Lawrence Berkeley National Laboratory
Recent Work

Title
STRUCTURAL OBSERVATIONS IN A METASTABLE AUSTENITIC STEEL.

Permalink
https://escholarship.org/uc/item/5jt5k5cq

Author
Hall, James A.

Publication Date
1968-06-01

eScholarship.org Powered by the California Diqital Library

University of California


https://escholarship.org/uc/item/5jt5k5c6
https://escholarship.org
http://www.cdlib.org/

77

§ A G
%o B T e 4
« ST 7 g | ; -
PR  GHL S I  S  R ON EE S I LRRR S A S A SRR N T
R p G e
v o B ; 4,

F _.[h‘,:?\,;ﬁ}»..”_ Umvers:ty of Cahfcrma 4 5
Emest 0 Lawrence
e Radiation Laboratory

&
‘5

; G
o~

SUCTA ek kAl ih 2 UCRL 18282

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

“ L
v

'S ;q;m TURAL OBSERVATIONS INA =

STABLE AUSTENITICSTEEL

LAWRﬁnci "y ‘\ W i,"}‘"\i‘ gt a b . . % 30 4 o oy
RANATIO:& Lascmoa‘{ [E BT EAE SR £ S LR A SN

JUL 9 4 1%8

© LIBRARY AND |
'}j@CUMENTs sEc*riém

B‘(erkeley Caln‘orma LTIt Q‘P




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.



ST e T T e T e B

%

UNIVERSITY OF CALIFORNIA
Lawrence ‘Radiation Laboratory
Berkeley, California '

_ AEC Contract No. _W-71+_O5-Eng-v-h8. o

STRUCTURAL OBSERVATIONS IN A

I\ETASTABLE AUSTENITIC STEEL
James A. Hall .
(M S, Thesis)

"Ju‘n_é 1968-

_ UCRL-18282

-



Lo T S L . g

f T TABLE OF CONTENTS
T ABSTRACT

"i ¥ . N B S I. ] INTRODUCTION ‘o-oo00000000OCOOQOOOOQ‘OOOO‘0000000000000.‘000

I EXPERIMENTAL PROCEDURE ........};;....;..;....;..;.;..;.....v
g S ] L , S
. o A jMaterlal Preparatlon ..................................R

®. ™ o H

.B. ’ MechaniCal TeStS ;..-...;t--co.oooo.'o’o..oo-..ooooc_‘»oooov

B C- Optical MiCI'OSCOpy 0_‘6-‘. .oncn '...‘.'. ocao‘cn o.'o‘.‘.b:- -7‘. eev e

3 C v ] ‘D.vthlectron MiCrdscopy ;.-.'......'........’...'.'.‘.‘...‘........

O O O

CUE. leferentlal Thermal Analy81s........;......'.;........
:e.ug:t;;Electron Mlcroprobe Analy51s .....;..;...;;;;...;.....;_ 10
'é.:w_Dlstrlbutlon of Marten51te in Ten51le Samplee ;........  iO;v
L -’:E1:-3_ER';;J  r H;f:jMagnet1c Measurements ..;..;;;;.;....;;....;........;.; 1
. f[y“'.",i,ii-f‘ Nfiii;ﬁEXPERIMENTAL RESULTS .Q.....;..;;;;.......;.....}...........':12
?J'”‘ : ?;i’" ‘. 5f‘”f ‘ A;.i‘Mechan1cal Tests ..........;;.;..;...‘.......;.:....... 12
iBg_:HMlcroscopj "f“f;;‘;"”'""“'“f"““"":;'f";"".lhf
3 v /‘--.fecff  cjf;fbiffefeﬁtial'mhérmai Aﬁaiysis .;..;L...;;..;;.;.J,}..;, 18 

: Ma.gnetic Measurements .Qyoov,o.o.»o..-.- n‘-.‘o“o.‘o.o;-’o.o’v_.vo'oo.. 18 !

L

Eo Lud.ers Strainv Measurements l..‘t‘.ovb‘t.;“oooocttt,;.QQ... cosve 19

IV- DISCUSSION ..Qae..coo.o’e.oc’o‘oono.o;ooo-o »00.0.0.0.;‘.-'Qﬁco.‘svu.coogqgoo.b.' 20

Vo *SIJIMRY‘o.boooooo.oooooeooooob'ioocyooo’".oooooi.ooc.at-"to'oo' 33

L o E  'VVI;  RECOMMENDATION FOR FUTURE WCRK ............;........;.;..... 35
 ACKNOWLEDGEMENTS ...................................’............‘»36
S ;REFERENCES ;...;;...;..;..,.;;;...,........‘.,...,,’.;...........- 37
 FIGURE CAPTIONS ....;.‘..}.....;;......;....;;.;..;.......:;;.... 39

. . ) ' . 'v R . ; FETN .
z‘ : . L. FIGIIRES .oo-oo‘optto.tot.o.ooo..go.c‘o5-0’0"0\0;?\0000‘000'000;0'&00‘oo 2""5 .
. : . . . A . :




.

