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STRUCTURE AND PROPERTIES OF TRIP STEELS PROCESSED BY
- DEFORMATION AND THERMAL CYCLING

‘Howard E. Adkins,bJr.‘
Inorganic'Materials Research Division, Lawrence Berkeley Laboratory and

Department of Materials Science and Engineering, College of Engineering;
University of California, Berkeley, California

ABSTRACT

_Strengthening of metastable austenitic chromium containing TRIP
steels by thermal and thermomechanical processing was investigated.
Three processing treatments were studied for their influence on structure
and mechanieel properties. A considerable increase in strength resulted
from the use of small amounts of deformation by rolling at temperatﬁres
near the Ms temperature to forﬁ "stress indueedf'martensite. On heating
to an eleveted temperefufe,'marfensite feverted to austeﬁite by a
diffusionless reaction, . The reversion was accompanied by diffusion
based reactions resulting in the formation of austenite of a lower
stability, After repeated cycles of the processing treatments, a fine
and uniform structure resulted.

Room temperature yield strengths of steels with the fine structure

——

were much higher than that of annealed austenite, but were lower than those

of TRIP steels produced by 807 warm work. Selected specimens exibited

‘higher yield strengths in 100°C tests suggesting that the low room

temperature yield strengths were due to the stress induced formation

of martensite.



below their M

. reversion of martensite in Fe-Ni,

I. INTRODUCTION
Investigatidns»bf strengthening mechanisms in alldys have
stressed_thevimpdrténcé'Of incréasihg the dislocation density to improve

strength;l’z' In steels, two methods &hich,have been used to increase

. the dislocﬁtibn'densityvare_thermomechanicalvproéeSsing'and‘the

reversionjdfvmartéﬂsite to austenite by é‘diffﬁsioniéss'tranSformation.
Highvstrehgth metastable aﬁstenitic'sﬁeels of‘ﬁigh toughness,

known as TRIP (acrbynm for Igaﬁsfbrmation Induced E}asticity) steels,

are one class of steels in which enhancement of strength is achieved

by thermomechanicalvprocéssing?. Conventionaliy,'these.steelsvare reduced

70480”pct in.thickness by rollingvat temperétures above_the Md in order

tobpfoduce a high &eﬁsity of dislocations in the ausfeﬁite. The steels

achieve thgir high téughness and ductility from the deformation induced

transformation of austenite to martensite during testing at temperatures

4 temperatures.3 One of the major obstacles in the

processing of TRIP steels is the large amount of mechanical deformation

required to'attaithhe"high'yield'strength;

Thermal reversion of martensite to austenite, as a means of

. achieving a.high dislocation density in austenite, has been the subject

of considerable investigation. Several researchers have reported the

8,9 10

Fe-Ni-C, ~ and Fe-Ni-v-c11 alloys.

These investigations have shown that reverted austenite (austenite

formed by the thermal reversion of martensite) is stronger than

annealed ‘austenite, and that significant improvements in properties

'

can sometimés be achieved with multiple cycles of martensite to-

austenite reversion. The enhanced strength has been attributed to



lattice imperfectionsg and a_hithconcentration'of{tangled‘andijogged{_
dislocations9 1n‘févéfted'auétén1té.’ Hyatt and Krausslg‘suggested‘h
that in addition to. the diffusionless reversion of martensite ‘to
austenite,vtwo diffusion based changes could take place in Fe—Ni—C -
- alloys.e These are, recrystallization of'reverted austenite,Aand: .
'Precipitation of carbides e e E e e
Recently,'Koppenaal used the reversion of martensitekto attain B
high strength in an Fe—Ni-Mo—C TRIP steel He repOrted'that thermal
| cycling of the steel between —196°C ‘and’ 704°C resulted in mechanical
properties comparable to those attained by the use of thermomechanical
processing.' As pointed out by Koppenaal thermal cycling eliminates
;the.requirement that large amounts ot deformation be‘used to obtaind

- a high density of dislocations.‘s

The current investigation was initiated with two main objectives.

First Koppenaal 8 work showed the applicability of martensite reversion'

in a Fe—Ni—Mo—C TRIP steel but did not indicate whether TRIP steels
'of other compositions could be strengthened by thermal : cycling.=
Most TRIP steels have compositions considerably different from the

done used by Koppenaal for his investigation. Among these are the |
corrosion resistant TRIP steels mn which chromium, a moderate carbide- ‘
’former, is an essentialv? alloying element.lé Also;'in-these.steels,r'
the nickel contents are considerably 1ower than those in the steels o
3studied by Koppenaal and most'other workers. It was of interest to
,examine whether ‘thermal cycling could be universally employed to .'

