhs and the elongatiOH:atlroom'temperature
were relatively insensitive to the deformation téﬁperature for 21l the
steels of-fhe series. ‘

For all steels of the series, regardless of deformation temperature,
the yield strength exhibited a minimum at a test tempefature of about
-50°C and a maximum at a test temperature of ebout 100°C. Theiminima and
maxima were most pronounced for steels deforme ét 250°C.
The ultlmate tenalle stren gtné of all fouf steelg in both the sgiutioﬁ
quenched and deformed conditions also exhibited a strong dep ndence on
ftest temperatura.
The rate of'work hardehing and the elongation'kere-influenced by tﬁé

strain induced trensformation, especially in the deformed steels. Abové

R 7]

s
v
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the Mp teﬁperature, both thé_rates of wo;k hardening Qnd the elongations.
of the déforﬁ¢d steels wéfé Yow. |

Wéll'béibw thé MD témberaﬁﬁre;’the ratésvof work hardéhiﬁg énd the
élongétioné of ﬁhé'defofméd sfééis wéfe high;'réfleéting thé_éréséﬁ¢é of

strain-induced martensite. The rate of production of strain-induced

 martensite.bér unit strain paralleled that of the‘raté of strain hardening
"in that both increased with decreasing'temperature; At any temperature

below Mb the amount of martensite produced per unit strain-ﬁas greateéf.

for the lowest carbon (the least stable) steel.

AcknoWledgementsi This work was performed under the auspices of the
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TARLE II

Properties of Steels as Solution Quenched®

_ ‘ -Magnetic -
Test | Carbon : Elonga- ' s
, R Y.S.®% 7.8. ) : Response®##¥
Temp. | Content : | ' tion*#¥ ) 3 v
-1 (1000 psi) [(1000 psi) : ~ Before After
. °c | % S ¢
B _ . o Test + Test
2196 | 0.05 | 6l 289 | 23 | M | u
0.07 | %8 | 39 | 20 | ow M |
0.16 78 218 ok A | v}

0.20 » 87 257 ol ” A M

~18 | 0.05 52 195 30 ' Mt M
0.07 | 39 1 213 | 26 A M
©0.16 61 213 L ) A .M

0.20 | 68 222 | 48 | A ii M B o

22 | 0.05 Lo 140 38 M M

_ 9507 37 158 | A M| ; %

=

0.16 | - 50 W | e A

0.20 48 133" 59 A | M "._ G

100 0.05 32 | 83 oo | M M
0.07 28 1719 s | A | oM
0.16 35 90 66 A M e

0.20 37 9L . 62 A Mt ,: .

200 0.05 - 25 T 4o MY M

0.07 22 | 10 | Wk A A .
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TABLE I1I cont.

. . » v Magneﬁic
Test | Carbon : Elonga~- S
o : ' . e o Response¥##¥
a Y.8. %% .S, e e Sos :
Temp. | Content ¥ .8 _ .tion### - A
. (1000 psi) | (1000 psi) ” Before | After
°c % A , % : :
o - Test 1. Test
200 0.16 28 78 ¥ | A A
1 0.20 28 | 80 R A A
* bAthehitized at 1100°C for one hour, watér_quenbhed.
*x The O.l% offset method used for determinirg the yieldvstrength except
for the 0.05 and 0.07 percent carbon stesls tested at -196°C.
¥x% 1" ;.uge length, thickness 0.050", width 0.125".
®%%¥% M = -magnetic, M' = weakly magnetic, A = non-magnetic or slightly
magnetic.
I
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TABLE III

Properties of Steels After 80% Deformation at 250°C*

- Magnetic’
Test Carbon ) Elonga- e
éémp Content Y.5. %% T.S. L5 ont fesponse™ ‘
oc g | (2000 psi) | (1000 psi) 7 Bé?ore After
Test Test
"-196 0.05 194 315 22 M M
0.07 186 302 18 M M
0.16 161 330 18 A M
0.20 209 346 19 A M
- 18 0.05 136 235 16 M M
0.07 1k2 251 19 M M
“ 0.16 163 261 20 'A M
0.20 170 267 21 A M
22 0.05 131 192 1T M M
0.67 1L8 206 19 M! M
0.16 E 161 21l 22 A M
0.20 191 227 26 A M
100 1 0.05 168 170 - 23 M! "M
0.07 193 193 23 M M
0.16 190 - 190 23 A Mo
0.20 209 209 17 A M
200 0.05 162 1T L M! M
0.07 162 175 5 Mt M

i
{
i
1
1
{
i
i
i
«
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.ﬂ@m:ﬂlcmm,.