B

N

" STRUCTURAL _oBsERVA_T'IONs IN_'A METASTABLE AUSTENITIC STEEL -

James Ao Hall

'rpInorganic Materials Research Division, Lawrence Radiation Laboratory,

Department of Mineral Technology, College of. Engineering, .
. Univer51ty of Califbrnia, Berkeley, Califbrnia

| o
'AB_STRACT

':3?fA mefastable austenitic steelvof'composition Fe 22,6Ni-4.02Mb'.280-

; Shoﬁs"yeryifayorahle»response to a thermomeohanieal:treatment consisting

“iof'defbrmation'at’an elevated.temperature;' In ‘room temperature tensile
‘7>ftests, this processed austenitic steel shows large increases in yield
-}hand tens1le strengths (300% and 67% respectively) while still exhibiting

- ani form elongations of ho% or morea Thesge favorable properties arise

1 .

- asfa result of a strain induced martensite transfbrmation.

This thermomechanical'treatment (called'TRIP)'iS»described-and .

:h_ the room temperature tensile properties are given. Some structural
vobservations with regard to mierostructure and the strain induced mara

‘-\tensitlc transfbrmation are made with some analogies to the ausforming“

process being describeds A mechanism fbr the enhaneed ductility is-

‘discussed in light of the eVidence of. this investigations
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I.. INTRODUCTION =

‘The three commonly'measured engineering properties are yield strength,

;tens1le strength, and duetilityt Strength 1n steels has been developed

in recent years to very ‘high levels. When the high strengths are obtained

"by conventional heat treatments, there is a rec1procal relationship

between utrength and ductllity;when ductllity is taken to be a measure

' of total elongation in a tensile test.

. J; Ductility is important from an engineering point of view since ade—

quate ductility allows the metal to redistribute localized stresses. It

vf,,the metal is capable of sustaining little or no strain prior to fracture,
Vthen it is described as brittle‘ Uniform elongation as a measure of
iductility;rather than reduction of area,is 1mportant in many metal forming"

'foperations such as deep drawing.

Mnch work has been expended by many'investigators in attempts to dis—

4cover methods of increasing strength and ductility‘concurrently; A recent
lpaper by'Zackay et al.:L discussed a new class of metastable austenitic
fsteels which exhibit greatly enhanced ductility along with high strength.

- They have“termed these steels TRIP-(TRansformation Inducevalasticity)

because the ductility is derived from the strain induced martensitic-

j'transtrmation. The process1ng of" these steels involves a thermo-_‘
1,mechanical treatment similar to that inthe ausfbrming process, the
difference being that TRIP steels are not converted to martensite but

' fare used in the metastable austenitic state.

It is.the,purpose ofvthis investigation to;studyfthe'structure of

.one of thesehTRIP.steels in an attempt to gain a better;understanding



-

of the TRIP phenomenon; For this.purposey a TRIP steel of simple compo-
sition is chosen (Fe 22,6Ni 4,02 Mo .28C). |

Because thevprocessingvof TRIP steels is quite similar to the )
thermomechanical treatment in the ausforming process, the current v w
v state of knowledge of this latter process will be discussed in some -
detail as an 1ntroduction to TRIP steels.

The ausforming process was first described some years ago by Lips
.and Van Zuilen- and followed bymanyothers.5 T 4It primarily involves
the mechanical deformation of a metastable austenite at an elevated
temperature below*the recrystallization temperature followed by‘quenching
to obtain martensite, | |

Ausﬂarming,in many steelg.sharply 1ncreases the strength of the
subsequently formed martensite While retaining adequate ductility. 'It'
has been p01nted out by-many authors, including Tamura,8 that the marten;l
'v31te formed-athermally from deformed austenite, in ausformedlsteels;
inherits many of the. defects 1ntroduced during deformationa'_ _.