'strengthen all TRIP steels. :

&
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Secondly, it was iﬁplied in Koppenaal's wofk that thermal cycling
could not be cpnvepienfly applied to TRIP éteels-with Ms femperatures
below —196°C. Many ofAthebpotentialiy useful TRIP steels have M
temperatures below —196°C;“and to prdééss theﬁiby thermal cycling,
process modifications would be needed. Several investigators have
shown that in'stee1s>of low stability, large amounts of'martenéite
should be formed by small amounts of deformation (low stresses) at
tempefatures near, but above, the MS temperat:ure.u’"16 Generally,
martensite formed at low stresses is called "stress induced'" martensiteg,
and martensite formed by macroscopic plastic strain is called '"strain
induced”. This distinction is‘soﬁe what arbitraryvbecause it is the
local state»of stress that induces martensite formation in both cases.16
It was believed that if TRIP steels could be designed to meet the above

stability criterion, then they could be strengthened by the process

of martensite reversion even if the Ms temperature was below -196°C.



‘II.‘ EXPERIMENTAL PROCEDURE':'

'The'elloys were indnction‘melted in an Argon atmosphere'and cest‘into
Zollh'ingots in a éépper ﬁdld | The ingots were homogenized at" 1150°
for three days and allowed to air cool During homogenization the ingots
were placed in steel tubes pécked with ‘cast iron’ chips in order to reduce '
bsurface decarburization. o |

Following homogenization the ingots were upset forged at 1100 C
:into plates 1/2" thick and 2 1/2" wide. ~ These plates were rolled at .
h450°C into sheets 0.150" thick. The sheets were pickled in an acid bath’
to remove the surface"scale. The pickledrsheeﬁswwerehsesled"in stainless
_ steel containers, austenitized at 1200°C for one hour and brine'qdenched.
The‘auStenitized sheéﬁs wére cut into tensile specimen.blanks (TSB)
with the length'parallelito'theboriginel'rolling:direction. The
chemicelhconpositionsﬁof the'steels‘ere'given‘infTahle_I:.'

"fB; Final Processing

The tensile specimen blanks (TSB) were treated by one of three
thermo—mechanical processes described below.. .H?: | |
,l' Thermal cycling with no mechanical deformation ( process T—l)
~This process, -uged only with steel A consisted of cooling the TSB to
~196°C, air warming to room_temperature, and holding for»two minutes -
‘ri“'a salt bath set at a prédétarmined temperature'for:the.rewersion,of
v martensitevto'austenitel The TSB was subsequently air.cooled. The
cycle described above was repeated up to ten times,r_A,schematic for -
'this process is shown in Fig. 1. |
| 2. Thermal cycling with a small amount of mechenical deformation

in the first cycle (process TM—l) The first step in this Processi_ '

- e
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consisted of roiling‘the TSB by a small amount (9 to‘lolper reduction
in thickngéé) at a'cyyogEniq'tempefatﬁré (-78°C or ~-196°C). Subsequently,
the TSB was:treéted'as in process T-1. Alschematic for process T-~1
is shown in Fig. 2a fér steel A and in Fig. 2b for steel B.

3. Therﬁai cycling With'élsmail émqunf”of mechanical deformation
dﬁfiﬁg each éycle (§f5déé§ TM;é3; 'Tﬁe TSB ﬁ;s deforméd'by'a small

amount (9 to 10 per reduction in thickness) at a cryogenic temperature

(~78°C or -196°C), heated for two or three minutes in a salt bath at a

predetermined temperature for the reversion of martensite to austenite,

and air cooled to room temperatﬁre. This cycde was repeated up to seven

times. Figures 3a and 3b present process TM-2 schematics for steels

A and B regpéctivély.

