Lawrence Berkeley National Laboratory
Recent Work

Title

THE EFFECT OF STACKING FAULT ENERGY ON THE STRAIN INDUCED MARTENSITE
TRANSFORMATION AND TENSILE CHARACTERISTICS IN IRON BASED ALLOYS

Permalink

https://escholarship.org/uc/item/9hij815¢cn

Author
Dunning, John S.

Publication Date
1969-12-01

eScholarship.org Powered by the California Diqital Library

University of California


https://escholarship.org/uc/item/9hj815cn
https://escholarship.org
http://www.cdlib.org/

UCRL-19052

RECEIVED 5 2
LAWRENCE
RADIATION LABORATORY

FER 3 1970

LIBRARY AND

DOCUMENTS SECTION

THE EFFECT OF STACKING FAULT ENERGY ON THE STRAIN
INDUCED MARTENSITE TRANSFORMATION AND TENSILE
CHARACTERISTICS IN IRON BASED ALLOYS

John S. Dunning
(Ph.D. Thesis)

December 1969

AEC Contract No. W-7405-eng-48

TWO-WEEK LOAN COPY

This is a Library Circulating Copy
which may be borrowed for two weeks.
For a personal retention copy, call

Tech. Info. Division, Ext. 5545
— J
LAWRENCE RADIATION LABORATOR' 53
UNIVERSITY of CALIFORNIA BERKELEY

n

260671 -T19DN



DISCLAIMER

This document was prepared as an account of work sponsored by the United States
Government. While this document is believed to contain correct information, neither the
United States Government nor any agency thereof, nor the Regents of the University of
California, nor any of their employees, makes any warranty, express or implied, or
assumes any legal 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. Reference herein to any specific commercial product,
process, or service by its trade name, trademark, manufacturer, or otherwise, does not
necessarily constitute or imply its endorsement, recommendation, or favoring by the
United States Government or any agency thereof, or the Regents of the University of
California. The views and opinions of authors expressed herein do not necessarily state or
reflect those of the United States Government or any agency thereof or the Regents of the
University of California.



UCRL-19052

RECEIVED _ Z
LAWRENCE
RADIATION LABORATORY

g 3 1970

LIBRARY AND
DOCUMENTS SECTION

THE EFFECT OF STACKING FAULT ENERGY ON THE STRAIN
INDUCED MARTENSITE TRANSFORMATION AND TENSILE
CHARACTERISTICS IN IRON BASED ALLOYS

John S. Dunning
(Ph.D. Thesis)

December 1969

AEC Contract No. W-7405-eng-48

TWO-WEEK LOAN COPY

This is a Library Circulating Copy
which may be borrowed for two weeks.
For a personal retention copy, call

Tech. Info. Division, Ext. 5545
- . J
N

LAWRENCE RADIATION LABORATORTY

e
UNIVERSITY of CALIFORNIA BERKELEY

e

25067-1T9DN



THE EFFECT OF STACKING FAULT ENERGY ON THE STRAIN INDUCED MARTENSITE
TRANSFORMATION AND TENSILE CHARACTERISTICS IN IRON BASED ALLOYS

John S. Dunning
InorganiCQMaterials Research Division, Lawrence Radiation'Léboratony
Department of Materials Science and Engineering of the College of Engineering

University of California, Berkeley, California

ABSTRACT ' K

Two series of iron based alloys,.one carbonless the second containing
carbon were designed sﬁch that a regui#r variation of stacking fault energy
(S.F;E.) in the.raﬁge 10-50 ergs cm-e was §btained while maintaining a
constant Ms temperature within each series.

The austenitic alloys were transformed to martensite under the in}
fiuencg of tensile strain at cryogenic temperatures. Transformatiqn |
characteristics were found to vary in a consistant fashion within éaéh,
series of alloys. In alloys with high S.F.E. the martensite fommed during
tensile straining formed in massive blocks or large fragmentéd blateé; ‘

In low S.F.E. alloys, however the transformation ﬁroducts observed wefe
extremely fine. In the carbonless series of alloys the presence of ¢ -
(hcp) phase was detected together with & - (bce) martensite after'tranée
formation, in fﬁe alloy with lowest stacking fault energy. A%his indicated
the possibility that the sequence of transformation is ¥ - - ' in allo&s
of low S.F.E. as opposed to 7y - @' in alloys with high S.F.E. |

The effect of prior deformation on subsequent strain irduced trans-
farmation varied considerébly between the two alloy series. Différenées
in composition both within and between the two series of alloys resulted
in a variation in response to prior déformation. In additibn the varia-
tion in S.F.E."within eath series resulted in ﬁHe development of different

textures after deformation. In carbonless alloys prior deformation did

not affect the rate of subsequent transformation. In carbon containing



alloys .prior deformation resulted in é stimulation of the transformation.
The degree'.' of stimulation incrgased uniformly with increasing S.F.E. in
the carbo.nv containing alloy.s. | Transformation rates and the size and d}istr
bution of the traﬁsfonnation products were related to the abundance of
favorable n‘uclea'tion points. |

‘The' nature of the ’_transf_ormat‘ion producté, .and superior deformation
ckaracte:_iétics were correlated with superior tensile behavior and TRIP
responses in alloys with low S.,F.E. In low S.F.E. carbon containing
alloys tensile strengths of 250,000 « 320,060 psi with e‘longat_:ions of

66 and 31% were recorded at cryogenic temperatures.
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T. INTRCDUCTIQV

1

In recent years in the field of alloy design, metastable eustenitic
steels whichityansform to martensite during strainihg_have shawn goed petenj
tial-for‘etfength, ductility, and topghness.152 Consideréble develobment
work, mueh>of it conducted,qn a trial and error basis, has been carried
out .in order to optimize compositional aﬁé.processing parameters. How—v_
ever, very little is known about the reletive importanee of factors effect-
ing'the,strain_indﬁced transformation to martensite during tensile Straiﬁ-
ing; This‘etudyiwas designed to determine the effect of sfaeking fault.
',energva.F.E. on the strain induced transformation in, iron based‘elloys.

‘ Breedis3 has‘shdwn that in siﬁgle_crystal Fe-Cr-Ni alloys the S.F.E}
(sfacking faﬁlt‘energy)_of the alloys has-a marked effect on the deforma -
tibn substructure of austenite and that the substructure ﬁas an effect.on
qubsequent nucleatlon of marten31te on coollng these alloys below tbe M
temperature. In alloys with h1gh S.F.E., separatzon of vartials. is restrlcted
~and cross slrp of dlslocatlons takes place relatlvely ea51ly. Three
dimensional, cellular dlslocatlon arrayslpredomlnate and local stress' 
concenﬁﬁations tend to-bedissipated;throﬁgh cfoss slip. Cbnvefsely,’
ih alloysvwith low S.F.E., linear dislocation arrays were observed et
low'defofhations and dissipation of fhe strees concentrations by creSSJ

3-5

slip was more limited. Several authars have suggested that local

stress concentrations and dislocation plle—ups act as nuclel for subse—v
queht transformation to martensite. It may be suggested therefore that
. . o .

. in alloys with high S.F.E. where local stress concentrations can be dissi-

pated by cross slip subsequent strain induced transformation to-marten—
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site.might bevinhibited. In alloys with low S.F.E., however where
| dlslocatlong are more restrlcted to their S]lp planes, and new nucleatlon—
31tes can be produced readily by dlslocatlons piling up behlnd barrlers
durlng deformatlon.

 While the deformation substructures in carbonless alloys have received:
considerable attention»and the behavior after small amounts of deformation
is well establluhed. the same effect is not observed in carbon contalnlng
alloys. _Swann6 and Fawley et al.7 have observed that in carbon ccntalnlng
-alloys, regardlessvof S.F.E., small degrees of olastic deformation reeult
in'highly taogled dislocation subsfructures. It appears as if pinning and
) multiplication:of dislocatims aroﬁnd carbide.precipitates_is‘a'likely
'cause'ofbtheee tangled‘dislocation’structures.

In addition to differences inodislocaﬁion substructure a number of
WorkérSS-}l have detected a con81stant varlatlon 1nvrolllog textore with
S.F;E. 1n.fcc metals and alloys. Cons1der1ng the 81mplest deformatlon
texture, the flbre texture produced by rolllng or draw1ng operations,’ in
fee metals there is genezally a dual texture with [lll] and [lOO] parallel’

.te-the deformatlon axis. The proportlons‘of texture vary w1thld1fferent
metals_depending on fhe ease of cross slip and hence on.the‘S.FlE. >Dilla-
more and Small_man12 have recently used the nature of.rolling textufeslto_
establish:values of S.F.E.'e for pu:e.metale. In the range Of.S.F.E;fg
consldered.in the two alloy_series used invthis study a distinect cube:
texture wa.s anticipaﬁed in alloys with low S.F.E. .In the case of alloys
wifh»high S.F.E. a dual texture with a miﬁturelfwgroineIﬂwing[lll] and

[100] paréllelito the rolling direction‘and random direction,orientations
around the axis ﬁas.anticipated.. The nature Jf defo rmation textures

;obtained:in deformedieustenites used in this work was studied using }era&

.vmefallographic_techniqﬁesf




transformation to martensite.
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it can be‘seen from the above discussion that the variution in c0mpo—
sition and F E. within the two alloy series  can havebmarked effects on
orientation_and substructure after deformatlon. This vsrlatlon 1n'sub;

structure within the series must be considered when discussing subsequent -

The variation of S.F.E. can affect notonhrthe substructure of .the
alloys but also the transformation products.. The transfcrmation struc-

ture of metestable Fe-Cr-Ni austenites obtained by thermélly induced or

i5-16

strain;indnced_transfozmation have been widely investigated by both optical

B -2 - . i ’
and electron microscopy17 0 in conjunction with X-ray techniques. In

almost all of these investigations, the presence of an ¢ - (hep) phase .

which is closely associated with the -G-martensite phase has been reported
S o _ o . 212k

in alloys with low S.F.E. In the light of a number of recent studies - *

it is cohdlndedbthat in these low 8.F.E. alloys ¢ is an intermediate phase

"~ and that the sequence of events -in the transformation is ¥ —» € - a'. Thus

in alloys of low S.F.E. a three phase situation must be considered to- '

gether with!fact that the presence of an intermediate phase in the vy 5O !

, transformatlon must 1nev1tab1y affect the resulting transformatnon products.

In:the' present study two alloy series with a regular variation in S F. E

~wWere Selected, one series carbonless the other series containing ndminally

0. 3%'carbon*--X—ray, optical magnetic and scanning electron microscope

-technlques were used to study the structure and transformatlon characterlstlcs

in both series of alloys and efforts were made to correlate these charac—
teristics with the tens1le‘propert1e3'of the alloys-at a number of test':
températures. Of:particular interest in this_study-was the observa tion |
of TRIP or;transfohnation induced‘plasticity duning.tensile straining.of

the alloys_at cryogenic temperatures. 'When transﬂarmation‘to martensite



b~

oceurs during the tensile straining of a metastable'gustenific alloy‘ati
a temperature below Md (the.tempéra£Ufe abové which no mrtensite trans-
formation can be induced by deformation) excellent ductiiity as represenﬁed '
by high uﬁiform elongation valuesbcan be achieved. In both carbonless and
carbon containing alldys_the transformation ﬁroduct, either B.C.C. marten-
gite or B.CQTf martensi%te respectiveiy, can have a marked strengthening
effect‘on the parent augtehite. If this transfprmation caﬁ bé cohtrolled
such that, as the austenite»yields and incipient neéking begins, the trans-
formation to martensite occurs in the necked region, stfengthening of the
nécked regidn‘occurs, Since thé necked regionvis stréngthened,-subsequent
deformat ion ié fofced into édjacén£ ma terial, fracture is prévented and‘
uniform elongation of austenite is promoted. Increésed 'dﬁctility obtained
in tﬁis mannér, eSSehtialij'preveﬁting fracturé by means Qf a‘coﬁtrolled
phase transfofmation, has been termed traﬁsformaiidﬁiinduped.plasticity .

or TRIP.‘ Steels exhibiting'ﬁhese chafacﬁeristics have been élassed as
-TRIP steeis. One purpose of thevfresént study was to relate structural
and fransforﬁation data to the TRIP response of the metastablé austenific
alloys in each of the two alloy séries. '

In_terms of response of prior\deformation at elevaﬁed temperatures.
andvtransformation characteristic¢s during tensile straining, the £wo ailoys
series muSt initially be consideﬁéd seperate;y. The phase transformation.-
of interést is F.CQC; auétenite to B.é:é. marténsiﬁé‘iﬁ the case of carbOn-.
less alloys and F.C.C, austenite to B.C.T. maitensite in the case quCarbon
coﬁtaining alloys. When the S.F.E. is‘low an intermédi;ge step invélviﬁg
formation of ¢ (hep) martensite is also likely. However, c amparison pf‘
data obtainedifromfﬁhe two alloys series was useful from a number Ofistand—*
points to be discussed ahd it was possible to draw a number of interéstiqg
cbnqluéionsvbyvcompdfison of the two séts of data.;

I s
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N II. EXPERIMENTAL PROCEDURE

A. Alloy Compositigg
Twe'main series df'alloys‘were teésted. Compositiaons and estimations

of the stacking fault energies of each alloyvare shown below.

SERIES I | | :
Carboniless Alloys
Composition : o . Estimated S.F.E.
: ‘ (ergs cm-2)
1. Fe - 35 Ni | | | 50
2. Fe - 25 Ni - 10 Cr. | 30
3., Fe - 15 Ni - 15 Cr o 5 15 to 20
L, Fe - 12 Ni -22Cr 10 to 13
SERIES II
' o Alloys with carbon
~Composition : 3 - . Estimated Stacklng Fault
' . C Energy (ergs cm-2
1. Fe - 25Ni - 4 Mo - 0.28 C 50

2, Fe - 12 Ni ~12Cr-4M -0.30C 12 -17

3. Fe - 8Ni-15.5Cr - b Mo -.0.32C 7 -10
A COnSiderable‘amount of work has bheen carriedvbut measuring the stacking
fault energies of iron nickel chromium"austenites and austenitic stainless;
steels. The determlnatlon of stacklng fault energles has usually been

25,26

‘through the determlnatlon of node curvatures. The method has lnnlta- .

27

tions. due to formula approx1mat10ns and necess1tates extremely metlculouSV
Hexperlmental technlques.» The values of S.F;EZ giveﬁ for the austenitic
’ alloys represent average values frah a large body of data referenced

above. The values are belleved to represent very good apprcx1mat10ns

and give an excellent representatlon of the change of S F.E. with comp031-
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tion Withiﬁieach alloy series.

'Nickei-iﬁcreases the S.F.E. of‘iron:alloys, chromium has the reverse
effect in the'composition range'selected and'deéreases fhe S.F.E. Thus
the composition of alloys could be arranged such that by varying the
balance of Ni and Cr ﬁhé é,F.E. pouid be varied in a regular fashion
while keebiﬂg'MS temperatures of all_alloys in a giveﬁ series in thevsame
range. |

Th¢ MS teﬁperatures were calculated from formulus developed by Andrews2

- which were reported as accounting fér interaction between alloy elements.

The Mé‘fempefatures were all designed to be below 419600 and both MS and
Md Were.belowVR.T. In this manner R.T. tensile tests could be carried out
with no stfain indﬁced transformation occuring aﬁd tensile characteristics
could be‘compared with data for cryogenic testé where strain induced
vmartensite Was formed during'teéting. |

In high thomium ailoys in addition to coéntrolling the Ms.temperature
and the S.F.E. energy it was also important that the'proportion of.Cr'and
Ni ﬁere such that the delta ferrite region of the phaséfdiagram wa.s |
avoided. »Thé'schematic‘showﬁ_in Fig.‘129vwas particularly helpful in -
determining the suitable alloy compo;itions.