Cohen and Taranto9 point out that the high dens1ty'of entangled
dislocationscarriedover into the ausformed martensite from.the strain
hardenedtaustenite»is not sufficient to accountvfor the:strengthenlng
that is commonlyvobserved. They show that even. though these 1mperfections.
are undoubtedly respons1ble for strengthening the strain-hardened :
_austenite, they do not contribute equally to the strengthening of the f
martensite formed from this_austenite. In a Fe'51.9Ni .Ql?C_alloy they
<report_that_with a T5% reduction of thehaustenite by_rolling,vits yield
strength increases by h5;OQO psi, vwhile that of the martensite_formed

from such austenite increases by only 22,000 psi. Yet, the regular martensite
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: pcontain carbon and a carbide forming alloying element. Thomas et aly)

‘-j:is quite susceptible to strengthening by strain hardening, it increases

in yield strength by 54 OOO ps1 when reduced 75% in rollingu

Greater increases in strength are observed in ausformed steels which
“10

‘Johari et al.,il and Gerberich et alc12 conclude that carbon is'an essen~
aﬂtial contributor to the strength of the ausformed steels by providing the
| omeans (together with an’ alloy earbide former), of forming precipitates during

. _”f_deformatlon of the metastable austenite.. By utlllzlng the dark field
'-"techniquelin transmiss1on electron microscopy, they confirmed the exig-
J'itance of small precipitates in ‘the ausformed austenite in a series of _

halloys including one of very similar composition (Fe 25Ni h 5Mb 20C) to

' the alloy used in this present study; The role that these very small N

;precipitates play in the ausformed steels is as followst The strength

.of the martensite is due mostly to the total dislocation density;- Part
5:of these dislocations arise from the transformation strains and many of them 2
'"ffaig‘ inherited from the ausfbrmed austenite, waever, the 1mportant

s'role of the precipitates is to cause dislocation multiplication at thev R
.:particles.: In other words, the precipitate particles in the ausformed
g_austenite are indirectly respons1ble for the increase in strength.: The

g:ductility of the ausformed steels is retained because of the high dens1ty

of mobile dislocations in the ausformed martensite.

B In order to obtain large amounts of elongation at any strength level,

| 1t is necessary to prevent the onset of tensile instability. This is
“defined as. the maXimum in the load-elongation curve where the work
.'nardening willvnot keep up.with the reduction in area, vAtvthlS point,
sa-weaker‘area hegins to,elongatevslightlytmore than the rest.:‘Then,

~ since the‘area_isbnowrreduced; further_defbrmatibn'willjoccur at this



b
weak point and neckiﬁg will cbmméﬁce until failure; After TegartlE,.the
criteria for necking will be diséuséed_
-Since necking commenéés“at maximum load, the condition of instability‘is
definedvas_the'pbint.whéreAdP = 0. - Since the load iS‘equal to the stress: |
ti@es.the'drea, P = aA,-then | | | |

4P = odA + Ado =0

e, - B, do o (1)

A 0'
For a ducﬁile metal,'necking occurS‘af étfainsfbey6ndgyielding where the

constant vblume;-V3 coﬁdition holds:

4V = AdL + 28A = O
ie, - %% = 21 E.‘de-j_ _ R _4' (2)

 Substituting for dA/A from Eq. (1) gives.

o

_Thus‘hecking‘will'bécur:in_uniaxial tehsion,at-a strain;at_Whiéh thev
slope of theﬂtrue stress;£rue'strain_curve:equals the true stress at that

strain. when eXpreSsing Eq. (3) in terms of conventional straih, we geﬁ

Sde T The o B

where e is the conventional strain (EAZdU%O.
The necking condition can also be eipressed in terms of the stréih

hardening exponent "n" when the stress-strain curve follows the relation-

ship.o = k¢« The strain hardening exponent "n" is then.
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"énecking'

i TR -
--d'logee ’ o de
~and thus_from.Eq.v(B).wevgetX';
=n - (5)

That is, necking oceurs when ‘the true strain equals the strain—l

jhardening exponent. If the log o - log € plot derived from a particular
:f.stress-strain curve is a straight line, then the power law is a satis-

;factory representation of the’ stress—strain behavior of that material.