C. Mechanical Testing

Sheet tensile specimens of one inch gage iength_wefe machined from

‘the blanks processed as described in the previous section. A sketch

of the specimen is shown in Fig. 4. bTensilé tests werebcarried out in
air on an Instron testing ﬁachine.at room tempgratufe and 100°C;
valétrainAfate of 0.04/min was employed.; The yield stress was

taken as the upper yieid point when a yield point occurred. In the
absence ofva Yiéld point, the 0.2 pct offset method was employed to

calculate the yield stress. Specimen elongation was determined from

.measurements; made both before and after testing, of the distance between

two small indentations on the gage section. A traveling microscope

with an accuracy of *0.004 inch was used for the measurements.



D, Magnetic Measurements

Saturation induction of selected specimens was measured before and
during mechanical testing.; The observations%were converted ‘to VOlume”ﬁ g
percentage of martensite with corrections being made for the influence of

-alloying elements.17 18 “The - equipment and technique used have been 1”

(«:-

. discussed elsehwere.19 ' _
| i a7

Cylinderical specimens approximatel§{1/4" infdiameter and oné‘inchi
long Wére machined from sheets of steel Proce3sed.to'form martensite'g
either by cooling or by deformation. “Thelcylinders nere:héated inra'ff
dilatometer at a rate of approximately 50°d'per minute.: Quartz rods
were used to measure the change in lengthcand the change was-continuously
Irecorded as &xﬁunctiondbf tmmecon’an XY neoouder Iemperaturecwas
.Imeasured by a'thermocouple spot welded to the specimen’surfacefh

Metallography

Specimens were mechanically ground and polished and then chemically

" etched in a solution of 5. 0 gm cuprlc chloride, 100 m1 hydrochloric ll

flacid 100 ml methyl alcohol and 100 ml distilled water : A Carl Zeiss -
Optical Microscope was used for observation and photography. | |
- G. Eractograghz: | |
| -Fracture surfaces_of tenéile specimens.were examined in a JEOL00:

' JSM-U3 ‘scanning electron microscope operated at 25 kv.
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III. ’RESﬁLTS-AND DISCUSSION

Steels‘A'éﬁd”ﬁ ﬁ¢refé1l9yéd'éuéﬁifhafktheir-Mé'temperatures'were
beléw‘;78°c énd.—196fC xeS?§¢ffyély..‘Though the Ms‘tempéfaturés were
‘not éxperimenfﬁlly‘”detgrmined;_éteelfA spécimens'cooléd to -78°C were
found to be‘éuéténitic; and specimens éooie& t§ —196°C were found to
contain both AQéténtte and martepsité by metallographic techniques.
Métalloérapﬁié~QXaminatioﬁ of steel B’specimens cooled to 196°C revealed
an'éustenitic structﬁfé;' Bofhvstéels.formed large'amoﬁnts of martensite
when defdrmeé by small amounts at -78°C and -196°C. The above structural
observations.were:confirmed By magnetic tests.

Prelimiﬁary tests‘wefé bdﬁddtﬁed”uéing the dilatometer'to.determine
_if a phase éhange occurred on heéfing partially martensitic specimens
vOf steel A,.as weliras'thg approximaté temperature at which it occurred.
Heéting fates obtained in the dilatometer were less than those in the éalt
"baths used'for heat tneaging'the TSB's. .This difference in heating
rates éould éausé a éhangé'in the-témperaturé reqﬁired for the phase
'chaﬁge.'vTheréfofe,'SUbsequent ﬁésts £o deﬁermine the oﬁtimum processing
conditionsliﬁvolved hardness measurements ana metallographic examinations
of_specimensvheat treated in salt baths.

A marked.decreaée intvqlume, iﬁdicating a phase change from
martensite to auS£énite, oc¢ufféd.iﬁ specimens of steel A heated in the
‘diiatometér.  Tﬁe tempefaiu?éé for the start and completion of the .
.phésé change were estﬁmaféd'qs 550°¢ énd 714°¢ respectively, Metailogfaphic
examination ét the énd of theitest revealed that no.new grains were
nuciééted in specimens undérgoingvthe phase transformation. Based on