In qafbon containing alloys (Series IT) sufficient molybdenum - was
ingludéa~in_thevcanpositibn to tie up carbon as molybdenum carbides.
Moiybdenum has a higher diffusivity than chromium in éuétenite, particuiafly
when the austenite is highly deformed?h However, in alldyé containing
high perééntages of chranium, some chromium cafbides will be present.in

addition to*molybdenum'carbides as chranium is the stronger carbide
. , : I

i
‘

former of the two elements.
‘In addition to the two main alloys series, one additional compositioh_

was studied. Series II(a), (Carboh Containing) 1. Fe - 2k Ni - 4 Mo - 0.25 C

B



iy
The small Variation in éomposition fram alloy l in Series II was sufficient
Lo bring ﬁhe Md of this alloy slightlybabove room temperature. The room
‘femperaturé'tensile characteristics of this alloy where a lqw rate of
tnansférmation to martensite was observéd during testiﬁg at-R.T.>could
thus be eQmpafed directly to the Fe - 25 Wi - L Mo - 0.28 C alloy where
no transfofmafion to mdrtensité occurredjétbroom temperature.

B. Thermal Mechanical Treatment

The thermal mechanical treatment selected for all the alloys was

1,2

selected from a baCKiog'of data vvbn similar TRIP steels fo thése used
in Series iI.’ While no attempt waé méde to .optimize pfoéessiné pafameters
- the parameters-selected were known to be of the type that would ténd to
maximize gﬁy TRIP éharactefistics:of alioys. The thermal mechaﬁical‘
treatment mayibe outlined as folléws:

1. Hbmogenized alloys at‘llOO°C_for three days.

2. Torge at 1100°C and roll between 600-1000°C to suitable size.

3, ‘Austenitize 1 hour at 1175°C, Waﬁer quenched.

4, . Defofm varying amounts at L50°C.

5. Cut tensile specimens to specifications sﬁown in Fig. 2.

6. Tests specimens in ﬁension.at (a) R.T. (b) -72°C and (e} -196°C.
Deformed austeniteiwaS'thus tested in tension at a number of test tem@era—
ture., At.cryogenic teﬁperatures»strain'induced martensiﬁe was formed -
during tésﬁing. The‘austeniﬁe - martensite tfanstrmation-was'observéd-
by a number of techniques includingA'metéllographic studies, magnetic’
studies and scanning electron micfoscope studies.

C. Measurement of Transformation to Martensite
in Tensile Samples

The austenite-martensite Pha se transf armat ion was measured magneti-

cally. Magnetic measurement of the martensite transformation is possiblé N
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since the & martensite phase is ferramagnetic while austenite and the

' e; hep phasé ‘are both paxamaghet i\c . Mag—ﬁétic measurements were checked
by optical arid X-ray metallographic techniques and gave an-excellent bfle,-
to—one. ccfrélation.

- The saturation induction of specimens was measured using a perma-
meter. Two détécting coils bucking each other were situated between the
poles of an éiectroma.gnet. The resulting current from thé de’_c ecting
c_oils was first integrated, then read on a bchart récorder;

The 'eneféizing current in the large coils of t.he electrcmagnét co.uld.
be’ switched continuouély from a negdative value to a positiire value so that
"tlhe xra'gnetvic.field beﬁw‘een the poles could be re‘versed. fram about -6.,‘OOO
QeQSted to’+6;ooo oerstédﬂ to measure the saturated induction B_ in the‘
specimen.

[‘lb. With the épec:imen removed, search coiis A and B were balanced
With‘a; diyider, to giVe_‘a minimﬁm s’igﬁal on ‘the re:corder .

2. With the specimen in one of the search coils, any increase, n ’
volts, in the signal on the recorder was due to an additional flux 1n

the ‘specimen.

Ad)spec = A(B-H) NAspec = 5 NAspec
where |
spec is the flux in the spec:}men (Maxwel)ls)
B . is the induction (gauss)
BS:_: is the saturation induction
H " is the magnetic field (oersteds)
As'pec is the Qross-section area of the specimen.

To calibrate the integrated signal, a square loop flux standard was
uséd; a known variation in the flux A-QSSIFS given by the flux standard

gave an integrated 'volt;age read on the recorder.



- -9-

A¢SLFS -3 no. volts on the recorder

The saturation induction is reiated to the measured volﬁage from the
integrated signal by:
S - I . : | o
B = s x & X n/né (1)

s 2 NA , SLES
: spec »

The faétor 1/2 is due to the faét that the magnetic field was swi£ched
from a negativeZValhe to a positive value. The purpose of this switéhing
was to eiiminate any érfor due to the zero of the induction in the speci-
men. This zero canhot bé attained easiiy since.the remanent magnetization
depends on the nature of each speciméh.

The sighal due to the magnetization of the specimén; n voits, Was
"~ obtained by éubtraéting the signal due to an imberfect bucking of the
seafch'cgils:from the total signal read on the recorder. | |

InfEé. (1) n and ﬁo are determined by simple reading, 'A¢SLfS‘iS
knowvn and N is known. On;y the érea_of the speciMe?; Aspec’ has to be
determined for each magnetic measurement. The B  determimtions were con-
. verted to a.percentage of martensite by asSﬁming B_ is proportianal to>
the amount of magnétic pﬁase; | v

Thus, if x is the amount of martensite, we have
‘x/lOO = Bs/gO

B_ is the saturated indﬁction of a completely martensitic.specimeﬁ. The
value B varies with camposition and mst be calculated theoretically for
each alloy.?o

D. Optical Microscopy and Electron
- Microscopy Techniques

Optical microscopy of strain induced martens ite in the two alloy
series revealed that in low S.F.E. alloys martensite crystals were extremely

fine and could not be resolved. at 1000X. In order to cdmpaxe the size of
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the martenéite crystals with the S.F.E. it waé»necesséry to scan large
areas of ﬁhe épecimens andbphotograph représentative areas. While trans-
mission and replica studies provide sufficienﬁ resolution, the scanning
electron_minCscope allowed large areas to be scanned at low magnificatidp
such that reﬁresentative areas could be selected and studied at higher
magnifications. Scanning electron microscope studies wére used to study
tﬁe_transformation produéts in austenites with no prior aeformation at
elevated temperature. Specimens were polished and etchéd to ensure maxi-
mum surface relief. The specimens were then 1ightly(200§)shadowed with
plafinum; the shadowing technique resulted in improved contrast in the
séanning microscope. The speéimens were studied carefully in an optical
microscopé gnd typical areaé of @ martensite selected for stuﬁy. Magnifi-
cations of lé,OOOX were necessary‘to resolve the finest martensite éryétals.
Optica].microécdpe techniques  were used fd follow the nuéieationyénd~
growth characteristics of the strain induced marteﬁsite."Tensile speci -~
mens iniﬁially 0.050 inche$ in thickness were ground tova thickness of
0.040 inchég_ in a jig. cémpleﬁely flat, uniform speci?menj-s. resulted and
the surface_of these specimens . was polished to.a scratch free finish. ;
The speéimens were then intermiténtlyétrained in tenéioﬁ and the polished
sufface Waé dtudied after fixed amounts of strain. The surface was
' studied under oblique lighting in the optical miéroscope. A dark.fieid
effect resulted and éurfade upheavals were clearly vibible at relatively
low magnifiéation (400x). The poiiéhed surface was marked with a grid of
fine scribe lines such-that after eacﬂ interval of strain, specific areas
could be re—identifiedﬁand\microgféﬁhs:taken. The specimens Were finally
repolished and etched in order to positively distinguish between élip

lines and upheavals caused by transformation to martensite.
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E. X-ray Techhiques
An x-féy diffractometer was.used to determine the relatiﬁe volume

.fractions of ﬁhasés in the partially transforméd alloys after tensiie
straining. The technique-was used to check the magnetic meésuremenﬁ éf
the amountsof transformation to & mértensite and to detepf the presence
‘of any € phéée in the Fe-Ni-Cr alloys. In addition a'baék reflection
technique}ﬁas uéed to étudy rolling textures in deformed austenitic |
alloys. |

| Back.feflectioﬁ pﬁotographs'ﬁere used to sfudy préferred oriéntation
ip&deformed-sheet specimens. Monochromatic chromium Ka radiation was
usedvto'examine polycrystalline sheet specimens after a 255 deformationi
at h5o°c." s-pééimens of _tvhe h,igh%js.F.E. alloy Fe-55‘1\ri-'and'thé low S.F;é._ ,
Fe-lENifEECr'were'polisﬁéd ahd eéched to remove the surface polishing ;
layer and-mbuhted in the x-ray camera. Back reflection pinhole phofo;‘
graphs were taken revealing a marked.?Eferred"orieﬁtation'in both Speéimens.

The anticipated textureslo-ll

in the case of the austenitic alloys with’
_thié range of 5.F.E.'s were a [lQO] texture in the case of the low S.F.E.
alloy and a ﬁixture of [170] and [111] in the case of the:hiéh S.F.E. alloy.
The épeciméh:to film distance énd_the exposufe ﬂime used was adjusted
to allow study of these fefiections. |

Thevxyray technique to détermine relativé volunme frac£ions¢offpﬁa$es

2
1,3 It consists of comparing

in a multiphase alloy is now well known.
the relative integrated diffraction intensities which are proportional

to the volumé fractions of the respective phases.
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The Norelco X-ray Diffractometer equipped with diffracted beam (200)
LiF crystal monochromator was used with CuKa radiation. This monochromati-
" zation techniques eliminated a lot of the x-ray fluoreécence background,

which made possible the use of CuK  radiation.

The'fe]ative integrated intensitles of peaks corresponding to the
(lO.l)e, (200)7, and (200)@ were compared to calculate volume percentsv
of €4 ¥ agd Q. The patterns were obtained from the flat polished surf;ce
of the gage sectioné'of the tensile specimens. Thése peaks vere sufficiently

separated that interference was highly unlikely. For each peak, the

relative integrated intensity, I, is

+ b

Ioe KBA
2.k 30T

[AS]
)
)
X
2s}
X
K
s

|
|
|

I =

constant = K
where the first two terms equal a constant, K, independent of kind and

anount of diffracting substances, and

v = volume of unit cell
F = structure factor
P = multiplicity factor 5 5
' 1 + cos” 26 cos EQm
IP = Lorentz polarization factor = Sin®  simeB
@ = Bragg angle of each line '
Gm = Bragg angle for monochromator; for (200 -LiF, Gﬁ = 22° 3&'
for CuKd.
e-eM = temperature factor
1/2n = Absorption factor for flat specimens
Letting, v
2 -2M -
R=—12[ |¥]® x P x 1] e
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then in the three phase material here,

L. e
(0 : Qum
KR C
I = 5 b
Y
K R€C€'
I =
€ ; Epm
where - um- = linear absorption coefficient of mixture ’
Cy = volume fraction of i'F phase.

‘The equations above together with the fact that
' s o+ = |
Ca Qy C€ 1.0
'will'yieid the Ci's, Factors for the calculation of'Riﬂare shown in Table

VIII.-
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ITI. EXPERIMENTAL RESULTS

While the program of study was not designed to optimize thermomechanical

treatments of the alloys it was anticipated that if S.F.E. was an important

Iaramétef in the strain induced transformation some interesting tensile
data might reéult at pnyogénic ﬁemperatures; Since exgellent combinatidns
of stfength'and ductility were obtained, tensile data is presented together
with transfbrmation data in conSidérable.detail. Due to the volﬁme of
data_presehted;_this section is designed to present fhe data in a éoncise
manney with a minimum of cémment in order toficilitateée referral. A full
~discussion of the data is presented in the next section of the thesis.
. Whére possible an attempt has been made to separate the larée Volume of
tensile data fran data.gathered in studies of the phase transformétions

occurring during straining.

A. Series I CARBONLESS ALLOYS
iFul}y annealed austenitic allo&s were defomed by varying amownts
' bétween O%”and 80% at M50°C. The response to this ?fior“defdrmation in
terms of tensile characteristics and in teins of subsequent'straiﬁ indﬁced
transformation was studied by tensile testing specimens at test temperatures
of RT,‘-72°C and -196°C. The tensile characteristics and the amount of
martensite formed during testing were followed in each case. The results
for the céfbonless aIloys‘are showﬁ‘in Figs. 3 through 6 and are tabulatéd
in Tables 1 through 3.

1. Tensile Strength Data

The yield strength of all alloysvfellvwithin the range of 25,000 to
50,000 psi at 0% deformation to 75,000 to 100,000 psi at 80% deformation
when tested at RT. The increase in yield strengths when tensile tests

were conducted at»—l96°C was small as'can be seen-in Figs. 3 thrpugh 6.
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B

- Little diffefence'ﬁas'observed in yield strength valﬁes between the four
 alloys. | |
2. ,Ductili_tl
| Marked dlffezences were observed in the duct111taes of the four alloys

as represented by elongatlon data;‘ The elongatlons obtalned with alloys
of_iow,S.F.E. eppeared-higher. 'Elongatlons tended to 1ncrease_w1th decreas-
ing test tempefature with'eil four elloys but elonéatidns«in the case of
the lower S.F.E. alloys (Fe - 15 Ni - 15 Cr and Fe - 12 1 ) 22 Cr) tepdéd
to be higher:and fell off less with increasing priof deformation.

In ali Series I alloys trensformation of euStenite to‘martensite
dgring strainiﬁé at cryogenic teﬁpezatures was associatedlﬁith_improved | ,
Values of ﬁnifonn elongation., Thie effect is most markedvin-a given
valloy at.a given test temperature ih that the‘elongatioo data'for speci-
mens wnth 1ncreas1ng prlor deformation remalns approx1mately constant

In the case of the Fe- 35 Ni, Fe - 15 Ni = 15 Cr alloys the trans—.
formatlmaoccurrlngls 7 - Q' martensite; while in the case of the'lower .
S.F.E. alloy Fe - 12 Ni - 22 Cr the sequence of transformatlon congidered
is ¥y —>e Q. Between 5410% of € was detected by X-ray metallographlc
techniques in all'Fe-~‘121Ni - 22-Cr tensile speoiméns.tested at cry04 !
genlc temperatures where transformatlon to & martensite had oocurred _The
| € hep phase was not detected in any of the other alloys tested in Series
I. Whlle the € phase contributes the mechanlcal propertles by work hardenlnggl
the straln induced a-phase formatlon will remaln‘the malq cause for the
strengthening of austenite in the Fe - 12 Niv.—‘ 22 Cr nallvoy_..

Both yield and ultimate strength levels in this series of alloys
were low._;The increase in yield st}ength between alloys with a b athBO%

prioi deformation is small. The bce martensite phase; stronger than the
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parentvaﬁstenite is effective in strengthening the parent austenite and
prreventing premature failure by hecking;

| The’féét that TRiP does enhance uniform elongation in this alloy
series is coﬁfirmed by thé fact that in all cases wﬁere msrtensite was

not formed during testing elongations declined with prior deformation.