The above discussion pOints out that the strain is equal to the

work hardening exponent when necking begins, or in other words, a higher
fwork hardening exponent w1ll promote higher uniform elongations in “the

. tens1le test. '

- The normally used methods of strengthening steels (queneh‘and

tetempering) generally tend to reduce the. work hardening exponent over that i
vg 1n the unhardened state and the work hardening rate do/de remains rela-.
k tively insensitive to the strength. Hence, invthese steels plastic inw-

f’stability begins at lower strains because the rate of work hardening

produced by dislocation 1nteractions is insuffic1ent to compensate for>

v the increase in stress in the necked region.-'

It is evident from Eqs. (5) ard (5) that when higher strengths are

'?obtained, +here must also be 8 higher work hardening exponent in order

vyto allow high uniform elongations without necking.- When highervstrengths
areé obtained by conventional heat treatments, the work hardening rates .
.farevdecreased.’_This may be understood Wwhen considering'the mechanism of

,:raisingjthe:yield'strength;being that of immobilization of the dislocations.
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However,'these mechanisms are not effective,_at high stresses,'in pro~
viding a high work hardening rate. ‘In order to realize the benefits of
high yield strength and high work hardening rate, the. mechanism prov1d1ng
the higher yield strength must be present prior to testing while the
‘predominant mechanism of 1ncreas1ng the work hardening rate must be'intro—
-dueed‘during testing;. In other words the dislocations must-beximmobilized
after yielding not:befOre it,'in order to ohtain high worh'hardening.

Several authors‘hane reeognized'that certainlphase_transformations
éoneurrent nithlstrainingfwill promote high work‘hardening'rates and the
: resultant hlgh elongation. 'Hiltzlu pointed'Out.that in”certain titanium
alloys there occurs a strain 1nduced martens1tlc transformationvwhich
enhances the ductillty due to the high work hardening rate. Bressanelli
and Moskowitzl5 found similar behav1or in metastable austenltlc stainless.
steels.‘ |

Until recently these 1nvest1gations and others have been limited to

relatively low strength materials. Zackay et al. used Just this.mechanism .

to promote elongatidn.in high strength metastable sustenitic Steels. ‘They
report six compositions‘Which:exhibit aistrain induoed martensitic'trans-
formation in the austenite-when tested in-tension at roomrtemperature;- ‘
: The.compos1tlons of- these steels are listedbin Table I, |

The TRIP steels are thermomechanically treated by‘deformation in the
vtemperature range of 200 ¢ to 500 C, followed by quenching to room tempera-
ture, They are austenitic at this stage.( When testing in tenSion at
room . temperature, elongations approaching 70% are obtained while yield

_strengths’ up to 300 000 - psi are formed,

IND
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S Table'qu Chemical composition of TRIP steels
o compos1tion wWta %

oer. W M Mm. SL o

1889 B3l 3,80 2.2 [ L® 03l
2 8.88  T.60 ook 2.08 1.96b*f;-o;é5

8,80, - 7.80 . b0  0.92 © 1.90 © 0.25

'*@“:Agypff; emy'_ihnn-:hiiw'~; V;v03§*

22,0 - 4,00 1.8 - = 0.23

1

'~wr6-;f;»};¢,,3~¢2o;97~’ v3;5717-t1.h8_';i - 'f"»o.aun |

:':Zackay°et al;, in their paper, attribute the high yield strengths"

h to the work hardened state of the austenite.: The resistance to necking
:’fis a result of the introduction of the second phase, martensite, during
vthe room temperature tens1le test.- This strain induced martensite pro~
v1des barriers to dlslocation motion stronger than dlslocation tangles
:‘thereby causing an- increase in work hardeninga The resulting'higher
'3diwork hardenlng exponent ralses the stress at which necking occurs (Eq. 5)

thereby allowing greater amounts of unlform elongation.

This thesis is concerned with a study of the mechanlsms of the TRIP

:phenomenon proposed by Zackay et al.;.
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- IT. EXPERIMENTAI, PROCEDURE

The.alloy under investigation was. prepared and studies were made
on the effect of the amount of thermomechanical deformation on the room v
_ temperature tensile properties, The effect_of the tensile_sPec1men'
orientation with reSpect'to the rolling direction‘wes studied.
Electron‘microscopy, optical microscopy'and other techniquesvwere a
uged -in conjunction-with!analrsis of,the room temperature streSS—strain
curves toupostulate the mechanisms of'the TRIP.phenomenon and why_such'

'high elongations are obtained concurrently with hlgh strength.

A Meterial Preparation< )

The alloy was.prepared by'vacuum inductlon melting and poured lnto:-
a copper mold.- The resulting 20 lb.,lngots were forged at llOO C to-
bars 3 ine x 6 1n.' Prellminary forming was. done at 9OO C by rolllng.
This was followed by an austenitiz1ng treatment of one hour at llOO c -
and water quenchlng. The thermomechanical treatment was carrled out by
:heatingfin an electric oven to 500xC,and then rolling the'sheetsin 1ncre5;
ments of 10% reduction in thickness.' Each pa,ss thrqu_gh the rolls was followed
by'reheating to 5OO°C3 After.thetlast pass the strip uasiquenched in
waters This treatment will be referred to hereafter as PDA (Prior
Deformation of Austenlte).