this finding, the phase change'was identified as the diffusionless



o

reversion of martensite to'austenite; A phase”change.occurred‘atﬂl95°C.
when the specimenslwere cooled At the' end ‘of "the’ test the specimen was .
weakly‘magnetic.l The phase change at 195 C was identified as the
transformation of austenite to martensite.’ ihnpgh“ "the Mé'temperatu%g;?
of the steel:was initiallyvbelow —78°C, itlwas.apparent.that a depletion
of carbon and alloying'elements'fromhthe‘matrix‘bydCarbide'precipitation
‘raised'the Ms to'195°b; ‘In‘repeated tests on the specimen :martensitef
reversion started ‘at progressively lower temperatures gnd was ”vv
completed at a high temperature. Martensite formation during cooling, .
on the other hand, occurred at progressively higher‘temperatures inb'n
repeated tests;"lt'was adso noted'that specimens became inCreasinglv.
magnetic in subsequent.tests;” These observations indicated ‘that there
was a’ progressive decrease in austenite stability due to increasing amount
of carbide precipitation inasuccessive tests. This’ indieation was confirmed
by the finding that annealing the specimen at 860°C to attain 'part‘:ial\ |
dissolution of carbidesrlowered:the.temperature for thefstart‘ofdthe
austeniteito=martensite transformation._ ‘All the above features of the
dilatometry curves' are: illustrated in Fig 5 for steel A i o --1
As stated earlier dilatometric tests were used to determinevg';lr
the approximate reversion temperatures. Subsequent tests were conducted e
' using the salt bath to heat alloy specimens to several temperatures in
,:fthe neighborhood of.the dilatometrically determined reversion;temperaturevV'
with heating times of 2, 3, 5 and 10 minutes. Hardness measurements were
taken on each specimen. and the variation of hardness with time and/temperaé.
ture indicated that avtemperature of 765°C’and a time of 2 min. were the’ |

optimum conditions for reverting the martensite in .steel A, Selection




of the fempératﬁfebbf.780°c and théltime éf 3 minutes for steel B was
addifidnéll& influenced by the fact_tﬁat sﬁécimenévwith this heat
tréatmeht hﬁd the smalleét amount of'mérfensite, as indicated by magnetic
tests. - |

The posf prbéeésing'mechahical pr&pe&tiés of steels A and B are
shown in Figé. 6 and 7. Thé'rqam temperature yield strengths for both
steels ﬁere 1ess>than those feported6 for'similar steels produced by
conveﬁtidnal prbcéésiﬁg;' After two cycles, the eiongation values of
éteels A and B were éonsiderably less than those reported for
éonVentionally proCessed steels.. Thegg,resﬁlts were attributed to a
‘number of factors associated with the peculiar behavior of Fe~Cr-Ni~C
alloys. These factors which a&vefslysaﬁfect'the mechanical properties,
ére discussed below.
| 'As discussed earlier, Hyét£ and Krauss pointed oﬁt that three
processes could operate during the reveréion'of martenéite'to‘éustenite.
Normally in Fe-Ni~C alloys, the diffusionless reversion results in an
austehitic'struéture ﬁith increased dislocatiqn density and enhanced
strength. This was also 6bserve& by Koppenaal in a Fe-Ni-Mo-C steel:.L2
However,“ianRIP steels with chromium, carbide precipitation in both
austenite and martensite éccomﬁanied reversion,vand this caused a
depletion of aﬁstenite staBilizing elements froﬁrthe matrix. Sﬁbsequent
:reversioh of ﬁarténsite resulted»iy austenite of_low'stability ﬁhich,
duriné suBse4uent mé;haﬁiéglwtésfing,>t;ahsformed to martensite at a
19w stress and caused a low yield.strength, a charéctériétic feature
aséociated with the ﬁst?ess induced" transformation of austenite to .

martensite.'16



" The large changes in microstructure during thermomechanical
processing were attributed both to diffusionless and diffusion based
' reactions in austenite._ In process TM—Z applied to both steels, the3-
structure changed from a non—uniform mixture of austenite and martensite

’after the first cycle to a fine and uniform structure after the fourth

.'cycle. These changes are illustrated for steel A in Fig. 8 and for steel:

‘.B in Fig. 9.» During rolling, martensite formed in- regions where the
'local stresses exceeded that required to induce its formation and there—
' fore martensite formation was not uniform" Thus, the'microstructure
after rolling consisted of isolated martensitic regions in cold worked

austenite. On heating to the reversion temperature (765 C for steel’ A

and‘780°C for'steelvB) martensite was tempered.f Due to the'non—uniformity_

of'cold'work;ithe‘degree‘of tempering was’ekpected‘to'vary:from’one
martensitic.region to'another. In austenite, ‘the dislocation density
produced by the cold work could conceivably increase the diffusivity of °
‘alloying elements and induce precipitation of alloy carbides.zi Pre-f ﬁf
cipitation caused a decrease in austenite stability, and during e
subsequent cycles of process ™-2, martensite formation was. easier.