s R S S e S -
Test -] Carbon » L _ Rlonea- . Magnetic
. : .S.** . ‘.S.A an A
Temp. | Contentf Y T £1on® Response®* ¥
oc ES VQOOO‘P31) : (1900 ?s;) g | Before " After
Test - ~ Test
200 | 0.16 169 179 5 A A
(cont)} 0.20 17k 186 Lo A A
¥ Austéﬁitized.at 1100°C for one hour and water quenched prior to

deforming at 250°C.

xx The O.l% offset method used for determining the yield strength for .

the four tests at 200°C.
kEE ‘l"'gauge’lehgth, thickness 0.050°, width 0.125".
kxxx M = magnétic, M' = weakly megnetic A = non-magnetic or slightly

‘magnetic.
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- TABLE 1V

UCRL-184

- Properties of Steecls After 80% Deformation at 350°C*H

66-

Test f;arbon - *»4- Elonga~ M%gneﬁéc
N . : ¥'S'** T.5. C e Response¥ s
Temp. | Content tion¥uE k
oc ) (1000 psi) V(1ooo psi) 7 Before Arter
v ‘Test. Test
-196 |. 0.05 177 307 20 M M
.07 174 3Lk 22 M M
.16 179 348 19 A M
). 20 189 328 1l A M
"~ 18| 0.05 125 219 17 M M
.07 139 2l 18 M M
16 1b7 256' 20 A M
.20 1Ls5 259 15 A M
22- 1 0.05 128 177 18 M M
.07 14 205 20 A M
16 149 213 19 s M
.20 156 215 20 A M
100 .05 150 152 23 M M
.07 167 175 35 A M
.16 17k 179 34 A M
.20 182 19.0 29 A M
200 .05 148 158 4 M e
.‘07V 157 166 5 A A
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_TABLE IV cont.

_ UCRL-18466-

F

Magnetic

‘Test Cafbdn o Eldnga— . . .

: : ; ' . Response®###
' Temp. | Content Y-8, T.5. tion¥##

. . N | - Before After

e g KIQOO’p§1) (1000 psi) x : .

: : Test Test
200 | 0.16 168 175 5 A A
(cont)] 020 173 183 5 A A

deformiﬁg'at 350°C. -

¥ Austenitized at'1100°C for one hour and water guenched prior to

¥ TheAO.lﬂ offset method used for determining the yield strength for .

the four tests at 200°C.

¥%% 1" gauge length, thickness 0.050", width 0.125".

magnetic. .

 ¥%*¥ M = magnetic, M' = weakley megnetic, A = pon-

nas

Py

netic or slightly
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TABLE V

Properties of Alloys After 80% Deformation at L50°C%
l [~‘ _ ' - Magnetic
Test Carbon : Flonga- - DT -
: Response®#**¥
’ e ‘-%%:‘ . rl(.s. Iy AL Y3
Temp. | Content ¥.5 T | tion¥Ed .
’ . v . : Before After ‘ T
. q (1000 psi) {(1000 psi) 7 S ‘
- ' ' Test Test
. -196 |- 0.05 187 | o235 | 2z M M
0.07 169 32 | 23 ’ M M
0.16 17k 348 2k , A M
0.20 | 188 %61 |- 25 A j M }
{
~ 18| o005 | 155 215 17 M M
0.07 | w2 | 236 20 A | M
0.16 1k2 218 21 A oo |
0.20 | 146 25 19 | & M
22| 0.05 | . 153 185 | 23 Mo | M |
S0.07 |- 150" 199 22| PO 'S ;
0.16 153 210 2k A M
0.20 161 218 23 A oM j
100 | 0.05 168 168 5 M. M
0.07 160 163 28 A | oM
0.6 | 181 183 | 28 A oM N
0.20 T 182 36 A M ;
200 0.03 163 171 3 Mo oM .
0.07 | 155 162 . A A |
-
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TABLE V cont.

| UCRL418h66«“

SRR S . : ‘ Magnetic
Test | Carbon o Eioné . ' ? n ;
: ' S KR T,8, o yuu
‘Temp. | Content G - tion*t® » Respon§e
°c‘*7”' g | (2000 psi) {(1000 psi) o ' Before After
. l’ ) .._v 0 Lo | " . v . % . : ) . -

' ‘ ' Test Test
200" | "0.16 162 169 3 A A
(cont.)| 0.20 | 163 117 5 A A
¥ Auétenitized at 1100°C for one hour and water guenched prior to

deforming at 450°C.