‘Be Mechanical Tests f' S 'A -}A e M

The tensile specimens were polished with the removal of OlO in,.
from each_surfacerin order to eliminate the possible effects of surface
decarburization or roll chill, The same procedure was used for the study

of surface topology. The tensile specimens were flat with a'gage_sectionv
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- '.0'60‘ 1n'-.><5'80 'iﬁ.Xi'.58 in.'io'ri‘g, Samples were cut at 0%, hs and 90° with

- respect to the PDA rolling direction. i

‘ An Instron 5000 kilogram tensile machine was used at a crosshead ‘speed

'of O ) cm/min. ‘Trial runs w1th crosshead speeds greater than l 0 cm/min

caused severe reduction in. ultimate tensile strength due to: heat of the maxr -

,tenSitic transformation which StablllZLd the austenite. Strain measurement
' :was performed utiliZing a one-inch extenSOmeter calibrated to 60% extension

:Wlth the output fed into the chart drive system of the Instron control console.

Optical Microscopy

_ The speCimens were electropolished 1n a saturated solution of chromic

‘fox1de in phosphoric ac1d and electroetched in the same solution after it had
B been observed that martensite was being nucleated as a result of mechanical
»polishing.' If this was not observed conventional metallographic polishing

':’techniques Were used. When necessary, a supplemental etch consisting of 5

grams cupric chloride in lOO ce each of water, hydrochloric acid and methyl-

'_alcohol Was used.

'. D; Electron Microscopy

'”“l Thin fOils Were prepared by light mechanical grinding from .060 ino to .

'about .OhO ing then chemically polished to about .005 in¢ in 8 50% solution.

“of H.0. in phosphoric acid. Final thinning was accomplished by electropoln'

272

hishing uSing the Window technique in the same polishing solution used for
' optical metallographic polishing. A current density of about 10 amperes per

‘square inch was. used.v. -

A Siemens Elmiskop JA electron microscopy operated at 100 kV wag used
for transmiSSion microscopy. | . |

fE. Differential Thermal Analysis

The differential thermal analySis tests were made by using the
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specimen and a-nickel standard. Both were lemx1 cm x.sGBOvin.‘and B
spot welded to_iron-constantan tnermocouples. ' Heating was done in an -
argon atmosphere, recording simultaneously the temperature of thegspecimen
and the'difference between the standard'and specimen temperatures. When
the reversion of tne martensite to austenite occurred, a sudden changerin '

the dlfferential-temperature curve was recorded. This was taken to be the o

A (austenite start) temperature. |

v'fdf.; Electron-Microprobe Analysis
'FA Stepftrace measuring Mb Id-radiation was.made'acrosssthe-bands in
._microstructure. 'The,%i line Was~used:rather than'ﬁi oera b¢¢aﬁse,thé
'wavelengths of'these are"so’small that the analyzing detector-was'unabie
"to be positloned at low enough angle for efficient detection. Quantita~‘
-A_tive measurements were hot poss1ble since the- mlnimum electron beam spot
?s1ze was.larger than the average pre01pitate size, Therefbre, only the

: Mo L 1ntensity in terms of counts per 10 sec period were measured and

plotted,

.‘iG;v Distrlbution of Nbrtens1te in Tensile Samples |
Prior to testing; the surface layer was removed by'electropolishlng
to a depth ‘of OlO in. (to remove any effect of decarburization or
surface roll chill) ‘and then pollshedq After a tensile -extension of 15%
successive material removal from the surface was done by'electropolishing.
At each stage several micrographs were taken at a magnification of hOOx.
' To measure the volume percent martensite at each level, the grid

'interoept-point‘count method was used.l6

At least six 4x5 micrographs,
edch divided into 2000 grid intersections, were used to determine each

datum point.
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" He Magnetie Measurements

. ‘The failed tensile speéimens‘were cut'3/8fin.Aback erm eéqh side

. of theffrécture-and.thénfbdth pleces wére\measured'forfmAgnetic séturiza~

"tibh'which,had'previously beéﬁ.correlated'with the volume percent mar-

|

17 AThe-valde$ of"volume peréeﬁt martensite were measured in failed

‘specimens as functions of amount of prior deformation and orientation.