At the end of the first cycle three constituents were observed
’._One phase was retained austenite (etched light in Fig. 8a) The second |
' _phase was believed to be austenite formed by reversion of martensite
.:but could also be. tempered martensite Both Krauss9 and Koppenaal12

thave commented on the difficulty in distinguishing between tempered

;martensite and reverted austenite byaoptical means. The third constituent~

'_-of the microstructure was a. fine structure appearing in areas that were '

martensitic before reversion.- This constiﬂlent_wasvprobably a mixture
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of reverted austenite, tempered (but unreverted) maftehg;te, and very

small platéléts bfvméfgéﬁsité?that.fbrméd’in'rEVeited auétenité;' The
amount of:this finély formed éonstitgént'increased‘in successive cycles
until affer the fourth cycie iﬁ steel A, it' was the only constituent
presenﬁ CFigs.ISe aﬁd 10). Magnetic tests indicated that the microstructure
at the end of_fouf cycles qonéisted_of approximately 407% martensite in
steel A and 80 marténsite in steel B (Table 25. 'Micfohardﬁess'

measurements made on steel A with the Vickers diamond indentor - showed

~ that retained austenite .present after the first cycle was harder

than annealed austentte. "The other two structures wére'épproximately o

‘.équal in hardnesé and were bothtéonsiderably harder than retained austenite.

Also the hardness of these second and third cohstitﬁents increased with
increasing mumber of cycles. |

In étéel B the appliéation‘of-process TMQZ resulted in a micro-
structure with the three constituents as déscribed.above. However, the
third constituent appeared to be finer than in steel A. After four
cyéleé there were three phases present in a non-uniform mixed micro-
structure (Fig. 9c). Even after seven cycles, thevériginal grain

boundaries were still apparent (Fig. 9d). These differenceés in structure

between the two steels A and B:weré probably due to compositional

differences, but no experimental evidence is available at present.

Metallographic observations of specimens after the first few

cycles of process T™M-2 indicated that martensite reversion was more

complete in steel B than in steel A, as can be observed from a com-

parison of Figs; 8c and 8d for steel A with Figs. 9a aﬁd 9b for steel B.

The reason for this behavior was not known.



The observed 1ncrease in strength between the fourth and seventh )
‘.cycles of process TM—Z for both steels was due mainly to the cold work
applied to the specimens as part of the processing.b There was little "
difference in the fracture appearance of tensile specimens of - steel B
after’ five cycles (Fig. lla) and seven cycles (Fig 11b) In;both caSesc‘
fracture surfaces exhibited features ‘of ductile failure and also thoseV’
due to eleavage;v The ductile fracture features were those typically
;:observed in strain induced martensite.20

Figures 12a and 12b show microstructures ‘of steel A after four -
and'five cycles reSpectively of prOCess T-1. : Initially, when the steel
was cooled to —196°C martensite formed at the grain boundaries This
vmartensite was.tempered on heating. In subsequent cycles martensite'
_plates‘formed‘throughout the grains. An increase in yield strength
was not observed until the end of the fifth cycle The microstructure
'kof a’specimen at the ‘end of the fifth cycle exhibited*a large amount.'
'of"martensite; The increase‘in strength was accompanied by a marked
{vdecrease in elongation (Fig. 6) | | | s

Examination of the fracture of surface of a specimen tested after .

_ one cycle of process T- 1 indicated intergranular failure. This is shown

* . in Fig. 13.: Also seen}in'Fig. 13 are fracture features indicative of

- dimpled ruptureltypically associated'withvthe'failure of strainfinduced_ig_
| ma?tensite.zo o | B I B |

- : In\several room.temperature‘tension tests, duplicatevspecimens:with N
gthe same processing'treatment did not exhibit the same elongation,

and ultimate strength but did exhibit the same yield strength 'A

'dtypical example was the observed difference in elongation values (ZSA vs 54%)
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for specimeﬁstwith 2 cYéles of proéessvTél:' This difference resulted
frém a_prematurevféilure'of'ﬁhe specimen witﬁ the lower elongation;
The behavior was typiéalﬁdf specimens in which the martensite content
reached large values during the tést: EQen thé:smailestbflaw would
cause failure in the martQQSiﬁiévfégioné. | |

" The proéesses'TM-l aﬁdvTM—Z involved the same processing steps in
the first .cycvle.. Howevef,' specimens were not cold rolled after the
first cYclevin‘the TM-1 process. Théreféré, the incfease in dislocation
density inlsubseqdent cycles could result only from the austehite to
martensite transformation. As in the case of specimens treated by the
T™~2 prﬁcess,'carbide precipitation occurred dufing reversion and thé
COnséquent reduction in the staBility of austenite resulted in the
'formation'of incréased amountsvof marteﬁsité on cooling.