3. Phase_Transformation

It is.éignificant that no difference is observed_ip the total amount

. v ! _

of martensite formed during tensile testing in the alloy series with widely
differing_S;F;E.'s. In the Fe- 35 Ni alloy although the éverall teﬁéile
elongatidhé éfe lower, the total amount of martensite prcduéed during-'.
testing was as high in all cases as ailoys with lower S.F.E. Direct
comparison'of tests at any one témperatureis not valid in any case due

to inevitable differences in MS amd;M_d temperatures.  In the case ofvthe
Fé'— 23.Ni - 10 Cr alloy it is appafeht that Md in this case is below -196°C
and no mértensite was produced during tensile testing. In:the"éaseiof'

tﬁe'oﬁhef:alloys invSeriescl.martenSite=was produced ﬁuring testingﬁaé}
cryééenié:temperatufes;

S?edimens of all four alloys were exémined Q& X-ray metailographié‘
technigues after testing at cryogenic femperatures. In this manner magnetié
measuremehts for 'y and O martensite were checked and any € phase was
detected,; €~ was detectéd in all Fe - 12 Ni -22 Cr alloys tested below
Ma. ‘The amount of € was however émall varying betwgen 5-10% in all cases.
No e,phaée.was detected in other alloys in Series I. |

The final poiﬁf of interest with this series was that no stabiiizatidn

effects'are‘observed_in the strain induced martensite transformation with

this series of alloys.
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L. 'Metallographic Studies

“Exa.r"nplbes ‘_.'Of mart'ensités obtained in’Ser.ies T alloys are shown iﬁ'Figs.
7'thr;ugh i7fi Figures 7 througﬁ 19 show typical fragmentéd mértensite
plates formé_’c_l i’_n‘undeformed Fe - 35 Ni alloy st:ra.ined ét —_196°C. T‘he
plate sizé is.. large and individual plates are easily resolved at a magni-
fication éf MOOX; In Fe - 35 Ni austeﬁite that has been deformed 80% .
a£ 450°C prior to tensile straining at -196°C the martensite is "blocky"
but individual_plates can still be resolved at 1000%, (Fig. 11).

Figur,e‘s"l_é'thrcjugh 15 show 'the Fé--"— 15 Ni -15 Cr alloy a:f‘ter ten-_si’le A
'straiiriing at 4].96°C._ ~.In the u.ndef.ormed aust en‘ite the martensite cryst»éls
.are finer than the Fe - 55vNi austeni te strained under identicél ¢on<iitions.
Figure 13 sh_owé typiéal regions of the austenite where martensite .crjrs"(aiS
of varying'size appear. In .the top .bl.ef“t corrier relatively coayse v,mévrﬂ_sen-
siﬁe'crys{:'a,lé are Qbsérved, while on the right of the %nicrcgi;aph very fine
martensité' crystals are obrserved. In austenite thaf has received a prior
deformation of 80% prior to straining at -196°C ultra fine martensite”'

crystal that cannot be resolved at 1000X-are formed (Figs. 14 anda 15).
Figures 16 and 17 show .ﬂartensitve mwtais:' formed durirxg stz‘éming at  -196°0
in the al-lo& with the lowest S.Fv.-E .5 Fel - 12 Wi - 22 Cr. - In both unde-
fo.rnni austenite and aﬁstenite with a 'pr.:ior> deforrﬁation of »80% at LL5O°C,
s‘training at -196°C> ré‘sults in very fine mavrt.ensite that cannot be relsolved"
at a Amagnificvation of 1000%.

These data "bakes on added_significance when cbmpare'd with fn'etal_ioér&phic
studies  on carbon containing alloys. 'VIn both alloy series the samé de-
crease in martensi"te size 1s observed w’ivth vboth _inéreasing prior defc%rmé.—
tion and with decreasing S.F;E.-’In"ref‘e’ming; to the "size" of the maften-
site »obs_e.ryed by metallographic tééhntj_éue ,i'-efe'rferice ‘is xpa,de té. the gen‘eza.lv_

coarséness of the structure rather than the dimensions of .individval mar|.té'n..-
) . H . ) %
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sité’érystals, ‘In the low S.F.E. the structure is so fine that a more
quantitétive size estimate is not possible from optical micrographs. The
relative coarseness of the transformation pxoduct'wiﬁhin the alloy series
is of more inﬁerest in the casé of thiq study than fully'quahtitétive size

estimates.

5. X-ray studies

X-réy.analysis used to determine the relative volume fractioh of phases
in the alioys of Series I confirmed tﬁe magnetic measurements of the volume
fractions of 7y and 0 martensite in paztially‘transformed specimens and’
revealed the presence of tﬁe € phase in Fe - 12 Ni - 22 Cr specimens tested
below R.T.

A comparison .of X-ray data and_magneticvdata showed an excellénﬁ one -
to-one corfesﬁondance in the relative'volume fractions of‘a mdrtensite dhd
austenite iﬁ specimens with:no priar defcrmation. Pridr defonnatién igtrof
dﬁces preférréd orientation into the specimens resulting in séme error in
the X-ray determinations but good agreement was still maintainea betwﬂén
X-ray, optical and maghetic determinations of the amount of transformation:
to martensite that had occurfed in argiveﬁ specimen; ;

: X~ray analysis also imlicated the presence of the € phase in partially
transformed Fe - 12 Ni - 22 Cf austenite. The € phase was not detected in
any other alloy in Series I. The € - hep phase was observed in Fe - 12 Ni-

22 Cr élldysféfter testing aﬁ —7é°C and ;196 C. Né’e was detectgd afﬁér

R.T. testing. The relative vplume fractions of the three phases after
testing at cryogeniC'témpératures was calcﬁlated ffom the integrated‘infen;
sities of the (200ly, (;I_O.l)€ and (QOO)aivpeaks, A typical series ofiaiffrac_
tometei'ﬁeaks is shown in Fig. 18 for an alloy with no pfior deformation

tested at -72°c((éoo)a, peak not shown). Alloys tested at -72°C showed

!
i
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appro#imaﬁély 10% of the € phase, while inAgiloys tésfed at -196°C there
was approximately 5% of the ¢ phasé. vAtvthesé two test tempe ratures
approximately'h5% and 60% .-transformation to mart ensite had occurred
indicating that-the amdunt of € phase was.diminishing with incfeased trans-
formétion to martensite. | |

' Back reflection phofographs-of as @eformed Sheet specimens of the
Fe - 35 Niand Fe - 12 Ni - 22 Cr alloys shoved a marked variation in
deformation ﬁékture‘develgped in the two aus%ehitic alloys. Figure 19
shows the (200)& reflection for both alloys after a 2% defomation at
ﬁ50?C. .The.markéd difference in texture is appafent from examination and
comparison ofbtﬁese two Debye rings. In the Fe - 12 Ni - 22 Cr a very
- marked [lQO]:texiure has developea even after only a relativeiy light 25
deformation.' Tt can be seen that the diffracted intensify is Véry high.'
within a 506 ahgle of the rblling direction whilé therinfensity of poles
outside‘this fegion'is low.. Thus although there is,consideraﬁle scatfer
of the [100] direction in that arcs of intensity are gatheredvarpund fhe
rolling Airéctibn one Can conclude that thé‘normals.to ther(lOO) type ﬁlanes
are definiﬁely‘aligned in the rolling direcfion gi&ing'a marked [100] tex-
ture.'

In the case of the Fe-35Ni alloy a marked texture was also observed.

The sheet texture in this case however had less.symmetry than that of the
previous alloy and thus could only be adequately described'by a full pole
figuré determination. Itvis suffidient to say that the texture has less
symmetry ﬁhan.thé simple cube texture developea in the low S.F.E. élioy;

B. Series II CARBON CONTAINING ALLOYS

A series Qf carbon containing alléoys with similar S.F.E. variatidné
to the carbonless series was run fpr'éomparison purposes.. In this way the

reSﬁlts of this study could be related to the moré prac£i¢al field of alloy
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design and‘in_particluar to‘the field of TRIP steélé. In carbon containing
alloys a direct correlation between unifofm‘elongation data and transforma—
tion to martensite during tensile testiug was anticipated; While this was
in no way a development program,and no optimization procedures were pursued,
it was‘anticipated that if S.F.E. was an importaht factor in TRIP type .
alloys then‘SQme promising data would result. This proved to be the‘case.
In the case of carbon.cOntainingjalloys several factars of interest: were
emphasized. | Of inberest in the field of alloy design was

.(a) ~correlating elongation data with phase transformation data

(b) " response to prior deformation and the variation thereof with S.F.E.

(c) diréct contarisons obtained with carbonless alloys.

Of equal importance was more basic informatiou obtained on the stréin»
induood maftensite transformation aud uesponse to prior def ormation of}the
,alloyé |

(a) variation in the rate of‘trausformation to martensite With S.F.E.

lnwmmwammmw& |

(b) 1dent1f1catlon of the manner in. which S.F.E . affetts the response

to prior deformation or éubseéugnt transformation mechanisms.

Thus'while a regular variatiopiinQBpF.E; Was»obtainedeithin-eaCh
alloy Series;fthere are also other variatidns such as composition, and
deformation téxtures. These factors will be ctnsiderédvtogether with the
variation lﬁ S,F.E.'s_uithin the a%loy~series in the'following section of
the tﬁesis after the presentation of experimental data.

fn this section the tensile apd hagnetic data will be suumarizéda
v These data will then be discussed ;n moro detail together withvmore definiJﬁ

tive studies that were carrled out on these materials in Sect ion C.

Tensile and magnetic data for these alloys is fully tabulated in Tables

-h through 6 and is plotted in Figs. 20 through 22,
| R

H . 4
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‘1. Tensile strength data

The two.alloys with the lower S.F.E., Fe 12 cr - 12 Ni - & Mo - 0.%0 C
and Fe - 15.5 Cr - 8 Ni ~ 4 Mo - 0.32 C._responde.d more favorably to pri';ar
deforma.tionea_t; 450°C than the Fe - 25 Ni - U Mo - 0.28 ¢.alloy. The low
S.F.E. alloys exhibited avvery_rapid increasenin yield:stréss with increas-
ing pfior deférmation. -This fa&orable reSponse‘to priof deformation at
' 450°C in alioys with low S.F.E. was attributed in parf to the presence of
Cr in the case of the two Cr containihg alloys. In the Fe - 25 Ni - 4 Mo
0.28'C-alioy, molybdenﬁm.ié added .in sufTicient.qﬁantity:to tie up carbon

i .

as.molybdenum'carbides, which are precipitaﬁed in the form of.finé carbides -
during defor@étién at 1+5(.)°C?)+ Chrémium:is also a stfong carbide former.

Tﬁe presehée of two strong carbide formers means that chromium carbide Crgg6
fusuallcomposition'for low and medium‘éarbon steéls) will'be preéent as.
well as molybdenum cafbideé_MogC and MOC. . The campositiqn‘of the chraniuﬁ_
.carbide as compéred'with'molybdénum carbidesvmeans,.thaﬁ rélatively more,
_carbidbjﬁiil be preseﬁt‘andiduegto;the.inCreased alloy content a finer:
dispersioﬁ of.qarbide; is . likely. ;This finerbdispersion of cafbides would
accounf forvthe more raﬁid«work ha;dening rate and increase yield strengths

55

due to the increased freguency of dislocation barriers.”” Dislocations
pile up and multiply around these barriers during deformation.

2. Ductility and Phase Transformations

In thé cééé?of-TRIP type steélé.ductility'as represented by elongation
mustvbe’considered in conjunction with any phase traﬁsformation ocCuring:
during tensile straininé. 'Cértain inportant'geﬁeralizatiogs are,immediatély
apparent from comparing Eigs} 20 through 2?.

1. Elongatidns ih.thé undéformed condition.are geﬁerally good Eut :

tend to increase with decreasing S.F.E.
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2. When.no martensite is formed during tensile straining elongation
values fall off rapidly with increasihg prior defarmation in the
case of all alloys. In the case of all alloys with an 80% prior
deformation, elongatibns recorﬁed for room femperature tests were
of the order of 5%. All alloys failed in a ductile fashion however»
with high reduction in area indicating potential ductility.

- 3+ In all alloys when tested below M., Qg stabilizatibn effect was

d

observed for the strain induced transformation. This is in

strict contradiction to the thermally induced mertensite transfor-
mation. | |

h; -When martensite was produced during tensile straining, ductilities
as.répresenféd by elongation data improved. |

5. The increase in elongation was markedly greater for‘allojs ﬁith a
1§w S.F.E; than the high S.F.E. alloy.

6. ,The total amount of'maftensité;produced dﬁring tensile straining
was not affected by S.F.E. If arything, the total amount of
transformatioﬁ was greater in the all@y with a high S;F.E. This
is Significanf in that it can 5e concludea that it is not the
aﬁbunt of martensite induced that is important to promoting_unifbrmv
elongation but either: |
(a) When the transformation {6 induced (at what stage of the

tensile test) or what for@ the transformation takes (i.e,
Luders band etc) or
(b) ‘the fam, size and aistribution of the mrtensite.
The availability of martensite nuclei will have a profound effect on ;
both of these factors particular;y the latter. -Ag in the éarbonlessvalloys,,
the variation of S.F.E. within the élloy series:ﬁill have a marked effeét

on preferred orientation developed during the de ormation.of the alloys.
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Orlentatlon effects will affect the number of slip systems available and
the stress distribution in the alloy whlch w111 undoubtable affect the .
austen1te-martens1te transformatlon.These effects w1ll be cons idered mare
fully in the dlscuss1on of the experlmental data. |

Whlle 1t was con51dered that the comparatlve aspects’ of the -study ylelded
"dle' most lmportant 1nformatlon, it was noted that the data obtained from the
carbon contalnlng alloys w1th lower stacking fault- energy is extrenely
‘prom1s1ng. It proved quite difficult to obtain allo’yu with exdctly corre-
sponding M and M. temperatures. Thus whlle the Fe - 12 Cr - 12 Ni - 4 Mo
0;30' alloy shoved optlmum TRIP characteristic when tested at -196°C. ‘The
other two alloys in Serles IT showed optlmum transformation rates at 72 C.
_ Because of‘thls only genemal comparlsons couldebe-made.
| Howeﬁer, thevFe'; 12 Cr - 12 Ni - I Mo - O.BOFC elloy when deformed
596 and 80% at 450°C gave yield strengths of 280,000 psi and 309, 000 ési
with elohgations of 46.8% and 31.0%.resbeotively; ‘These figures represent
an excellent oombination of strength and ductility for cryogenic temperatures.

The Fe-15.5cr-8Ni-l+Mo-o.52o alloy when def armed 80% at 450°C gave @
yield strenmgth of 265,000 psi with an elongation 31.0% when tested at -72°C
whioh also represents excellent mechanical properties atifhis temperature. |
Series II(a) o

As Stated previously ail of the elloys in Series IfEnd II had been
designed such that no transformation to martensite would occuf dﬁfing’
R.T..testing. This was to enable dlrect com;arlson of teﬁs1le characterlstlcs
both with and w1thogt transformation occuring durlng testing. - The Fe—25N1—
WM6-0.28C alloy exhibited its optimum strength - ductility combimtions at
v—7é°C. The camposition: of this alloy was adjusted to transfer this optlnum )
performance to room temperature. An Fe—EMNl;hMo-O.EBC alloy was selected
for this stUQy and the results of room temperature teéting of ﬁhis-alioy'ere '

shown in Fig. 23. . ' : C -
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. It,céﬁ be seen that the yield strength was sanewhat lower at loWer
deformatiéns (cqmpared’ﬁo Fe-25Ni -4Mo-0.29C alloy) but not‘appreciably s0.
The rate of transformation to martensite during tensile straining was low
(Md was on}y slightly abovg R.T.) but the martensite farmed was effective
in producing high uniform’elonéations. A specimen with a 20% prior de-
fomation had a yield strength of 91,500 psi with an elongation of nearly
80 : :

It was observed in the case of all the carbon steels tested that when
the TRIP meéhanism was Qperative the optimum conditions for enhanced
elongations appearéd to be in alloys deformed between 15% and.}O%. Prior
deformations up to 30% resulted in improved elongations in all cases. |

The;data for the‘Fe-EhNi-hMo-O.25C alloy indicated that by adjusting
the composition of all allaoys in Series II good strength ductility combi-
nationsvgould be obtained.at ﬁ;T. | ” |

3. Metéllographic studies

A detailed metallographié study of the strain induced martensite{
formed during tensile'testing of éarbon containing allo&s is shown in
Figs. 24 through 30.