¥%  The 0.1% offset method used for determining the yield strength for

the four tests at 200°C.

#%% 1" gauge length, thickness 0.050", width 0.125".

®%¥¥ M = magnetic, M' = weakly megnetic, A = ncn-magnetic or sligatly

magnetic.
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TABLE VI

UCKL-18466.-:

- A SN o e
Properties of Alloys Alloys fter 80% D=Tormation at 550°C*#

S v Magnetic
‘ Tes‘t’ CarOOIl . : EJ‘OnSa— - l ) LI LR VAR N
o | comems | TSF | mse | Resporse?
emp. onten - tion®EE b —~
o v (2000 psi) | (2000 psi) Before After
C o , ) %
o Test Test
~196 | o0.05 170 226 ‘15 M M
0.07 176 279 15 M M
0.16 175 337 22 A M
0.20 182 259 13 A M
- 78| 0.05 149 225 16 M M
0.07 1 239 18 A M
0.16 1ko 253 - 20 A M
©0.20 1k 251 20 A M
22| 0.05 1k5 191 19 M M
0.07 136 207 . 20 A M
0.16 146 216 19 A M
0.20 163 225 23 A M
100 0.05 157 ° 157 11 M M
0.07 157 17 27 A M
0.16 151 176 35 A M
0.20 178 189 30 A M
200 0.05 131 b1, 3 M M
0.07 130 148 6 A A

'i
i
|

K
i
o
|
I
|
i
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. TABLE VI cont;3  -

UCRL—18h66~'

. ._‘v v _ L Megnetic
Test | Carbon Elonga-

' . Y'S,"r"?' T‘S-_ ) ReSPonSe*'}:‘f“}:‘
Temp. | Content ' | tion¥¥« .

L | (1000 psi) | (2000 psi) |~ - Before After
cb % . . - % .‘

, ' - Test - Test .

,.1.  .

200 |- 0.16 1L6 157 L A A
(cont)l 0.20 17 163 b A A
¥ Aﬁstenitized at 1100°C for one hour and water quenched prior to

deforming at 550°C.

%% The 0.1% offset nethod used for determining
the four tests at 200°C.

¥%# 1" cauge length, thickness 0.050", width 0.125".

the yield strength for

¥¥%%¥ M. = magnetic, M' = weakly magnetic, A = non-magnetic or slightly

magnetic,

-




1.

10.

11.

‘and Hall, London 1925.

Co-26- o UCRL-18466 -

REFERFECES

R. A. Hadfield, ﬂé&g}lp?gy'and Influsnce oi Modern Prozress, Chapran

E. C. Bain and W. E. Griffiths, "An Introduction to the Fe-Cr-Ni Alloys,"
Trans. AIME, 75 (1927) 16€6.

V. N. Krivobox and R. A. Lincoln, "Austenitic Stainless Steels,"

Trans. ASM, 25 (1937) 637.

C. B. Post and W. C. Frerly, "Stability of Austenite in Stainless Steels,"

Trans. ASHM, 39 (1947) 868.

N. A. Ziegler and P. H. Brace, "Hardening of Aus#enitic Staiﬁlessnsteels
by Mechaﬁical Working at Sub—zero Témper;tﬁfes,“ Proceedings, ASTM,

50 (1950) 861. |

V. F.'Zackay, E. R. Parkér, D. Fahr and R.hBusch,vThe'Eﬁﬁanceﬁént of
Ductility in High Stréngth Steels," Trans. ASM, 60 (1967) 252,

R. M. Bozorth, Ferromagnetism, D. Ven Nostrand, New York, (1951).

K. Hoselitz, Ferromagznetic Provperties of Metals and Allovs, Clarendon

Press, Oxford (1952).
K. Méthieu,A"Einfluss von Legierungs gehalt und Versuchsbedingungeh

auf die Y -——— 3 @ Umwandlung bei der Kaltuerformung zustenitischer

 Stihle," Arch. Eisenhuttenewesen, 16 (1943) 215.