Microstructﬁres of steels;treated'by the TM~-1 process were similar
to those tﬁat'resulted from the TM-2 procesé'(Figs. 14 and 15). However,
~the finely dispersed mixture of.reverted and'partiaily reverted martensite,
tempered-martensite, and'martensite formed on éooling became the pre-
dominant micro constituenﬁs-only after seven cycles. The mechanical
properties of steels treated by the TM-1 process werg not as good as
those of steels treated By the.TM—Z process. This difference was
.éttributéd éo the'presencevdfvmore austenite in the steels treated by
the TM-1 proceés. This was confirmed by the magnetiC'teétkresults.
presented in Table 2. The #usteﬁite was Very unétable and yielded
at a lower étress dﬁe to the.stress induced formation of martensite.

The fraétﬁre surfaces of steel B specimens.tested after five and

ten cycles of process TM-l are illustrated in Fig. 16. Features of
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intergraauhz'crackiﬁg and_t:ansgrahular cléaﬁagé'wé£e c1eéfiy76bserved.
There.waé aléo.SOmeiiﬁdiééfipn df‘ductile.féiiufé,ch;facteristié of
strain'iﬁdﬁéed'maftensite.'E' : | .

A low rbom'temperétute:yield st#ength resulting:from the stress
,1nduced forméﬁicnvof martensite_wa§.a common feature ofvbofh steels
used in the.gurrént,investigatién. In addition, the r§§m tempefétﬁre'
ultiﬁatevstréngth waé”high'and the elqngatipn,ﬁas‘iow when the étfeés'
“induced transfofmatibn_occurred. Sgiécted.specimens ﬁere tested at
100°C where thé austenite Qas more stable than at toom tembgrafﬁré.-'
Highér yield strength vélﬁés>than those obSefved at room temperature.
- were observed in 100°C tests. Tests results for sevéral-séecimens

are given in Table 3.
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IV, SUMMARY
In chromium containing TRIP steels which were designed to have low
austenite stabilities, small amounts of deformations by rolling at
temperatures above the Ms temperature resulted in the formation of
large amounts of martensite by a stress induced mode. There was
a considerable increase in strength over that of annealed austenite.
The martensite that formed by small amounts of deformations at
temperatures above the Ms reverted, at an elevated temperature, to
austenite by a diffusionless transformation. However, diffusion
based reactions involving martensite tempering and precipitation
of carbides in austenite accompanied the reversion.
Three processing treatments were investigated for their influence
on structure and mechanical properties. Repeated cycles of these
treatments resulted in a fine and uniform structure which was
believed to be a mixture of tempered martensite, austenite formed
from the reversion of martensite, and martensite formed during
cooling from the reversion temperature.
The present investigation showed the martensitic reversion could
be used in the processing of chromium TRIP steels. However, diffusion
based reactions accompanying the diffusionless reversion of martensite
to austenite caused a decrease in austenite stability and resulted
in a structure with a large fraction of martensite. Steels with

this structure exhibited a high strength, but had a low ductility.
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In tests at 100°C, higher yield strengths were observed. It was
also shown that TRIP steels having a M_ below -196°C could be
strengthened by small amounts of deformation to form large amounts

of martensite followed by a subsequent reversion of the martensite.
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V. RECOMMENDATIONS FOR FUTURE WORK

The thermal reversion of martensite to austenite can be used to
strengthen chromium containing TRIP steels. However, a limitation
in its use is the occurrance of diffusion based reactions that result
in a loss of austenite stability., Future work should investigate the
possibility of maintaining sufficient austenite stability, so the
reduction in stability caused by the diffusion based reactions does
not result in the formation of '"stress induced" martensite during
testing. To achieve this objective, it is necessary to modify the
composition of the existing alloys.