The micrographs show that in the alloy with the’lowest S.F;E., the
Fe-8Ni-15.5Cr-UMo-0.32C (S.F.E. 7;10 ergs cm-g) the martensite crystal
size is much finer than in the case of the high §.F.E. alley re;o5Ni-uMo_
0.28¢ (S.F.E. 50 ergs cm-g). .These dlloys;are shom in Figs. 29.and 30
and Figs. 24 and 25 res?ectiveiy. o

In the high S.F.E. alloy the martensite is relatively coarse
and at a magnification‘of 1000X appears "blogky" in nature. In the ldw
S.F.E. alloy the martensite is very fine and iﬁ all cases individual plates
are nét resolved at 1000X, The irtermediate ¢ase is represented byvthe
Fe-lémi-lechhmo-o.oaoc alloy (S.F.E. 12-17 ergs cm'e); 'In this latter
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case when the austénite had undergoné_léw pridr'defonnatioﬁ at 450°C
. (0% and 15%) the martensite formea oh subsequent testing appears
partially as coarse "blocky" martensite but after higher degrees of‘priqr
deformation the martensite begomes very fiﬁe again and is unresolvablevinto in-
dividual plates at 1000X. Micrographs of thiswalloy_are sﬁcwn in Figs. 26
through 28. | |
| Thus.the'coarsenéss of.strain induced_martensité in meiastable austenites

decfeases wiﬁh decreasing S.F.E, and with increasing prior deformation of
augienite; Furthervﬁhe decfease in coarseness with deéraasing S F.E. ;s

observed in both Earbon confaining and carbonless alloys.

C. The Strain Induced Martensite
Transformation

The dafa géthered in Studies discuséed ﬁreviouslyIShowed the amqunt
of martensite‘formedlwhen a given alloy was strained past ifs yield.point. E
Nhgnetic meésurements checked by oﬁtiéal and X-ray metallographic techniques
were used to determine the amount of marfensite'forﬁqd in these ailqys.
prior_to failure in all cases except the”Fe;BfNi;alloy. The latﬁer alioy
is fé;romégnetic when austénitiied and in this case x-réy and optical .
estiﬁateSvof the amount of martenéité were obtained. .MEtallographic» 
data showéd’that the siie of the strain induced martensite crystals decreased
with decreasing staéking fault eheigy;

In order to obtéin'quantitative.daﬁa on the'kinetiCS~bf the étfain
iéduced transformation, the transfdruation in-carbon cqntéiﬁing alloys*
- was étudiéd in more detail. In the Fe-l2Ni-120r-th4O.30C alloy, optimum
conditions for transformation inducéd plésbicity were observgd.at'—196°cl
at LN2 tempefature. Since LNé is_a;non-géﬁductor?'if.wasvéossible to
‘attach the permeameter around a tensile specimen such that the'gaﬁgelf_

~ length of the specimen was suspended.freely in the search coil. Then
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pérmeameter»and specimen were immersed in LN2 and a céntinuous recard of
the transformation was_reqorded during straining of the specimen to
failure. A'antinuous record of the transformation was obtained. for
alloys def'ormed between O and 80% prior to teéting. The éngineering
stress-strain curves together with the record of transformatim occurring
durirg,stra.ining is sh_bwn in Fig. 31. At small prior defométions a
straiéht line curve was approached as thé.proportion of marfensite formed
increased upiformly with strain. With higher priar deformations a non
linear curvé was obtained. While it was not possiblelto obtain éontinuous
‘records of transformation at f726C, a number of spot checks on carbon
containing alloys that were tested in a.discéntinﬁous fashion_indicated
‘that a similar.series éf‘cufves would hgve been observed inball.cases.

_Whilevdata oh the‘tétal amount of martensite per unit strain formed
dﬁring stfaining was cdmpu%éd, before conclusions coﬁld Be dfaWn about‘the'
strain ibducéd transfofmation furthéf information,wés needed on thre kiﬁetics
of the trénsformation.pr how the transformation proceeded with strain.
Also,vsince‘the»qltra fine martensite in the low S.F.E. alloy could nét
be resolved optically, additional studies were necessary to mké an esti-
mate of the.relative size of the martensite crystals formed.

;Tensile specimens of carbon contalning alloys in the undeformed
condition were grdund'flatvand the surface polished.to a scratch free
finish. "’ The‘spécimens were strained discontinuously and the surface
studied at fixed intervals of the strain. The:surface ofvthe tensile
specimen was studied under oblique lightﬁng and surface upheavais cau;ed
by transformation to martensite were clearly visible. Initially two t&pes

' éf deformétion processes had beén distinguished and-identified; -Thesen
two types will be called Type A and Type B and were:important in that :

the onset of the martensite tranﬁqumation was alserffected.
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Txpe A ‘.

This ﬁybe of deformation was:observéd in austenites that héd undergone
prior deformat ion of 5% and 80.%4 at 'h5o°c. A Tuders type' band of high
lodal deformation forms on yieldlug with a high~dégrée of tzunsfofmationf

within the tand (30-60% £rénsfomtiq§ within the deformation band).
Ihitiall&und'fraquormétion occurs outéide this narrow deformation band.
The band then propogates along the length of the spe01men and a perlod af
low work hardenlng rate is observed in the stress strain curve, After the
defprmatiqn band has'traversed the'specimen and if fracture does not
occur_the_wprk hardening rate increases;and further transfommtion to

‘martensite'ouéurs along the gauge length;

.sze B

This type of deformatlon was cbserved in austenites w1th low amounts
‘(O%, 15, and 25%) of prlor deformatlon. Iu this case no marked yleld
point is observed on the stress:straln curve. 'After the‘mateziul ylelds
-martensite begiuélto form unifofmly‘along the entiré gauge length and the
amcunt‘inufeases with strain. | |

- Due'to the twobtypés of deformation-observed'invspecimehs with vary-
ing degrees.of prior deformatlon, spe01mens of undeformed austernite were
‘zsélected for further study since the amount of transformatlon to martén—
site 1ncreased.un1formly>W1th 1ncrea81ng strain after the'onset,of trans—
formation oucurred on yleldlng. |

The pollshed surfaces of ten81le specimens of all three alloys 1n
the fully anneadled austenitic condltlon were studled under oblique l1ght; -
.ingl After a discuntinuous strain of approiiﬁately 20% the specimens were
.'repolished.and'etched to disfiuguigh between strain markings and sUr%aéé |

upheavals due to transformation to. martensite.
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Figures 32 thru 34 show specifig aréas of the polished éurface of ten-
sile specimens of the Fe—25Ni;hMo—O.28C, Fe-l2Ni-12Cr—hMo-O.BQC and Fe
Fe—8Ni—l5!50r;hMo—O.320 alloy fespectively (after Varying degrees of
tensile straining); In the first alloy thé surface disruptigns caused by
maftensite éan'be clearly distinguished and may be compared with an optiml
micrograph>of the same speeimen after a 16% tensile strain after repolishing |
and etching} in the second two alloys, surfacé disrupfions were harder
to aetect. Due to the very'fine transformation‘products in the two low
‘S.F.E. alloys the disruptioh of the polished surface caused by transformé-
tions was véry difficult to distihguish fram surface strain markings even
after the-speciméns Were_repolished and etched since.it préved impbssibie
to identifj specific areas after repblishing. |

This data 1s discussed more fully in the following settion.
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IV DISCUSSION
There is’a large body of data in the literature on martensitic trans-
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formatlon in both carbon contalnlng and carbonless”” . alloys. The
thermally‘lnduoed transformatlon and the strain induoed transfofmation have
. both been'studied in some detail.' The maJorlty of these studies hdve ’
fended to compare data for the transformation in w1dely dlfferlng alloy
systems and'arrlved at rather broad generalizations. 1In recent years
detalled sfudieS'of'the morphology of marfensitevin a numner of systems
has revealedvthat orientation relationships and the habit plane of marfen—
site crystels and parent austenite.can very with composition of the alloy
under investigetlon. In the study presented here a carbonless'sefies of
alloysvwas oompared with a comparable carbon comntaining serles The car-
* bonless ‘series of alloys was based on the Fe-Cr-Nl ‘system whlch offers the
opportunity to obtaln;a regulor varlatlon in S,F.E. while keeplng the'Ms
temperature'of the alloys'constant. 'In the equivalent carbon containing
series molybdenum was. added to ensure a strong carbide former was presentv
in sufflclent quantity to tle up all the carbon in the alloy (nominally
0. 3%) even in the absence of chromlum. The data revealed thaf a number
of transformation characteristics varied cons1stantly with S.F.E. in both
series. | | |

+ Comparison studies were important-in'providingva basis for_broader
genefalizdtions»on the transformdtions.characﬁeristics of these.alloYSl
but empha31s was also placed on carbon contalnlng alloys where the data
found dlrect appllcatlon to TRIP steel.

The_lnltlaldlscuss1on in this seot;on uill centemion“the Charactemis-

tics of the martensite transtrmaﬁion-inﬁthe two alloy:Series.lnBosio‘

characteristics of the transformation‘in the two alloy systems will be
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discussed and in the following sections an attempt will be made to corre-

late these characteristics with tensile data.

A, The Strain Induced Martensite Transformation

A martensitic transformation is one in ﬁhich the growth of the pro-
duet crystals takes place by a systematic coordinatedimovement of many
atoms of parent crystals. The disfance moved by any one atom is a
fraction Qf a latticé‘Spacihg. The chémical composition of the parentj
-anmd ﬁhe prbduét is tﬁe same but since there is a changé in lattice, the
shape and volume of the martensite crysﬁal is different. Toraccombdéte
this change in Shape and volume the parent lattice is subjected to a high
degree of gcéomodation strain.

‘An uhderstanding of the kinetics of martensitié reactions depend on
a quantitative underétaﬁding of the rate of nucleation and growth charactef
risties. ~Martensite nﬁclei or embryos have not beén observéd diréctly_thus'
cancitusions. about the transformation fust be drawn by observafion of the
fransfdnnatioh once the martensife crystais hive grown to finite dimersions
and by obéervation of the size and distribution of.the fimal product.

A tabuldted summary of data for the transformation characteristics in the
two alloy series is shown in thé two tables following. Transformatioﬁ
chéractefistics in the two alloy series are not shdwn‘together s ince the
transformation is basically different in carbonless and carbon containipg
alloys.

The onset of transformation in each case coihcided with'yielding;

'in the majority of tests the yielding of austenite initiated the strain-
induced tnansformation to martensite however in a mumber of tests where thet
sfability‘of austenite was low it was found that.ffe stressfinduced'fézmatiOn

of martensite could inititate plastic deformation and yielding. The latter
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Carbon Containing Alloys

Series II
Alloy Composition ' Fe;QhNi-hMé . Fe-lENi—lECr Fe—8Ni-l5.5Cr
. o -0.28C ' =lMo-0.30C -bMo-0.32C
. N .2 , , 2 2
‘ : S.F.E ' : .50‘ergs/cm : 15 érgs/cm 7-10 ergs/cm”
_Onset of Transfommation On Yielding - On Yielding On Yielding
Rate of Mart/unit strain in - |
Transfor- . undeformed austenite 1.68 : 0.39 0.h6
mation . ) : O - _
. Mart/unit strain in 3.35 1.88 1.65
austenite with 80% -
prior deformation ‘
Effect oflpribr def.  marked o less . least
on rate of transf. -~ = stimulation . stimalation stimulation
- Optical Type of martensite " ultra fine '” very fine : blocky -
Morphology and size o crystals . crystals massive mar-
o ' : , tensite
Effect of prior size decreases size decreases size decrease
deformation :on size ' '
Directionality g growth in prea, growth'in pre- non-directior
' o S ferred directions ferred directions
Kinetics cf Progress of transforma- Growth of existing Transf. proceeds by Transf. proce
Transﬁorma— tion with increasing crystals together formation of large by formatien
.1on (in un- strain ~ with nucleation of number of fine cry- a large numbe
: Qf fine cryst

deformed aus- , new crystals stals
tenite). : : , o




Carbonless Alloys

(Series I)

Alloy Compésition

Fe-35N1

Fe-15Ni-15Cr

Fe-12Ni-22Cr

_ : 2 L2 2
S.F.E. 50 ergs/cm 17 ergs/cm 10 ergs/cm -
Onset of Transformation On Yielding On Yielding On Yieldirg
Rate of Trans- Mart/unit strain in ) :
formation undeformed austenite 2.0k 1.39 1.2k
Mart/unit strain in 7
austenite with 80% 1.80 1.30 1.4
prior deformation .
Effect of prior def.
on rate of trans- none none none
formation _ 7 _
'TyﬁewOfwmartensite long fragmented fine crystals ultra fine
Optical Angd size | plates | : . erystals -
Morphology Effect of prior ‘ size decreases |

.deformation on

gize

size decreases

size decreases
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case causes an inversion of the yield stress temperature relationship
and resulted in a decline of the yieéld strength with test temperature.
An example of this 1s the yield strength of the heavily deformed
Fe-25Ni-4Mo—O.28C alloy. The onset of transformation thus depended on
the inherent strength of the austenite and on the stability of the austenite
in both series of alloys.

Prior deformation of austenite at elevated temperature introduces
marked changes in the substructure of the austenite deformation textures depende
on the é.F.E. and in the case of cérbon containing alloys changes in the
composition and stability of the austenite matrix. In this respect therefore,
more basic data on the transformation can be drawn from.a study of the
transformation in fully annealed austenite.

1, Transformation in Austenite with No Prior Defofmation

In undeformed austenite the rate of transformation per unit strain
after ylelding depended upon the relative. stability of the alloy at
the given test temperature. Thus the temperature interval between the
Md temperature of the alloy and the test temperature determined the
rate of transformation regardless of the S.F.E.

The morphology of the martensite produced during straining however
varied in consistent fashion within both series of alloys. In both series
of alloys the size of the martensite crystals observed declined with
decreasing S.F.E.

In the carbonless alloy with the highest:S.F.E. a coarse plate like
martensite was observed while the alloys with lower S.F.E. exhibited a

5

much finer transformation product. Sped¢h and Swann ~ have observed
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that in Fe-Ni alloys the martensite formed in alloys containing greater
than 2% nickel tended to be plate like in shape, while, in alloys con- "
taining decreasing nickel content, the martensite appeared in the form of
"plocky" crystals and plate like martensite was not observed. The change
in martensite morphology was associated with the increase in the amount of
transformation twinning with increasing Ni content in the thermally induced
martensite. Kelly and N'uttingl9 have postulated that twinning in marten-
site is favored by austenites of high S.F.E. (Ni increases the S.F.E. of
austenite). This effect of S.F.E. is opposite to that found for mechanical
twinning in f.c.c. metals where low S.F.E. favors defomaticn by twinning.
This suggests that the effect of solutes on the MS temperature is more

=
important than their effect on S.F.E. Patterson and Wayman #

studying

the thermally induced transformation in Fe-Ni alloys alsc observed that
martensite crystals became more irregular and fragmented as the Ni content
decreased. This was associated with a two stage transformation mechanism,
the first stage involving twinning, the second involving slip shear with
the same elements as the twinning elements observed in the same plate.