E. Scheil, "Uber die Umwandlung des Austenits in Martensite in

Eisen-Nickel-legierunigen unter Belastung,"

Ztsch. anorg. allgen.
Chemie, 207 (1932) 21.
S. A. Kulin, M. Cohen and B. L. Averbach, "Effect of Applied Stress

on the Martensitic Transformation,” Trans. AIME, 19L (1952) 661.

@




12,

13.

15.

16.

1T7.

18.

9.

20.

27- . UCRL-18k66.%+.

T. Angel, "Formation of lartensite in Austenitic Stainless Steels,M

JISI, 177 (1954) 165.

G. W. Form and W. M. Baldwin, Jr., "The Influence of Strain Rate and
Temperature on the Ductility of Austenitic Stainless Stéz1," Trans.

ASH, 18 (1956) LTh.

8. Floreen and J. R. Michalisin, "High Sﬁrengfh'Stainless Steel by

Déférmatién at Low Temperatures,"”" ASTM Special Tech.. Publ., No. 369 N
(1965) 17. | |

C. J. Gunter and R. P. Héed, "The Effect of EXper;mental:Variéblés
Inciﬁdihg.the Mertensitic Tranéférmation on thé wa Teiperature
Mechanical Propérties of Austenitic Stainless Steels," Trans. ASi

55 (1962) 399.

os]
©w
jool
o
o
%)
" -
[
[
0
o
=
(@]
w
o]
0
Iat
O
n
o
3
o,
Yy
c—.‘ .
o]
)
for
0
o
~-
Y]
1
N
©
0
o
jon
]
o
—
)
0
oy
)
5
'_l
fe)
)
(e}
0-0’

Extra Work-Hardened Type 301 Stainless,” in Apvlication of Fracture

Toughness Parameters to Structural Metals, Gordon and Breach (1966)

373.

J. P.‘Bressénelli and A. Moskowitz, "Zffects of Strain Rate, Temperature

- and Composition on Tensile Properties of Metastable Austenitic Stain-

lesévStéel,ﬁ Trans. ASM, 59 (1966) 223.

G. W. Powell, E. R. Marshsll and-W. A. Béckofen,i"Strain_Hardeﬁing of
Austenitic Stainless Steel,” Trans. ASM; 50 (1958) h78{

V. M. Justusson and D. J. Schmatz,‘"Some Observations on the Strength
of Martensite Formed from Cold—ﬁorked Austenite;" Trans. ASM, 55 (1962)
640.

G. Thomis;;D. Schmatz, =znd W..Gerberich, "Structurs and Strenéth of Some

Ausformaed Steels,"

in High Strength Materials, John Wiley (1965) 251.



.28 - : UCRL-18466 ]

21. W. J. McGregor T"egart, Pf].erf;.ent‘.s 'of.l\{echanica] Metallureyv,
' ' -
Macnillan (1966) 20. |
22.. B. Cina, "'Efféct of Cold Work on the Y. . >&'Tr.a.ns_formatibn in Some |
'FefNi—Cr Alloys;" JISI; 177 (1954) Loéb. - | | | - | :
23. | E. C.. Bain H..‘ WI Pa.;cton, Alloln?Elenents JnStcel, Américan' | : . -
SOCiéty for Metals (1961) 112.
: !
2k, D. Fahr, Privaté Comnzaunication.
:
: |
1
g
h i
- _ f
|




_Fig!
(a)-(b)

.Fig;
Fig.
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Fig.

Fig.
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Fig.
Figf
Fig.

Fig.
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Magnification 900X.
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- FIGURE CAPTIONS

Thé'microstructures of steels A and B showing the'preéence of
martensite. Both were solution annealed énd'quenchéd-to roorn
temperatﬁre: (a) steel A, (b) steel B. Magnification 900X.

True-stress true-strain curves for steel A (derormed 80% at 250°C)

“tested at several temperatures.

True-stress true-strain curves for steel D (deformed 80% at 250°¢)

_ tested at several temperatures.