The EOTrection for alloy content was made according to the data of

13
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ITT. EXPERIMENTAL RESULTS

A. Mechanical Tests

vThe.tests made for room temperaturevproperty studies of the PDA
are summarized in the stress-strain curves of Figs. 1 through 5. - These
stresg-strain curves typlfy‘the effectes of amount of thermo~mechanical
deformation and orientation with respect to the FDA rolling direttion;
These'speClmens’were all austenitie priorlto testing, and after the test
the gage sections were stTOngly magnetie, Indieating that a martensitic
‘reaction oecurfed during the room temperature stralnings No‘tests_were
krun to determlne just exactly when the martensite first appeared.
’ Howevexywhen a Luders straln occurred, the martensite first appeared at the
first yield or load drops The oeccurrance of the first martensite ‘was

less definitive when therevnw no Luders stralna

Lle EfTEGt of amount of defbrmation duri;g thermomechanical treatmenta

Increased amounts of PDA resulted ‘in the expected higher yield and
tensile strengths. The reSults are summaried in Fig. 6. The total
elongatlons to failure decreased to a point then seemed to inerease with
greater amounts of PDA as shown in Fig; 10« The work hardening exponent
™" first increased with amount of PDA then decreased. ‘The work hardening.-
rate, dd/de, at partlcular strains,-varied with amount -of PDA in much thed
same manner as the value of "n". Figures 11 tnmough 14 summarize theee
resulta, The assumption of the g = ke" relationship‘is well borne out
for that'part of the stress strain curve between the ILuders strain and
the maximum load as seen by the stralght line plots of log g~ log €

~

shown in Figs. 15a to 153.
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| Hi With more ‘than lO% PDA, the material exhibited a Luders strain
during tenSilemtestingvas:shown in the stress~strain curves. Figure 16
vuiShows:onertensile'specimen after'incomplete passage:of one:such Luders
;band,n:The material inside the‘huders band-stronglv attracted a-handv
;magvne_tfwhilé “that outside did not, demonstrating that the ‘Lu(‘igTLrs band
: : SRR o S R R

ifront'separates the tranSformed'from the untranstrmed regions.

¢
i

' As will be discussed later, the total amount of martenSite formed

d'_at 15% elongation in speCimens of the same. orientation varied little

with amount of prior deformation. The 15% elongation was approximately

_ the amount of Luders straine

vvé.} Effect of orientation .
| .i The yield strengths showed no significant variation with orienta—
.'tion with respect to the rolling direction of the PDA. Figure 6
gsummarizes this effect. L o
The greatest variations With respect to PDA rolling direction were

- seen in tenSile strength, work hardening exponent and total elongation,‘:
‘Both,the tensile strength and work hardening exponent showed signifieant
: maxima in the specimens cut at 45 to the PDA rolling direction while
: the total elongation shows a minimum for the same specimen. The speci—

mens cut parallel to the rolling direction give results similar to those

'from the specimens cut at 90 to the PDA rolling direction4 Figures 6

f1'7, and 9 summarize these results.«

The work hardening rate, dq/de, at particular strains, varied with

'famount of FDA in much ‘the same manner as the values of : the higher

',values were in spe01mens cut at h5 to the PDA rollingfdirection. It
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wasthese 15° tensile samples which showed the greater amounts of marten-
site at fraeture. Figures 12 through 14 show the plots of strain

hardening rate vs deformation for straingof .15, .20, and .25.

3, Detail in thé stress-straln curves,

All of the stress«sﬁrain curves had superimposed upon them numerpﬁs
serrations consisting of rapid load drops followed by short areas of
quitgfhithWOrk'hardening; These serrations were not detected during
Iuders strain nor were they detected below about 9% e on the stresé—
-strain curves of the material which showed no Luders strain. The magni-
vtudé.of the load dropsvinéreased as the stress increaséd and beéame a

- maximum aftef the thet of necking.

be Effect of transforming the martensite prior to testing.

A.specimen with 10% PDA was then transformed by immersing in liquid
nitrogen and showed an incréase in yleld strength from 87 to 186 kel
‘and tenslle strength.from 126,000 t¢ 200,000 psi over the material with identi-
cgl.PDA but not -quenched in.iiquid nitrogen., The total elongation de;

creased from-5h% £0 11a5%s

B Microscopy

14 _After thermomechanical treatment, prior to room temperature testing.