The studies referenced above were related to the thermally induced
martensite transformation and while no similar studies have been corducted
on the strain induced transformation the data is of interest when consider-
ing the morphology of the martensites observed in the high Ni alloys of
Series I and II. Reference is made in this study to the optical appear-
ance of the martensite observed. While observations are made on the
coarseness of the transformation products it must be born in mind that
the optical studies do not reveal the internal structure of the martensite.

Thus the massive "blocky" type martensite observed in Fe-Ni alloys up to about:

L
28% nickel consists of groups of dislocated laths 6 and as discussed above the plate



-35-

like martensite observed iﬁ_thé Fe-35Ni alloy. is intérnaliy>twinned. In
this study while the morphology of the martensite undoubtably varied-within
each alldy series the detaiied morphology and internal structure of the
martensite'wasbnot determiﬁed. |

c'onsi'dé.f first the alloys in Series T. Tn the “e-35Ni alley with no
prior_defgrﬁétion'(Figs. T thru 9) martensite was coarse but plate liké;
The plates were heavily'fragmented-but.indiQiduél platesvcould be easily
resolved at 400x. In the undeformed Fe-15Cr-15Ni alloy.(Figs. 12 and 15)
plate like ﬁarteﬂSité could not bé resolved. The overall size of thé_

~martensite cfystals wa.s much finér but there were areas whére‘both cbarse
and fine'mijténs ite was obéer%red ('Fig’". 13). In thve undeformed Fe-22Cr-12N1
alloy the_mértensite crystals were qpiformly verylfine; individuai éryét@ls
could not‘bé ?esolvéd at lOOOX. ~'

In considéring thé variation in the coarseness with S.F{E.'within‘fhe'
series #ariétionslothef than S.F.E. must be cmsidered. The qhahge in
compositiénucan fesulﬁ in differences'in'this sériéé of alloys; which may
explain.thé;difference ﬁd behaﬁior between.low and high S.F.E. alloys.

:Thé’e;hcb'pﬁéée was positivélyi.idenﬂifiediby'k-fay analysis in theb'
‘Fe;12Ni;220rvalloy éfter testing at cryogenic temperaturesvand a largel
bédy of evidence has been fefetenced‘previOusly to*suggest that the

hep strué#ure‘acts as an intermediate phase in‘the’v‘ - & transformation.
While the € phase was not detécted‘in-the ‘Fe-l5Ni-l5Cr alléy the - |
Fe-NiCr alloys will still have a greater stacking’faﬁlt probaﬁility; :
than the Fe-35Ni alloy. Kelly and_Nuttingl9 have proposed a mechaniSm"
based on fhe possibiiity of stacking faﬁltsas nuclei fbf ma;tensite and
thus{there is a stfong poésibility thaf the variation in coarseness of -
‘martensite:in the‘alloy series,can_be'attributedvto these effegfs.' The elpgase'

may restrict the grdwth of ¢ martensitelandvthe variation in stacking fault
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probability!may affect‘the availability of favorable nucleatién sites..

A similar variation in the coarseness of martensite was observed in
the.case éf_carbon conﬁainihg austenites. Martensitg crystals formed during
the straining of undeformed austenite decreased in size with decreasing S.F;E.
of the alléy. The Fe-25Ni-UMo-0128C alloy exhibited coarse "blocky" mér—
tensite crystals (Fig. 24). The Fe-lec£-12N1-4M0-0.5oc alloy (Figs'26'ana
27) repreSénted the intermediate case where some coarse martensite was

observed together with very fineymarﬁensite crystals which could not be

resolved ét 1000X. The‘alloy with the lowest S.F.E., the Fe-15.5Cr-8Ni-UMo-O.
allo& transformed to ultra fine martensite (Fig. 29 and 30) that again could
not be resolved at 1000X. The ultra finé martensite crystals formed in thg '
undefbrmed,‘parent\austenite in the iétfér two alloys was resolved at 6;000%
for the Fe-lQCr-lQNi-hMo-O.5OC alloy énd(lE,OCOX for the Fe-l5.5Crf8Ni-hMo-O.5:
" alloy with the scanning electron microscope (Figs. 35 and 36'ahd 37 and 38
respeéfively). The martensite formed ih the latter alloy with the loweét
S.F.E. was considerably finer and a qualitative estimdte was méﬁe conc luding
~ that the average crystal size in the Fé;15.5 Cr-8Ni;hMo-O.320 alloy was,l/Q
of the crystal size ih thevFe-l2Cr—12Ni—hMo-O.BOC allcy. In both the v
carbon contaihing and carbonless serieé of alloys the grain size of all
allgys withiﬂ‘a given series wés comparable. Since the austenites Wére
ﬁndeformed‘prior to transférmation theré were limited barriers to the growth
af the marfehéite crysﬁals and the wide variation of crysﬁal size must be
attributed to the availability of favorable nucleaﬁion sites;‘ Again as
with Seri;s I the stacking‘faﬁlt prébability varies within the.series'énd
this could affect the supply of nucleation sites.
In order to study the course of transformation with increasing strain,

specimens  of undeformed carbon containing alloys were polished and then

strained discontinuously. After each interval of sﬁrain,'the polished
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sﬁrface éf the speciﬁens were studied undef pblique lighting-to detect”
surface upﬁé#vals;_ After strain of approximately 20% the specimené were
repolished and etched in order that tﬁebappéarance3of tﬁe etched maftenéite
could be_cofrelated'with suffacé diéruption'observed on the'poliéhed surfaces.

The tests were cbnducted'on.undefonned‘aﬁstenite”since‘continuous
mdni%oring:of'the,tréhsformation occuring: during straining'indiCated that,
after yie;ding ﬁransformétionvcommences aﬁd continues uniformly with
incréasihgvstrain (fig; 31). In-thé case of the Fe -25Ni-UMo-0.28C
alloy»apbsitive distinction betweenvmafténsite, é]ip‘lines énd defarmtion
twins wés poséible.by repoiishing and'e£ching techniques. However 1in the
case of.tﬁe low S.IF.E. ailoys sinoe considerable‘repolishing\%as necessary
to éﬁsurgéatisfactory microgréphs the areas studied during discontinuéus
straining_éould not be rei@entified after polishing and the similarityrof
the upheavals caused by the fine transformatioh products could not be
positively &istinguished fram surface strain markiﬁg#, Thé comparativé
aépects of the study weré thué limifed but thektests are re@orted hére
ﬁo indicate the potential of the technique in,distihguishing between the
growth of existing martensife and the nucleation of new crystals duriné
the Cdurée of straining. | ‘ _ _

Figure 32(a),(b)(c) and (d) show the polished surface of an Fe-25Ni-ﬁMo-
O.28€'speéimen aftér strains of 2,~h,“8‘and'16% respectively. Figure
32(e) showé the surface of the specimen after é 164 strain, after‘the" ’ 
surface has been repolished and etched. Maftensite'areds can 5e cleariy
observed'and coirélated.with surface'uphedvalsuobserved on thé pqlished
surface. = R S . - : . :

After a 2%_strain large martensite_crystaisvare cleafly-viSibié'(arrow;

Fig. 32(&)).{L?hé transformation prdceeds with increasing stfain by the
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‘nucleation of new plates usually althbugh not exélusively in the area of
exisfing plates (arrow, Fig. 32(b)). Some growth of existing plates is
" observed (arrow Fié. 30(c)) but the main increase in tranéformation is
due to the appearance of new plates. All the marte£site crystals were com-
| paritiVely l;rge and easily resolvable at 400X. _Figure 32(e) showing etched
martensite again shows the tendency for an autdcatalytic effect.of one~mar-

tensite plate tending to nucleate another in the close vicinity. This

results. in a tendancy for several clusters of martensite crystals to form.

After 16% strain the plate l}ke_nature of martensite isvevidént. As tﬁé

deformation proceeds in the élloy a high degree of transforﬁation occuré

" and the plate like nature of the marteﬂsite is not easily distinguished
!

(Fig. 24). o .

In the case of the second two carbon containing alloys in SerieSFII
the fine nature of the martensite crystals resﬁlted in a situation where
the slight sgrface disruption caused by the transfomation appeared very
similar in size and appearance to surface strain mafkings.i Figures 33(a)
(v), (c) and (d) show surface markings on a polished surface after 2, k
8 and 20% stréins; Figure 33(e) shows the same surface after a 20% straiﬁ
and after repolishingland etching. The etched surface shows the,martensite
to be very fine and very finely seperated Eands of martensite form. These
bands are generally élthough not invariably bi-directional forming cross-
hatched patterns. Tﬁe martensite crystals form imperfect lines crossing
at a vafiable angle but the variation is relatively small varying around
a mean of approximately 110°. Masksimova and Nikbnorvah7 have suggested
that ‘the criterion governing the arrangement of strain induced martensite

plates is that of maximum relief of applied stress. This is best achieved

when the deformation produced by each martensite plate has at least a large
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c0mponent-inuthe direction of stress. fhis.leads to.proddction of marten-
site plates meeting at ah’obtuse angié.lg

"While some sufface mérkings can bé definiteiy identified as slip lines
suéh as the ccarse widely seperated lines at the bottom of this‘series éf
figures, it is‘difficult to draw positive_conclusions'due to the ambiguity
.betweenvslip'lines and ﬁartensite upheavals. Figure 34(a),(b),(c) and (4)
show similaf surface markings observed on the poiished surfacé of an Fe-8Ni-
15.5Cr-UMo-0.32C specimen after varying degress of sfrain; Figure 3L(e)
show the corresponding‘étched surface. ‘Again the fine nature of the mar-
tensite mkes a positive identification of slip lines and upheavals due to
transformatidn.almost impossiblé. |

In the case of the ailoys‘with'low S.F.E. observation of the

“transformation was limited to a study of the final product. The fimal
transformation product was extremely fine martensite crystals with a size

difference  of approximately 2X between the alloys with g‘S.F;E. of approxi-

2 . 2
mtely 15 ergs/cm and 8 ergs/cm respectively.

2. Transfomation in Alloys with Prior Def ormation

The deformation of annealed austenite at elevated temperaturé'(h50°c)
‘results in a'number of changes in the substructu?e which can vary with |
S.F.E.'and will in turn affect subsequent transformation of austenite to
€ and & martensite. -

1. The variation in S.F.E. within é given alloy,seriés will result .
in different dislocation substructuzes.5

.2. After deformation at elevated temperature the deformation texture
obsefved in the austenitic alloys shows a marked véfiation with S.F.E.

In low S.F.E. alloys.a sharp [102] texture develops. In high S.F.E.

alloys a less symmetrical texture is observed.
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" 3. In carbon cohtaining alloys defomation at elevated temperatufe
results in the precipitatiqn of carbides in ﬁhe-austenite matrix.: The -amount
andbtype_of precipitates will be dependent on the composition of the |
austeﬁite. The depletion of solutes from solid solution as carbide
precipitatés will result in changes in S.F.E. apd changes'in the Ms and Md
températures of the alléys. L
To determine the effect of prior deformation on both carboﬁ containing

and carbonless alloys the curves shown in Fig. 4l and k2 were compted.

The rate of transformation to martensite per unit strain in undeformed

‘austenite for each alloy was taken as a.baseliné. This rate of transfor-
mation was subtracfed fran the rate of transformation per unit strain in
austenite that has receivéd prior deformation at h50°C. The resul%aét
.figure‘rgppesents the incgggse in the rate ofvtransformation during tensile
straining at cryogenic temperatures due to prior deformation and is plotted.
égainst the amount of prior deformation at 450°¢C.

~Figure 41 shows that the rate of transfarmation is unchangéd by prior
deformation in carbonless alloys. The dislocation substruéture reéulting
from defomation of the austenite hinders'the growth of.marténsite résultihg
in mechanical stabilization’of the austenite and refining the‘size of
martensife crystalé. The prefered orientation effects however pafticu-"
iarix in the case of'iqw S.F.E. alloys where the normals to the (lOO)‘
plahes tend to align along the rolling direction (and the tensile;axis)
might be expected to stimulate transformation. In this orientation more
slip systems are active and the‘resultant increase in. 'dislocation interactions
could a¢count for a stimilation of transformation. In carbonless alloys‘
while fhe rate of‘transfornétion is not changed by prior deformation the

resultant @ martensite is considerable finer. The amount of € phase detected
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in ‘the Fe-lENi-EQCr alloy was unaffected by the amount of pribr deformafion.
Carbon containihg alloys show a marked increase in‘transformation rate L
with increasing prior deformation. Figure 42 sh@ws antincreasing trans-
formation ratg-With increasing prior deformation in all four carbon coﬁji,.
taihing alloys.tested. This effect is caused by éhemicgl changes in the
austenitic matrix bccuring during‘deformation at h50°C. With the precipi-
tafioﬁ of'carbidesbduring deformationlof austenite, alloying elements are
removed from sblid:soiutions. The first‘conseqﬁenéé éf fhis is that thé
N% and Md‘temperatures are rgised locally. After nuCie;tion 6f maftensité
in this adjﬁsted matrix the nucleus must pfopogate through an austenite
‘which has a high’density of dislocations and carbide precipitates. 'Both
would be expected to retard the growth of marteﬁsite. Thus the ihcfeased
rate of transformation (du¢ to change in Ms,and Md) and thé refinement |
of transformation préduCts observed afﬁer priqr.defonmgﬁibn can be rationi-
lized on there grounds. Deformation textures formed during the rolling
operation at'450°C can also play a roll in aiding transfofmatioh as with
tﬁe parbonless"alioys, Dillémore and co-workersll’12 have studied defor-
mation textures in a pure metals with a range of S.F.E.'s betwéeh lO—EOO:
“ergs/cme. The texture developed depeﬁds on the ease of cféss-slﬁp in the
system. If cross slip can oceur easily (high S.F.E.) the fce metal will
adopt a [111] texture. In élloys with a low S;FLE.‘a [100] texture is observed.
TIﬁ'the range of S.F.E.'s considered in the two "alloy Sefiesfstudied in this .
wbrk, the low S.F.E. alloys'would be expected'to,shcw a marked [lOO]
-textur.e while the high.S.F.E 'alioys (50 ergs/cme) would be expected to -
show a mixed [111] and [100] texture.' The marked [IQO] texture was

detected in Fe-Ni-Cr alloys with low S.F.E. and while the exact texture

in high S.F.E. alloys was not determined a marked preferred orientation of
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[100] and [111] type poles was observed. Rolling textures of this type
where [100] poles tend to align with the rolling direction will tend to
increase dislocation interaction. If the marteﬁsite embryo is considered
as a stress émbryo (strain is important in that it resulté in stress peaks
above the average stress level in the 1attice):increa§ed interaction and
_stress concentrations at pile—ups can results iﬁ a stimulation of trans-

formation.
B. Tensile Characteristics

[
The concept of transformation imduced plasticity (TRIP) involves the

utilization of a phase transformation, in this case the austenite-marten-
site‘transformation, to prevent premature neckiﬁg and failure'of the parent
austenité. The compqsition of the steel can be adjusted such that after
thermo-mechanical treatment and at a given test ‘temperature the austenite
martensite transformation will begin in regioﬁs of high local strain where
necking is occurring. The necked region is stfengthed by the harder and
stronger martensite phase and subsequent deformation is forced into areas
adjacent to the necked region. Necking is arrésted and‘uniform elongation
along the gauge length is promoted.