The fbom‘tembéraﬁure yield strengths of steels A, B, C, and D,

"fo several deformation températures.

‘_ROOm temperaturé elongatibns'df steels A, B, C, and D, for 

- several deformation temperéturés. |

| The,microstructure-bf steel A as deformed 80% atv250°C. Dafk

"streaks are regions contzining tempered martensite. Megnification

900X.

The microstructure of steel D as solution annealed and quenched

to room temperature. Magnification 900X."

The microstructure of steel D as deformed 807 at 250°C.

The yield strengths of both deformed and solution-quenched steels
at several test temperatures.

Elongations of both deformed and solutionfquenchéd steels at

several test temperatures.

The ultinate tensile strzngths of the‘solution—quenched steels

et several test temperatures.
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FIGURE CAPTIONS cont.

Fig. 12 The ultimate tensile strengths of the déformed steels af
seﬁéralltest teméératures.

Fig. 13 The rates of work hardening'of solution;qqenéhed and of déformed_
‘A (0.05C) and D (0.0TC).steeis at several test teﬁperatures.

 Fig. 14 The rate of martensite'production per unit strain for steel D

in the deformed condition. (80% at 250°C.).



=B~

XBB 697-4647

)

(a

g

Fig.



e

XBB 697-4646

Fig. 1(b)



400

300

TRUE STRESS, 1000 psi

00—

STEEL A
DEFORMATION-80% at 250 °C

TEST TEMPERATURE AS INDICATED

EXTENT OF LUDERS STRAIN
INDICATED BY DASHED LINE

I | l I

0.10 0.20 0.30
TRUE STRAIN ’

Fig. 2 XBL 689-5874



TRUE STRESS, 1000 psi

500

400

W
O
O

00—

-196°C

-78°C
22°C

°
/O,OIOO C

STEEL D
DEFORMATION -80% at 250°C
TEST TEMPERATURES AS INDICATED

EXTENT OF LUDERS STRAIN
INDICATED BY DASHED LINE

1 | [ |

0.10 0.20 0.30
TRUE STRAIN

XBL 689-5871



YIELD STRENGTH, 1000 PSI

200

180

160

140

120

100

DEFORMATION - 80%

CARBON, %
O 0.05
O o0.07
&5 0.16
| A O 020
250 350 450 550

DEFORMATION TEMPERATURE, °C

XBL 697-1039

Fig.




PERCENT ELONGATION

30

2o

20

DEFORMATION - 80%

CARBON 7
%
o 0.05
o 0.07 .
VaN 0.16
O 0.20
| | | \
250 350 450 550

DEFORMATION TEMPERATURE, °C

Fig. 5

XBL 698-1196



XBB 695-3022



XBB 695-3025



9 °Std

920£-569 44X




~Lo-

220 I I T | [
DEFORMATION-80% at 250°C
200 —
180 _
160 - o
n
e 140} -
o
o
©
120+ -
T DEFORMED CARBON SOLUTION-
g % QUENCHED
Z 100 o) 0.05 e —
o (m] 0.07 [ ]
%) PAN 0.16 a
o 80— o 0.20 @ ]
|
W
> 60} y
40 -
SOLUTION-QUENCHED STEELS _
20 NO DEFORMATION —
| | 1 1 1

-200 -100 0 100 200
TEST TEMPERATURE, °C

XBL 697-1040

Fig. 9



PERCENT ELONGATION

Sla-

65—

55(—
50

45—

35
30—

25—

SOLUTION  DEFORMED,
QUENCHED 80% at 250°C

CARBON

%o

b B
¢boo

0.05
0.07
0.16
0.20

CAS

-200

-100 0

Fig. 10

, 0 100
"TEST TEMPERATURE,°C

200

XBL 6895577




‘;42_

1sd 000! ‘H19N3YLS Wﬁmzu&u&<§?qz

T j _ T _ _ 1 T T
- -z O . —
Wl
_.m.H
SS emae
=~ w
R=)
w o
z
o
b s8] -
e
<
O
- , .
T T
N o © © S N o © © < Y o © ©
M e} o (oV] oV o sV — - - - T

100

=100 -

200

-200 -

TEST TEMPERATURE, °C

XBL 6895879

11

ig.



ULTIMATE TENSILE STRENGTH, 1000 psi
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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 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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