A1l the PDA maferia15 when examined in éross section exhibited a
"banded” microstructufe:"the ’%anding" becomiﬁg'more seVére_with’in— .
creased amounts of PDA. Figuré 17 1s one sgch Cross section'showing.the
typically banded'micréstrgctufe. An electron microprobe étep;écan tfacé'
across a band ga#e high;peaké in’thé measured‘molybdenum La radiation

indicating preclpitation of é‘molybdenum éompound.,gihe trace'is shown



'.:1n Fig.;l8;]_mransmlss10n electron diffraction'in”a thin‘foilvcarefully
'preparedfto'retain the precipitates reveals them toibe Mo, Co An indexed
"’electron diffraction pattern obtalned is shown in Fig. 20c while Figs.

" 20a and 20b shOW'bright and dark field micrographs of the areas., Two

preclpitates were included in thé selected area glving the two HCP

:diffraction patterns superlmooued on the pattern for the FCC matrix. One
”?vdiffraction spot from each HCP pattern was included in the aperture when B

. taking the dark fleld micrograph.

The undeformed material; although‘shOWing no-precipitation, does

 indicate the presence of chemlcal segregation indicated by the fact that‘
,;.this material, when _.quenched to just below its Ms temperature, formed

' 'martensite in bands. A typical example of this is Fig. 21,

;v Transmission microscopy;shows an incréase in dislocation density:

'i.with increasing amounts of PDA. There was a "cellular" type substructure
‘in the 10% PDA materlal. The 20% and 30% PDA material showed less

gcellular'dislocation arrangement with more nearly uniform tangles.‘

Figures 22a, b, and ¢ are typically observed transmission micrographs

~ for 0, 10, and 30% deformed materiale

5'2,' After room temperature tensile tests

The general morphology of the strain'induced martensite does not

.f‘vary much in appearance with the amount of prior deformﬂtion. Flegures
.'Q)b and 23c are representative of the morphology of the strain induCed

‘t‘martensite found after 15% room temperature elongation in tension on
-10% and 20% PDA‘material. ~The same morphology'of strain induced marten-

slte is ovserved in the material recelving 30% prior deformation., Typlcally
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obsefved morphology of the strain induéed martensite in the material
having had no prior deformation is somewhat different, as seen in
Fig. 23a. | |

In some aréas of.the straiﬁed tensile saﬁples, thevmartensite aﬁpears
at an angle to the tensile axis néar 54s7°, which is the angle of the |
neckihg.line in flat tensile specimens at the point of_ﬁénsile insta-
'biliﬁy;lg These platelets occur in parailé; arrays, typified by Fig.AEM.
| . In transmission electron microscépy, the strain induced marténsite |
éppears tovbé;freexéf ihternal‘twinning but gontains a véry.dense dislo-
éatibn network., Exampleé of this are seen in Figs. 25a and 25b. The’
electroh diffractibn,pattern and micrographs'giﬁe no eﬁidenee of twinning
or precipitation,howeﬁer_under proionged beam heatipg sdme precipitates
we;e obsefved indicati#g thgt nﬁcléiAorvverj small pfecipitatesmhad been
present; Itvmusélbe emphasgized that in a highly dislocatéd microstruc—

v ture thé‘point:resoiution is only about 50ﬁ; therefore precipitatés this
siZeuor smaller would not'be resolved. _Also,'sinée the low index planes
.of Mbgc have approximately the same ﬁd".spacihgs as the martensite,

no evidence would be obtainéd in the selected area diffractidn pattern
due to superpositidn of the diffTactiOn‘spots«

When a tensile test was stopped prior to complete passage of the
Luders band on a polished specimen, it was found that the material inside
'the Luders band was highly ferromagnetic as indiecated by attfaction to
a strong hand magneta That area outside the Luders band remained austeni~
. tic as denoted by the same test. Considerable plastic deformétibn oceurs

outside the Luders band as shown by the bresehce of slip lines on the
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;takes place as the Luders front passes. along the specimen. _W

'.:prepolished surf’acen Figure 16'shows-this. iFigure'l6a.shoWS the

) specimen at the stage when the tensile test was terminated. _Inside the

X

-‘Luders band these slip traces persist but become kinked due to the

~¥surface upheavals characteristic of the martensitic transformation. It

is seen in Fig. l6c, compared to Fig. 16b, that considerab e.c bangv

In the material receiving no PDA, when strained to 5% elongation B

-at room temperature, the resulting surface upheavals contain sharp needle

like upheavals while those appearing in the Luders band show larger up-

'“heavals._ Figure 26 shows this prepolished surface cf the material w1th no

p_PDA after room temperature straining. .