In the case of éarbonless alloys with lowa.F.E. a three phase situa-
tion exists. The austenite transforms during tensile straining at cryo-
genic temperatufes to € and & martensite. Strengthening of the parent
austenite 1s seen as an increased resistance to dislocation motion and both
the € and O phase can act as obstacles. While.the € phase can thus act
to strengthen the austenite work by‘Mangononel_indicateS that the dominant
strengthening phase 1s- the 0 martensite phase. The,p.c.cf martensite was

effective in strengthening the parent austenite. f‘
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Thus while prime interest was centered on carbon conta ining alloys
in terms of the ultra high strength and high ductility exhibited during

_eryogenic tensile testing, the ¢carbonless alloys also exhibited good TRIP

characteristics ..

1. [Carbenless Alloys

The yield‘strengths of undeformed carbonless alloys were all below -

50,000 psi at R.T, The effect of decreasing test temperature on the yield

E;Stress of the austenite dependea éﬁ two factors. The,yieldAstrength of

Daustenite'increases with decreasing test_tempefature, however, -in addition
the‘stabilify of the-austenite with.respégtxto“transformation to marteﬂgite
~als deéreages wiﬁh tembérature. When tHe stability of the austenite is 1§w,

. str?ss induced‘transformation to martensite can initiate yiélding at a
relétively'loﬁ stress level. The yield stress of undeforméd austenite
(soiid lines) and austenites deformed 80% at 450°C prior to testing are
shown in Fig. bz, The béﬁé#ior of . the undeformed ausﬁenites Wili be cm-
sidered first. Tn the case of the Fe-23ﬁi-1ocr ailoy the yield strength
incfeases uniforﬁiyzwitﬁ decfeasing test temperature. No transformation -
to & martenSité or fhe € phase was detected affer cryogenié ténsile teé&é.
The;alléy shows a consistent incfease-iﬂ‘yieldwstrength with decfeasingv

test‘temperéture. ;The Fe—55Ni alloy also’showsia'cdhsistent increase of -
yield strength.With temperature indicating a rélativély high stability"
of austenite. Transférmgtion to martensite dﬁ;ing tensiie straining ;
occurred only at,the lowest tést temperature, -196°C. . 1
v . . g - i
In the case of the Fe-l5Ni-l5Cr and Fe-léNi-EQCr’alloys the‘staBility

of both alloys below R.T. is éonpafitively low. The Fe—lSNi-l5Cf alloy

_transformed to @ martensite quring straining at both -72°C and -196°C but

no € phase was observed. Transformation to the € and @ martensite occurred

- alloy.

at both -72°C and -196°C. during tensile straining of the Fe-12Ni-22Cr

‘Théwyield strength of'the.Fe-lSNi-l5Cr;a%lqy incréases only slightly

\
oy R I l Al
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withAdecreasing test temperature and the yield strength of the Fe—lENi—QQCr
alloy remains conétant. This indicates that in these alioys at cryogenic
test tempérétures,.stress induced transformation of ¥ = & and 7y -;(e;a)
respectively occurs at a relatively~low stress level and initiates yield-
ing} Thus the norﬁal mgdulus dependence of yield strenéth with temperature
is‘nof observed.

* The yield strengths of the austeﬁitic alloys_after an 80% deformation
at 450°Care also shown in Fig. 43. The yield strength of the Fe-35Ni alloy
shows a relatively small indfease ih yield strength due to work hardeningv
ét h50°C. The larger increase in yield stfength of the other three alloys
indicates that these alioys contain scome small proportions of carbon.
While the iron used in the alloys contained less than 0.005% by weight of
carbon the chromium usgd wés not of ultra high purity and the high work
hardening rate in the Cr containing alloys indicatés the precipitation of
carbides during deformation at §5Q°C.

Strain induded martensite was effective in all cases in preventing
premature failure dqring tensile sﬁraining by strengthening the austenite
and increasing the work hardening rate. The marteﬁsite produced during
tensiie straining waé stronger than the pareht austenite. The tensile
cufves in ali cases were smooth with ﬁo‘marked yield point and no marked
Luders strain; The formation of martensite was reflected pfimarily in
the work hardening rafe observed and secondarily was reflected in the
aﬁount of uniform elongation obtained. Figure 44 shows the yield strength
and ultiﬁate tensile strengths of Fe-35Ni austenites with varying degrees

of prior deformation at two different test temperatures. The larger spread
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betwéen théiUfT.S. and yileld curves reflects the inérease work_hardening
rate and thé uniform elongation data reconded at the lower test temperature
(-196°C) were .double the-elgﬁgatiéns recorded at -72°C. The imﬁrovement in
duétility Waé most marked in heavily deformed ausfenité. Pfior deformation
increases the yiala stfengih of the austenite and Qork hardening by disloca-
‘tion'mechanismslis not sufficient to'preﬁeﬁt preméture necking and failure.
 Thus in thevéase of the‘Fe—QBNi-lOCr'alloy where only minimal guantities
of narteﬁsite.wefe formed during étraining at -196°C elongation de-
cfeased rapidly with increasing‘prior def ormation.
Allimited.amount of transformation was recorded for thevFee15Ni—150r
a 1loy duringkstraining atv-726C But:the rate of transformation was nét
high enough ﬁo prevent a Aarked'decrease'in'élongationvwith increasing
pfior‘deformation.' However;'at the lbwer tést témperaturéb(—i96°C§ the
stability of the éustenite is reduced.and the rate of trensformtion in
the alloy was sufficient to result inﬁhigh uniform élongationStéven,in
hea&ily déférmed~austenite. |
| The Fe—i2N1-22Cr allby is the least stable Qf theucarbonleSs alloys
tested. At a test temperature of -72°C the frans formtion rate v Ae,q)
is sufficienf to increase the work hardening rate over that-aéhiéved dur-
_ing room témperatuie straining and imprdved ductility Qf'deformgd austenite
1results. Figure 43 shows the U.T.S._and'yield strength data for thi#.alloy
.plotted against the améunt'of priar deformation at the>thxee different 
'teét fempefa?ﬁrés. The.increasedbwork:hardening rate attributed to trans-
‘férmationlis seeh as a widening spread between the curves at R;T; ahd at
-72?0. At a tést temperature of -196°C fhe alloy is even less stable
and thé rate of transformation is thﬁb increased. This increased trans-
formation rate is reflected largely in the work hardening rate but is not
reflected by increased—eléﬁgation data. It was observed in both carbon-

i
| |
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less and carbon containing alloys that when optimum elongation data was !
obﬁained the transformation rate and therefore the work hardening rate Was

' relatively iow. Therebis thus an optimum transfomation rate (or austenite

; v
stability)vfor maximum elongation. PFurther reduction of austenite stabilityf

(loweringsof test temperature) results in increased transformation rates

|

_which givé"fise to a more rapid work hardening rate but not in higher
elongation values. |

This can be seén clearly in the case of the curves of Fig. 45 for the !
Fe—léNi-EECf élloy. Yield strenéths are similar at all test‘temperatures.
Increaéed transformation with decfeésing test temperature results in high
ultimate strength levels at -196°C§r Elongation data for the cryogenic

, | .

tests are however, essentially simiiar. The work hardening rate of épeci—
mens tested at -72°C was sufficient to prevent eariy necking. At -196°C*
the increaséd work hardening rate at -196°C produced a rapid rise in
the stréss_in the sample until the' rate of hardening'was‘not sufficient

to prevent necking and failure at the higher stress levels reached.

2. Carbon Comtaining Alloys.

" The yield strengths of fully anneéled austenitic alloys and alloys
deformed 80 at 450°C are plotted against test temperéture in Fig. L6.
The yield strength of the undeformed alloys increases with decreasing
test te@efature. The yiedd strength of the heavily aeformed Fe-12Cr--
12Ni-kMo-0.30C and Fe-15.5Cr-8Ni -kM0-0.32C alloys also increased vith
decréasing tesf temperature but the yield strength of the deformed Fe-
25-Ni-4Mo—O.28C alloy decreased with decreasing temperature. The latter
alloy is tﬁe least stable of the threefalloys in, Series IT and as the
test témperatﬁre decreased stress induéed transformation to martensite
initiated yiélding af a relatively low stress;leVelé. Prior de%ormation

at elevated temperatures above Md reduces the stability of all the austenitic .
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alloy in Seties II by chemical meane;v During processing alloy carbides
are precipitates‘and the resulting depletion of alloying elements in the
austenitic matrix.reduees the stability_of the matrik. In the Fe-25Ni-LMo-
O.280Iailoy prior deformmation reducesnthe stability of the allo& to a point
- vhere the initiation Qf.transformation.ty elastic stress R
causes plaetie defofmation and'an apparent inversion of yield strength
relation to teet temperatufe.' |
. The response to prior deformatlon in this alloy serles is shown in
Fig h7, the: ¥oom temperature yield strengths for the three alloys are
"plotted against the amount of prior defomation at L50° C. At low deformation
the yield strengths afe simiiar. At higher,deformations the response_to
prior deforﬁation was superior in alloys With.a low S.F.E.

This wastattributedbmaihly to the presence of high pefcentaées ofb.
dmmﬁmeiﬁelmr&FE.aUpm. mwng<mﬂxmtmnathﬁ30camums
ere prec1p1tates in the austenltlc matrlx as a result of vacancy enhdnced
diffusion, the.vacan01es being_generated_during plastic deformati.on._u9
The diepersien of carbides is controlled by the amounts of defomaticn,
tﬁevconcentration of carbide~forming eleﬁents, and the diffusivity of the

.eerbide formihg solute. All alloys in the carbon containing series
contained sufficient molybdenum to tie up carboh_as carbides Mo,C and
MoC., Foreiarge deformations the'diffusivitj of Mo and Cr vary By_en_order'
of magnituae’ﬁith molybdenum being greater than chromium. HoﬁeVer, the
presence of large quantities of chromium inbaddition to molybdenﬁm will
undoubtable increase the amount of carbide prec1p1tat10n and ensure a
_ good dispersion of pre01p1tates. In addition the slightly hlgher concentra-

1 tion of carbon in these alloys will also aid carbide dispersion. Thusra fine

dispersion of small precipitates is anticipated in‘these Cr containing:
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alloys.; This precipitation during defarmat ion results in high dislocation
densities after deformation since dislocations are pinned at thgsé
precipiﬁates and multiple rapidly. Thus the higher yield strengths in
low S.FjE._alloys are attfibuted to the larger proportions of Cr and hence
the enhanced availability of carbide forming elemerts.

Ductility és represented by elbngation'was excellent in all cases

in' the undefommed comiition at all test temperatures. However, elongation

rended to be greater in alloys with the lowar’S.F.E. ésvwas true in the
cage of the carboniess alloy series. When no transformation occurred
'during_tensile tésting elongations déclined with increasingkpribr defor-
mation. In the RT tests where no transformation occurred all alloys that
' had been deformed 80% at h50°C prior to testihg exhibited elongation of
fhe order of 5%. | |

Transformation to martensite during tensile straining was reflected
‘brimarily in the work ﬁardening rate during straining, and secondarily,
in élongation data in defommation austenites. The critéria for the wmset
o% necking is .

_® s
de

where & and é are the true stress and true strain levels respectively.
In deformed austenite therefore where thevstresé levels'are above 200,000
.psi, the work hérdening rate d8/d€' must be high in order to present pre-
m ture necking and failure.

- In the LFef25Ni;hMo-O.29C alloy room temperature duétility of deformed
austenite as represented by elongation data was low. This alloy was the

least stable of the three alloys in Series II however, and during testing
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at _72°c? considerabie tranéformation to martensite occurred during
testiﬁg. The rapid rate of transformation indicated that the Md of tlds
alloy Was.clbse to R.T. The transformation to ma;tenéite during testjrg
resul%éd iniincreased work hardening rates and improved elongation data

in both defarmed and undeformed austehite; At a test.temperatﬁre of -196°C
the stabiiity of austenite was furthertreduced,resulting.iﬁ an increase in
the work hardening rate during straining. Figure L8 shows the étress—
strain curves for the4$lloy'with an 80% pricr deformation for tensile

tests at -726C and -196°C.' The increase in the work hardening rate at the
lower test temperature is evident. At the test temperature of —196°C-"
ylelding wés,initiated by the onseﬁlof transformationbat a stress of lMB,OGD
ﬁsi, theAétfess-leVel rose to an ultimate of over 300,000 psi at whiéhl'
point the austenite was almost cémplétely transformed.

Optimﬁm strength-ductility ratios for this alloy were thus obtained
at —72°C} Thé full series of stress-strain curves for the alloy at this
test temperature are shown'in Fig. 49.

At lower defommation levels the onset of transformation oécurs uni-
formly along the gauge lengfh of the specimen and the stréss—strain cu?ves
are smooth and regular. After larger amounts of prior deformation
a marked two stage stress-strain curve is observed. These two-different
types of curve cofrespond o the two different processes of deformation
referred to under the experimental results section ds Type A and Type B
(p. 27).: In the case of this alloy in heavily deformed austenite yield-
ing was caused by the onset of'transformatioh. There was then a period
of very low strain hardeniﬁg in the curve similar to;a LudersTstraip. As
the material yielded a local area of high‘stiain or a neck bégan to-forﬁ

and was then arrested due to rapid work hardening caused byfthé‘reiatiVely high
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degree of tranéfornation taking place_in thisbarea. No transformation
occurs outside this deformation band which then traverses the specimen
during the period of Luders strain. The high degree of local strain and the
| negligible increaée in stress during this period of Luders strain indicate>
that straih plays an iﬁrportant part in the transformation during the |
passage of_the’Ludefs band. _Féllowing‘the period of Tuders strain there
was a periodef rapid strain hardening. The stress increased rapidly with
increasing gtrain and it was assumed that the martensite was again stress
induced. ‘Thé two stages of the stress-strain curve‘wereqoﬁserved in
highiy deférmed allé&s only where a high degree of:iocalized strairloccufs
after yielding‘at a relatively high streés level. In undéfozmed alloys
.the transféfmation commenced as ylelding occurred and the transformation
progfessed uniformly along the gauge length of the gpecimen with
increasing strain. |

 Data for the Fé-léCr-lENi-hMo—O.fOC alloy at R.T. indicate that
undeformed austenite has good inherent dﬁctility. However, at R.T. this.
auctility declines rapidly with incraasing prior deformation. This élloy

d

no transformation occurred during testing and again elongation values

had the highest stability (lowest M. temperature) in Series IT and at r72°C 
declined r@pidly to below\lo% with increasing'prior‘deformation. At a

test tempefature of al96°C hqwéver the stability of the austenite was
reduped to the level where a considerable degree of transformation occurred
during straining. The tests were conducted in a non-corducting liquid
nitrbgen batﬁ>and it was possible to-continuéusly monitor transformétion -
occuring in the specimens by.attaching the.permeameter, specimen in
position, and immersing the whole apparatus in LN2 while testing thg
specimen on an Instron tensile ﬁéster. The stress strain curves for thisf

alloy and curves ‘showing the transformation occuring during testing .at -196°C

are shown in ¥Fig, 31,
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A similaripattern isvséen in thé ndfure of the éurves as in the ailoy

- discussed préviously. .With low prior»defdrmation a smootﬁ curve 1s obtained
and tﬁe transfénnation dccﬁrring during straining,proceeds almost lineafly
witﬁvstrain; At high.ﬁridr deformations (5% and 80%) a two stage stress—‘
strain cﬁrve:and transformation éurve'are obtained. A Tuders band tra-