Considerations that should be taken into account in the modification
are:

1. The austenite stablizing elements that are added should not be
strong carbide formers.

2. A reduction in carbon content while causing a loss in austenitic
stability will decrease the tendency for carbide precipitation.

3. The maintenance of a high chromium content (>12 pct) is desired

to have a high ceorrosion resistance.13
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Table 1. Chemical composition of steels.
Steel Fe Cr Ni Mn Mo C
A BAL 12.0 7.8 1.9 — 0.28
B BAL 9.0 8.0 2.0 2.0 . 0.30
Table 2. Percent martensite in selected Bpecimens
before and after tension testing.
Number Percent Martensite
Steel Process 0f Cycles Before Testing After Testing
A T-1 4 18.6 59.3
A ™~2 2 11.9 67.0
A T™~2 4 38.9 78.7
B T™M~-2 3 55.0 83.1
B T™~2 4 80.9 89.0




Table 3. Mechanical properties of selected specimens

tested at 22°C and 100°C.

_Ultimate
Number Test° Yield Strength Tensile Btreagth Eilong.
Steel | Process | Of Cycles | Temp. °C (psi) (oat) %)
22°C 122,000 219,000 11.9
A TM-2 = 3
100°C 152,000 191,000 11,3
22°C 132,500 208,000 8.6
A T™™~-2 6
100°C 169,700 204,000 7.9
22°¢C 61,300 154,000 16.8
B T™-1 3
100°C 89,000 144,500 13.5

—zz_
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FIGURE CAPTIONS
Fig. 1. Process T-1 schematic for steel A.
Fig. 2. Process TM-1 schematic
a. For steel A
- b. For steel B
Fig. 3. Process TM-2 schematic
a. For steel A
b. For steel B
Fig. 4. Flat tensile specimen.
Fig. 5. Dilatometric curves of steel A specimen:
a. After 67 deformation at ~78°C.
b. After completion of heating cycle in (a),
c. After cooling to ~196°C following the cycle in (b).
d. After cooling to -196°C following the cycle in (c).
e. During heating to 860°C after (d), held for 5 min, and cooled.
Fig. 6. Room temperature tensile mechanical properties of steel A at
several stages of processes T-1, TM-1 and TM~-2.
Fig. 7. Room temperature tensile mechanical properties of steel B at
several stages of processes T-1, TM-1 and TM-2,.
Fig. 8. Microstructures of steel A in various stages of process TM-2%
a. After completion of first cycle.
. b. After completion of second cycle.
c. After deformation in the third éycle, before heating to the
reversion temperature
d. After completion of third cycle.
e, After completion of fourth cycle.

f. After completion of seventh cycle.
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Fig. 9. Microstructure of steel B in various stages of process TM-2,
a, After deformation in second cycle, before heating to the reversion
temperature,
b. After completion of second cycle.
c. After completion of fourth cycle.
d. After completion of seventh cycle.
Fig. 10. Microstructure of steel A after completion of four cycles of
frocess ™=-2.
Fig. 11. Scanning electron fractographs of steel B tested at 22°C
a. After completion of five cycles of process TM-2.
b. After completion of seven cycles of process TM-2.
Fig. 12, Microstructure of steel A,
a. After four cycles of process T-1,
b. After five cycles of process T-1,
Fig. 13, Scanning electron fractograph of steel A tested at 22°C
after the first cycle of process T-1.
Fig. 14. Microstructure of steel A.
a. After five cycles of process TM-1.
b. After seven cycles of process TM-1.
¢, After tem cycles of process TM-1.
Fig. 15. Microstructure of steel B.
a. After three cycleé of process TM-1.
b. After five cycles of>process T™-1.
c. After seven cycles of‘process T™-1.

d. After ten cycles of process TM-1.
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Fig. 16. Scanning electron fractographs of steel B tested at 22°C.
a. After five cycles of process TM~1.

b. After ten cycles of processing TM-1.
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LEGAL NOTICE

This report was prepared as an account of work sponsored by the
United States Government. Neither the United States nor the United
States Atomic Energy Commission, nor any of their employees, nor
any of their contractors, subcontractors, or their employees, makes
any warranty, express or implied, or assumes any legal liability or
responsibility for the accuracy, completeness or usefulness of any
information, apparatus, product or process disclosed, or represents
that its use would not infringe privately owned rights.
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