- verses the specimen and large quantities_(30-50% in thié'éase) éf the mar-
tensite form within thevkand. Since high degrees of stréin arejassociaféd
with the transformation some marténsite will be induced ahead of the band
'initially‘as the band tiavefses the specimen:and thus causes the parabolic

" nature of:the trénsformation curve iﬁ tﬁis case. Affer the period of__
Luders typé‘sﬁfain a criticaj.stress is rééched in the §pe§imen, the

raﬁe of transformation increases aS'dbes the work hardening rate and a
 steep rise in thé stress-strain curve is observed.‘ The sfress—strain

curves at this temperature indicate conditions are 5ptimum for good ducti-
lity as répreéented by élongation data. Excellent’combinations of strength
gnd ductility,are obtainéd (Table VI). Strength ductility ratioé of 182,000
yiéid with 66% elongatioh; 280, 700 yieid with 47% elongation, and 309,700
with Bl%xelongation show excellent promise for cryogénic temperature:
applications. ’

| The fiﬁal,alloy_in Series II, Fe—l5.5Cr-8Ni-hM§—O;5QC Qaé of interme-
‘ diaté stability:between,the'first two alloys. Transformatién”to ﬁarteﬂsite
occurred during testihg at -72°C although the rate of transformation was
'COnsiderabiy lower than that observed.in the Fe-25Ni-4Mo-0.28 alloy ét_
that test temperature. The stress-strain ¢urves for fhis alloy at a test

‘ temperature of-—72°C are shqwn'in Fig. 50. The curves arefsimilar to

" those shown in Fig. 31, for the Fé-lBCr—l2Ni-l+Mo—O.BOC alloy except for:
the fact that the Ludérs strain in specimens with high degrees of prior

deformation is longer and the specimens falled directly the Iuders strain
|
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wasAcomplete. During testing at.—196°C the alloy showed less stability»and th
work hardening rate was increased oﬁer that cbserved at -72°C due to the
increa§ed transformation rate but éloﬁgafions decline slight ly although
not aS‘draétically as during testing at R.T. |
Overall the stabiiity of auétenife appeared to decline less rapidly

with test temperature in alloys of low S.F.E. . The M, of Fe-25Ni-Lio-0.28C

1

ai;oy appeéréd very cloée to R.T. and at a test temperature of —72°C

the transformation rafe was very rapid. The compositio of this alloy
Was.changed very slightly to Fe-2LNi-4Mo-0.25C. Data for the R.T. testing
-of this additional alloy is shown in Table VII. The undefarmed austenitic‘
alloy stillvdid not transform during R.T. testing, however priér deférmatiml
at A50bC.reducedithe.stability of the alloy sufficiently such that trans-
formation at a very slow rate occurred during the testing of all speciﬁens
_of this alloy with prior déformétion. The yield stfenéth of the Fe-2LUNi-
Mo-0.25C alloy was slightly lower than that of the Fe-25Ni-kiMo-0.28C alloy
at R.T. andvthe transformation rate was very slow. This slow transformetion
rate was ideal for optimizing elongation 1in this hfgh'S‘F.E.vélloyf

The R.T. stress-strain curves for t%is alloy are shaowmr in Fig. 51; Iﬁ

the alloy with 20% prior defdmmtion at'u5o°c a R.T. elongation of nearly
80% was réCorded. Elongations declined with inéreasing prior aeformation
but the alloy with‘an BQ%.priOr.deformation still retained excellent

ductility.
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V. SUMMARY AND CONCLUSIONS

TIn a study of this nature where an extensive aﬁnunt of data was
gathored'if ofﬁen facilitates full cémprehension to list‘conclﬁsions ina
.émxﬁéebform fafher_than in the form of a more cpen discussion. Therefore,
' conolﬁsioﬁs»and summarial discussion afe presented below under the same

headings as in the preceding section.

A; The Strain Induced Martensite Transformatian

‘ 1 : ) 0 L. -~ . Ny
1. The cocarseness of strain induced martensite formed in austenite

‘by sfrainingvbelow MD deoreases With decreasing-S.F.E. Massive blocks
(oarbon containing) or large fragmented plates (carbmless) fomed in high
S.F.E. alloys'while abmartensite formed in low S.F.E. alloys was very fine.
2.' In the-cérbonleSs series of alloys fhe é~hcp phase was detectéd
in the‘Fe;lENi;EQCr alloy after ten;ilo'straining'below MD' It.was assuﬁed
that in this low S.F.E. alloy the € phase acted as an intermediato phése
in the austenite - martensite tfansformafion.: |
3. Dislocation substructures in deformed austenitic alloys decrease
the size of martensite crystals oonpared with martensite cfystals formed

o)

in.fully‘annealed austenite, by iimiting the growth of the crystals.
While the overall'sizé of the martensite was refined in defonne@»ailoys :
as compéredbwith undef ormed alloys,-théfrate of transfofmation was e ither
. unaffoctéd (carbonless alloys).or'stimulated (carbon'COQtaihing); _This
' indicotes that prior deformation also éffects the nucieation rate in
aﬁstenite (see Conclusion h).)v
L. No mechanical stabilization effects were observed in either
series of alloys. The rafe of transformation per unit strain was uneffected

by prior defarmation in carbonless alloys (Fig. L1). The unchanged trans-

formation rate together with the refinement in size of the martensite



-54 -

indicated an -increased rate of nucleation. In carbon containing alloys

prior Qeformaﬁion enhanced the rate of transformation (Fig. 42). The
increase transformation rate is atﬁributed to the léﬁefihg of austenite
stébility due to precipitation of alloy carbides duriné deformation.

5. It was'not possible'to correlate the difference in the opfical
mor?hology of the martensite directly with the variation in S;F.E. within
the two alloy series, particularly in-déformed austehites. Within a.given
ailoy séries dislocatiqn substructures varied with S.F.E., varying
deformation texturés vere introduced during deformation, precipitation
reactions varied with canposition in deformed carbon-containing alloys
and in Fe—Ni—Cr alloys in the low S.F.E. alloy the sequence of trans-
formafion was Y » T - Q' canpared wifh 7 - ' in the high S.F.E. alloys.

6. The-fate of tnanéformation in any given alloy is determined by
the differencg between.the MD temperature of the alloy and the test
temperature under consideration. While this positivé correlation cauld
be made:concerning-the nﬁte;ofgtranaformgtion;;the size @nd distri-
bution of martensite could not be ceorrelatgd directly to S.F.E.  Only
tentati;e correiations between the indirect effects of the changing
s,F,E.(mentidnedjrl5) and the nature of transfomation products were

attempted.
’ B. Carbonless Alloys

1. The yield étrengfh of the carbonless alloys at cryogenic tempera-

‘ tufes was strongly effected by the stability of austenite. In some cases

where a minimal increase in yield strength with decreasing test tempera-

‘ture was observed, tﬁe stress induced ﬁransformation to martensite at

cryogenié tgmperature iniﬁiated yielding at a relativély low stress level.
2. Ductility as represented by elongationitended to be higher in

alloys with low S.F.E.
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.3.- Martensite formed during tensile straining at cryogenic tenpera-

tures.was efféctive in inéréasing the szk.harﬂenirg rate of teﬁsile
" gpecimens prgventing premafﬁfé necking and increasing uniform elongation.

L, In the Fe—lQNi-EECfvalloy while the ¢ phase undoubtably contributed
to the sﬁrengthening of austenite, thé strain. irduced a.phase was considered
the main caﬁéé of strengthening.

5. The averagé gize of the. strain induced martensite cryétals terded
to decréaSe'with decreasing S.F.E, The finer marténsite‘resulted in a
refined strucfﬁre and appeared more effective in produciﬁg eXcellent~v
TRIP characteristics. |

6. bbtimum dﬁctility in terms of high ﬁniform elorgation data was
obtainéd.wﬁéﬁ:a relativeiy slow fate ofvtrénSformatién to O martensite
was observed during‘tensile straining. (See conclusion for carbbn con-

taining alloys).

C. Allo&s Containiggfcarbén (meiﬁally O.B%C)

i. ‘Alloys with a low S.F.E exhibited a greater increéée'in yield./
strength‘wifh incredééd‘prior deformatién at h50°C; This was attribuﬁéd
pérfially to the high percentages of the strong carbide former Cr in these
'dllo&s régher than differences in S.F.E. Yield stfengths in ekcess of
520,000 psi and 270,000 psi were reathed for the FeFlQCr-Ni;MMo-O.BOC and
the>Fe-l5.5Cr;8Ni-MMo-O.520 carbonbélloys respectivély after an 80% de-

- formation at h50°C. After a gimiiar priof deformation the yield T
strehgth of the Fé;25Ni-hMo-o.eoc alloy‘was below 200,000 psi at all
test tempe?atures. | | | | | |

é,. The yield stfengﬁh_of the'two'quFS.F.E. aus£enitic alloys'inqreééed
with decreasing test temperature. The yield strength of the Fe-25Ni-4Mo-
0.28C alloy showed a slight decrease with decre;sing tést teméeraturés.

This inversion of the vield strength temperature relation was attributed
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to stress induced transformation to martensité initiating yielding at a
relatively low streés level when the stability of the alloy was. low.

3. Dpctility as represenﬁed by elongation was excellent in all
cases in the undeformed coﬁdition at all test temperatures. However,
elongatioh tended to be greater in alloys with the lower S.F.E. as was
| true in the Qase of the carbonless alloy series.

‘L. When no_transfofmation occurred during tgnsile testing elongations ‘
declined with»increasing prior deformation. Iﬁ RT tests where no transforma-
tioh‘occurred all alloys that had been deformed 80% at M50°C prior to
testing exhibited elorgation of the order of the Fh.

5. Ih the Fe-éuNi-uMo-o.28c-alloy, the Fe-12Cr-12Ni-hMo-0.30C alloy and
temperatures were.such that the

d

strain induced martensite transformation was induced at -72°C, -196°C and

the Fe-15.5Cr-8Ni-UMo-0.32C alloy the M

-12°%¢ respeétively. In these alloys‘at these test temperatures the mar-
tensite transformation was effective in producing greatiy enbaﬁced uniform
elongations. in deéformed alloys. vElongations tended to intrease with prior
defofmation and reached armaximum after 15-50% prior deformation. After
reaching a maximum elongations tend to decline at a unifom slow rate
with increase prior deformation. |

6. The améunt of martensite produced during tensile straining was not
the importaht factor in optimiziﬁg elongption data. Maxmium elongations
wefezobtaihed when the transformation mte and.thus.the work hardening iate
during tensile straining was relatively low. Figurefﬁ? shows a plot of
elongation data vs transformation for all carbon containing alloys féf all
tests in which more than 10% martensite vas formed dufihg straining.
It'éan be .seen that low transformation rates producing work hardening
rates only §1ightly highér than the inherent wofk hardening rates of fke

parent_austenitekresult.in optimum elongatidn data.



7. Aé‘with the carbonless dlloys, pfior deformation résulfed in no
.stabilizatién‘of the strainlinducéd martensite ﬁransformation. In fact
the rate of transfofmatioh was stimulated by priar deformation (Fig. k2).
8. .Uhifofmvelohgafions induced by the sfrain ifduced trunsformation -
'wére céhsiSténﬁly>greater in allo&s'with lower S.F.E. This was 5ttributed
to the fiﬁéf:diStributién;of transformation producﬁs.
9. The fﬁacfure characteristics of all:threé carbon containing alloys
~in Beries TT were similar Figs. 53 through 55 sho#‘scanning electron micro- -
scope mlcfograph“ taken of the fracture surfaces of the three alloys. In
‘all cases an area of large dlmwles (lcw energy fracture in auntenlte) was
seperatad ffom'an area of smallergdimplesv(fracture in'martensité) by a

stretched region or a transition region between the two fracture areas.
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TABIE I. Series I
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Room Temperature Tests

uTs

Alloy  Prior Def. Yield Elonga.  Martensite
Composition at 450°C Strength " (p.s.i) "9 Formed
L (p.s.i) During
Testing
0 | 48,160 59, 710 25.1 1.0
15 56,020 63,490 10.1 1.6
Fe-35Ni 25 - 59,200 66,840 8.5 1.8
’ 55 72,600 78,380 5.0 2.0
80 78, Th0 81, 7ho. 8.1 1.7
0 21,780 57, 720 34,1 2.7
o 25 73,690 82,770 7.6 1.7
Fe-23Ni-10Cr 55 93,980 - 101,580 5.3 1.5
| ' 80 115,780 . 123,280 b5 1.5
0 31,420 __67,ouo 37.3 1.5
15 60,810 70,830 22.0 2.2
Fe-15Ni-15Cr 25 74,030 78,680 13.2 2.1
55 93,980 100,940 5.7 1.0
80 109, 490 -116,230 8.5 1.0°
0 - 29,210 3,900 62.0 2.2
10 72,060 - 88,200 - Ls.1 2.0
Fe-12Ni-22Cr 25 81,150 92,870 35.9 l-é
L5 91,350 98,250 21.0 1.8
80 101,200 108,940 20.6 1.8
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TABLE IT = Series I . Dry Ice
Alloy - Prior Def. Yield Urs Elonga. - Martensite
Composition At 450 ¢ Strength - (p.s.i.) % Formed
S % " (p.s.i.) During
L ‘ ‘ Testing
0 59,560 - 73,6k0 16.9 2.3
,  15 - 66,950 - 76,520 1k.5 2.1
Fe-35Ni .~ 25 72,800 8k, 610 B LR- 1.7
| S 55 . 82,110 91,090 - 12.6 1.7
'b 80 - 89,130 - 97,2k0 ie.u ' 2.1
0 : 36,600 . 70,500 36.1 -
_ 25 o 91,360 96,290 - 10.8 1.0
Fe-23Ni-10Cr 55 112,540 119,250 - 5.8 1.0
- g . 135,650 141,210 6.6 2.0
0 35,510 . 87,260 58.6 13.8
.15 : 64,920 | 98,310 L2 14.6
Fe-15Ni-15Cr   o5 74,630 105, 730 39.6 21.5
- 55 | 97,260 113,180 - 27.3 8.0
80 _ 12k, 420 135, 060 18.6 3.0
o 28,330 10k, 500 6.7 55.3
10 ' 6k,0918 111,800 k71 47.9
Fe-12Ni-22Cr 25 75,750 117,800 - 45,7 4.6
s 86,160 120,000 Li,o b1

80 . 103,120 133,700 37.8 §1.5
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TABLE III - Series I LN2 Test
Alloy Prior Def. Yield Jrs Elonga Martensite
Composition at 450°C Strength (p.s.i.) % FOrmgd
% (p,s.l.) During
Testing
¢) 76,200 122,000 28.5 | 58.0
15 78,710 117,060 2k .9 55.0
Fe-35Ni 25 81,430 120,780 26.8 60.0
55 101,390 133,530 27.8 55,0
80 110,680 136,770 30.6 55.0
0 62,140 110,920 56.1 2.3
, 25 97,940 127,140 ho.1 h.g
Fe-23Ni-10Cr 55 133,380 155, 430 26.5 3.3
: 80 . 152,010 171,300 15.3 1.5
0 k7,260 151,670 39.k 54.9
15 63,030 159, k60 hi.1 59.1
Fe-15Ni-15Cr 25 76,140 16%,%00 40.6 56.%
55 100,320 175, 100 k3.5 56.8
80 134, 400 190,500 uz .2 56,1
0 33,300 152,000 50.0 62.0
10 54, 450 165, 100 55.2 60.5
Fe-12Ni-22Cr 25 61,110 165, 700 45,0 59.0
45 82,170 177,410 L3 b 58.0
107,880 18k, 962 37.8 5k .7
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TABIE- TV, Series IT Room Témperature Tests Alloys with Carbon
Alloy .- - Prior Def. Yield UTS Elonga. Mﬁrtensite

Compositidn at 450°C Strength ~ (p.s.i.) % Formed
' % (p.s.i.) ' _ : During

o ' Tes@ing

%

0 - 50,b00 - 87,460 - 26.5 1.5

15 125,300 132,300 7.1 2.0

Fe-25Ni- 25 S 125,775 132,750 7.0 2.0

WMo-0.29C g5 157,1M0 0 167,700 g1 51

| 80 ' 182,500 189,300 . 3.2

o 50,0%0 102,650 53.0 1.0

. 15 . 127,8k0 . 135,750 20.2 1.0

Fe-12Cr-12Ni 25 : 143,100 155,320 - 12.5 1.0

#-Mo-0.30C . g - 189,600 - 204,320 5.1 1.0
80 222,300 . 256,300 5.1 1.0

0 55, 150 112,070 . . k9.5 | 1.0

15 100,650 133,000  35.1 1.0

Fe-15.5Cr- 25 149,200 - 160,310  19.8 1.0

81 -Kio-0.32¢ 186,700 195,100 5.8 1.0

80 236,300 248,200 6.8 - 1.0
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TABLE V Series II Dry Iece Tests (-72 C) Alloys with Carbon
Alloy . = Prior Def. Yield : uTs Elonga. Martensite
Composition at 450 C Strength  (p.s.i.) % Tormed
% -~ (p.s.i.) . Turing
Testing
0 ‘ 59,163 142,300 43.0 72.0
15 127,300 152,100 41.0 79.2
Pe-25Ni-UMo- 25 125, 4ko 191,900 . 26.5 78.3%
0.289¢ 55 125,300 189,560 25.7 - 83.0
80 161,400 217,543 25.h 85.0
0 . 69,970 130,170 b5z 1.5
132,810 161,700 28.0 2.0
Fe-12Cr-12Ni- 25 129, 730 155,510 - 30.5 2.0
# Mo-0.30C 55 202,300 . 215,500, 10.0 1.0
80 248,300 259,600 .2 1.0
0 ' 75,600 164,410 48,7 22.5
15 136,360 189,700 - 53.1 34,6
25 135, 450 192, 720 58.1 hi.o
Fe-15.5Cr -8Ni 55 225, 540 229,0h0 . 49,3 L1k
- UMo-0.32C - o =
220,000 2ko,600. k3.2, Ls.2
80 263,900 263,900 - 25.5 37.6

265,140 269, 050 31.3 51.5




TABIE VI  Series IT LN, Tests (-196°C)
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Alloys with Carbon

Prior Def.

' T
Yield

Alloy o urs Elongé. - Martensite
Composition - at 450°C % Strength  (p.s.i.) % - Tormed
. : (psi) : During
Testing
) | q
0 88, kok 230,340 20.9 - 85.6
15 99,700 248,100  1h.5 T8.1
Fe-25Ni-bMo- 25 114,900 268,000 16.6 85.1
- 0.2 55 130,200 275,850  16.8 100.1
- 80 143,800 302,090 19.1 95 .4
0 110, 850 181, k9o 5 17.3
| 15 148,550 236,970 60.5 49.3
Fe-12Cr-1oNi- 29 182,100 256, 700 66.1 61.4
LMc-0.30C 55 280, 700 301,600 © k6.8 58.7
300,200 . 3%0%,200 31.0 58.1
80 309, 700 323,250 51.5 59.5
S0 100,000 209,100 43,5 31.5
_ 15 201,500 268, 700 Lo.2 S h2.0
Fe-15.5Cr-8li- 25 218,100 267,400 - 29.7 51.2
hMo-0.32C" : ' _ - :
; - 55 245,500 300, 460 26.5 49.6
80 311,100 329,200 19.7 59.2




TABLE VII. Series II(a)
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Room Temperature Tests

Alloys with Carbon

AlloyA Prior Def. " Yield Ur's Elonga. Martensite
Composition at 450°C Strength (p.s.i.) % Formed
% (p.s.i.) Dur ing
Testing
a
/0
0 12,300 72,120 39.6 < 1.0
20 91,540 109,200 79 .4 31.5
FeoobidMo. 20 120,000 138,650 | 55.5 uu.g
0.25C 50 144,050 155, 700 h.6 51.0
65 157, 140 171,250 39.6 58.9
80 164,000 175,850 Lo.6 69.0
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leues of Factors in Calculation of R
X 1V5AK |
Cuky' A = Lo
}{OCJ

Monochromator (200) Lif bent crystal

)8, with CuKav = 22° 34t = 22,57°
Factor (101), ,’1v(200)7 | (éEB}a,
C _ 46.8° 50.8° S - 65.0°
6, 2% 4° 25.u° : - 32.5°
sin 6 0.397 0.429 0.537
sinf /n - 0.258 0.278 0.3k9
fom | 17.7 17.3 | _i5.é
fop 16.3 . 15.8 | 1%.9
fys 19.30 . 18.8 }16.6
f*alloy 17°6v @ 17-2' : B 15
|7l 929 s 912
p 12 6 6
o 0.95 0.9k , 0.92
v ’25.235‘ u6.5§5 | 23.62
P 4,27 . 3,60 . 0.2k
% e

= . "+,22 + 0. A
= 0.12 le ‘ 0 fcr 0 66_fFe




Fig. 1.
Pig. 2.
Fig. 3.
Fig. L.
Fig. 5.
Fig. 6.

Modified phase chart for Fe-Ni-Cr system.

Ténsile sheet spécimen, thickness 0.050 inches.

-prior deformation for Fe-35Ni alloy at test temperatures of

RT, -72°C and -196°C. Yield strength, ultimate tensile strength,

- shown plotted against the amount of prior defomation at Lso°c,
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FIGURE CAPTTONS

Mechanical properties and transformation data versus percent

elongation and the percént transfomation to martensite are

Méchaniéal propefties and transformation data versus percent
prior deformation for Fe-23Ni-10Cr alloy at testvtemperatures
of RT, —72°C and -196°C. Yield strength, ultimate tensile y
sﬁrengtﬁ, elongation and the percent transformation to marten—
site are shown plotted,against.the amount. of prior deformation
at 450°C.

Mechanical properties and tfansformation data versus‘percent
ériér deformation for Fe-15Ni-15Cr alloy at test temperatures

of RT, -72°C and -196°C. Yield strength, ultimate tensile

strength, elongation and the percent transformatim to marten-

site are shown plotted against the amount of prior deformation.

at 450°C.

Mechanical properties. and transformation data versus.percent
prior deformation for Fe-12Ni-22Cr alloy at test temperatures
of RT, -72°C and -196°C. Yield strength, ultimate tensile
strength, elongation and the percent transformation to marten-
site are shawn plotted agaihst the amount of prior deformtion

at bs0°C.



Fig. 7.

- Fig. 8.

-T1-

Optical micrograph of Fe-35Ni austenite with % prior deforma--

tion after tensile testing at -196°C. LOOX.
. ’ V _
Optical micrograph of Fe-35Ni austenite with C% pricr deforma-

. |
tion after tensile testing at -196°C, 1200X.

Fig. 9.

Optical micrograph of Fe-35Ni austenite with 0% prior deforma-

’

tion after tensile testing at -196°C, 10O00X.

Fig.10.
Fig.11.

Fig.12.

Optical micrograph of Fe—?5Ni austenite with 80% priar def orma-

tion after tensile testiné at -196°C, Loox.

thicai micrograph of Fe-35Ni austenite with 8O%Iprior deforma -

tion after tensile testing at -196°C, 1000X.

Optical micrograph of Fe-15Cr-15Ni austenite with 0% prior

‘deformation after tensile testing at -196°C, 400k .

Fig.13.

Optical micrdgraph of Fe—l5Cr-l5Nivaustenite with 0% prior . -

_ deformation after temsile testing at -196°C, 1000X.

Fig .1k, .

Fig.15.

Optical_microgrﬁph of Fe-15Cr-15Ni austenite with 80% prior

deformation after tensile{testing at -196°C, Loox.

-Optical micrograph: of Fe-15Cr-15Ni austenite with 80%'prior

_deformation after tensile testing at -196°C, 1000x.

Fig.16.

Optical micrograph of Fe-12Ni-22(r austenite:with oF priocr

deformation after tensile testing at -72°C, 1000X.

Fig.17.

Fig.18:

Fig.19.

Optical micrograph of Fe-12Ni-22Cr austenite with 85%Apriof
deformation after tensileitesfing at -72°C, lOQO*.

X-ray diffractometer tracévat RT of Fe-lQNi—EECr austenite_
with no prior defomation. The alloy had been tested at -7200

and transformation to € and @ martensite was_detected..:

Schematic representation of an x-ray backlrefleéfioﬂ-photdgraph

showing the (200)y reflection obtained from the Fe-35Ni and

Fe-12Ni-22Cr alloys after‘a 2%% prior deformatién at 4s0°C.



Fig.20.

Fig.2l.

Fig.22.

Figf23.
Fig.2h.
Fié.25.
Fig.26.
Fig.27.
Fig.28.

Fig.29.

Fig.30.

Fig.31.
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Mechanical prbpertieé and transfbrmati§n data versus percent
prior deformation at 450°C, for Fe-25Ni-4Mo-0.28C alloy at
test temperatures of RT, -72°C and -1966C;

Mechanical properties and transformation data versus percent
prior deformation at 450°C, for Fe-lQCr-lzNi-MMo-d.5oc alloy
at’test‘temperétures of RT, -72°C and fl96°C.

Mechanical properéies and tfanéformation data versus pefcerm
prior defofmation at h50°C, for Fé—l5.5Cr-8Ni-hMo-O.32C alloy

at test temperatures of RT, -72°C and -196°C.

.Mechanical'pfdperties and transformation data versus percemt

prior deformation at 450°C, fqr.Fé-EhNi-hMo-O.25C alloy at RT.
Optical micrograph of Fe—25Ni—hMo;O.28C ali&y with O% prior
defofmation.after tensile straining at -72°C, 1000X.

Optical micrograph of Fe-ESNi-hMo-O.QSC}alloy with 80% prior
deformation after.tensile straining at -72°C, 1000X.

Optical micrograph of Fe-12Cr-12Ni-4Mo-0.30C alloy wiﬁh O prior
deformation after tensile straining at -196°C, LoOX. |
Optical micrograph of Fe—iQCr-lENi-hMo—O.BOC‘alloy with 0% prior
deformation after tensile straining at -196°C, 1000X.

Optical micfograph of Fe-lzcr-igNi-uMo-o.joc alloy with 80%
prior deformation after tensile straining at -196°C, 1000X.
Optical micrograph of Fe-15.5Cr-8Ni-iMo-0.32C alloy with 0%
prior deformation after tensile straining at —72°C, 1000x .
Optical micrograph of Fe-15M5-8Ni—hMo-O.BEC alloy with 80%
prior deformation after tensile straining at -72°%¢, 1000x.
Engineering stressestrain curves and transformtion vérsus
strain curves for Fe-lQCr-lQNi—hMO—O.3OC élloy with varying

degrees of prior deformation.
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Fig.3%2. _Surface of a polished tensile spe01men of undefonned Fe ~25Ni- uMo
-~ -0. 28C after varying degrees of tensile stralnlng at -72° c, hoox.

Surface of a pollshed tensile specimen of undeformed Fe~12br—12N1

W
N
.

Fig.
—hMojO.5OC after rarying degrees of tensile straining at -196°¢

Fig.5k, -Sﬁrface of a polished tensile SPeCimen-ef_undeformed Fe-15.5Cr
-8Ni-UMo-0.32C after varying Aegrees ef‘tensiie‘straining at
f72'°c,_)+oo_><, | |

Fig.35., Séanning electron micrograph of etched Fe—lQCr-IENi—hMo-C.BGC
alloy after tensile testing at 196°C 6000%.

fig.36.’ Scannlng electron micrograph o etched Fe-12Cr=-12Ni-4Mo-0. BOu
falloy after tensile testing at 196°C 6000 . | '

Fig.37. Scanning electron micrograph of etchdd Fe-15.50r -8Ni-kMo-0.32C
alloy after tensile testing at -72°C, 12,000%.

Fig.58.. Scarning electron micrograph of etched‘Fe-15.5Cr—8Ni}hMo—O.520.
alley after tensile testing at -72°C, 12,000X«

Fig.39. ‘Scanning electron micregﬂaph'of;etched‘Fe—25Ni-hMo;O;28C
alloy after tensile testing at -72°C, 6000X. | 7

fig.ho. Scanning electron micrograph of etched Fe-25Ni5hMo-O.28C
alloy after tensile testing at -72°¢, éooox.

:'Fig.hl;x The increase in the rate‘of transformation to ' martensite

per unit strain versus the amoant of prior deformatien at.h50éC

for carbonlees alloys. 5 |

Fig.hQ.- The increase in the rate of transformatlon to a' marten31te
per unit strain versus the amount_of prior deformatlon at'M50°C
for carbon’COntaining alloys.



Fig.W3.

Fig.hh,

.Fig.h5.

Fig.46.

Fig.h7.

Fig.48.

Fig.h9.

Fig.50.

Fig.51.

-Thie

The yield strength of carbonless alloys in the undefommed condi-
tions and after an 80% prior deformation at h50°C versus test
temperature .

The variation of yield strength and ultimate tensile strength

‘with the amount of prior deformation at 450°C for the Fe-35Wi

alloy'at test temperatures of —72°C and —196°C.

The variation of yield strength and ultimate tensile strength

sWiEh the amount of prior defomation at h50°C for the Fe-12Ni

-22Cr alloy at test temperatures of Rt, -72°C and -196°C.

The yield strength of carbon containing alloys in the undefommed
cordition and after an 80%'prior deformation at M50°C versus
test temperature,

The variation of room temperature yield strength with prior
deformation at 450°C for carbon containing alloys. |
Schematic of engineering stress-strain curves for the Fe-25Ni
-4Mo-0.28C alloy after an 80% prior deformation at 450°C.

Curves for tensile tests at 72°C and -196°C are shown.

Enginéering stress-strain curves for Fe-25N1-UMo-0.28C alloy

 tested at =72°C after varying degrees of prior deformation

at 4s0°C.

Engineering stfess-strain curves for Fe-15.5Cr-8Ni-4Mo-0,32C

alloy tested at —72°C after varying degrees of prior deformation
at bso°c.
Engineering stress-strain curves for Fe-2UNi-UMo-0:25C

) !

alloy tested at RT after varying degrees of prior deformation .

at 450°C.




Fig.52.

Fig.55.

Fig.5k4.

Fig.55.

=75~

Plot showing ﬁhe elohgétion daté for all carbon conﬁaiﬁing
alloyé tested Versus the rate of transformation to martensite
per unit strain during tensile‘straining.

Fréctoéraph of an undeformed Fe—25Ni-hMo-O.280'alloy specimens
tested at -72°C. | o |
Ffactograph bf an undeformed Fe-lQNi-lQCr-hMo-O.EOC alloy
specimens tested at ¢l96°C.

Fractograph of an undeformedfFe-l5.5Cr—8Ni—O.520 alloy

 specimens tested at -72°C.
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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. DMakes 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.