In this latter specimen, removal of Just « 003 in. from the surface

:removed nearly completely ‘all evidence of martensite. This indicates

E that the" strain induced martensite first occurs at the surfacea Ten31le'
'semples of- the material receiving 10, 20, and 30% prior to defbrmation .
;,‘when strained at room temperature to 15% elongation (commensurate with "
"”fpassage of" the Luders’ band) all showed a varation in volume percent.
ﬁ'.dmartensite with distance from the surface, Figures 27a, 27b and 27¢

‘ show this dependence.’ Such dependence is present in all the materials

uexamined and seems to be most pronounced in the material with the least

e ,vljvprior defomation'. . o

: 5; Comparison with athermal martensite._

When comparing the general morphology of the strain induced marten~"

'Pv site to that obtained by'immersion in liquid nitrogen, it is obvious “that

" there are some‘differences.» The strain 1nduced martensite is exemplified in-

- Fig., 23b while the athermal martensite_morphology,varies,_depending on



_mens cut at k5 to the rolllng dlrectlon.  The other orlentatlons did not
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the amount of PDA. TFigures 28, through é8d‘show the microstructures ob-
tained on quenching 0, 10, 20, and BO%PDA material, respecti_\}ely, in L
liquid nitrogen. The-strain induced martengite is moét nearly like that

N ®©
obtalned in some reglons of the quenched undeformed meterlal. Observe

"Flgso 21 and 28a and.25b for theSe comparlsons. The athermal marten31te

.obtalned by quenchlng the PDA was deflnltely ac1cu1ar.

'C leferentlal Thermal Analys1s

Tt was observed that some marten51te was occa51onally present in the:

'surface of the 1n1t1al austenltlzed materlal, probably ag a result of sur-

face decarburlzatlon¢ ThlS was not detected after the thermomeohan10a1v~

treatmentddespite the removal of carbon ag carbides fromfthe'matrix andv

- the consequent raising of the Mgitemperature._ To understand the reason -

for this; the auStenite etert temperature (As) was determined on-qdenched”>

. and stra1n~1nduced marten51tlc structures. The results appeared to ‘be

qulte 1ndependent of the prlor treatment or method .of obtalning the marten-”

51te and the As temperature occurred consistently at 555°+5 Ca . Figureﬁ29

" is one typlcal differential thermal.curve showingvthe endothermlc'reaotion, .

D .Maghetie Measurements

The results of the magnetlc saturlzatlon determlnations of percent

-marten51te are summarlzed in Flg. 8¢ It must be noted that . no matter the

amount of prlor deformatlon the percent marten51te was the same in spe01—
vary d1rectly with amount of prlor deformatlon but showed a, minumum.in the

20% deformed materlal.' Since these values were meagured at failure and

not at a constant strain, the comparisons mist be made with that in mind. -

i;l '
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E. Luders Straln Measurements

>M9asurement ‘of the relative areas both inside end ontside the
Luders band on the specimen shown in Flg. 16 showed a relative strain »
of 10%. In other words, the passage of the Luders band results. in a lO%
straln over and above that occurring in the material outs1de the Imders
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IV. DISCUSSION

The mechanical properties measured in this investigationucen'be' _ LA
discussed in terms of the thermomechaniCal treetment and the.strain,
Ainduced martensitic'trensformations; The deformation during the thermo—
mechanical treatment provides the work hardening necessary to raise the
' -yield strength of the austeniteu: This process also. results in the ob-

-Berved banded microstructure containing relatively large Mo C particles..'

2
»Although the temperature was low enough (500 C) to prevent large rates
of diffu31on, the concurrent defbrmation 1s expected-to increase signif-
icantly the diffusion rates of.the carbon'and molybdenuh.”blf the .
materlal wasg origlnally homogeneous, however, the diffusion rate of
, molybdenum would still not be. sufficient to allow the fbrmation of such
Ilarge precipitates during the defbrmation process; It is therefore_'
eXpeeted that.there enisted chemical inhomogeneity prior to deformetion"l
g0 thetbthé‘diffusion distanceiof molybdenun need not be. 80 great; Such -
a condition would result in the observed banded structure.t"

Ev1dence of this chemical segregation is demonstrated when the
' undefbrmed material is quenched to just below the M temperature. Figure
21 shows such a sample which has martensite formed. in parallel arrays
although there is no evidence of banding precipitates. This 1ndicates
_ modulation of M due to chemical inhomogeneity; The austenitizing process,
.therefore,.does not'completely homogenize the material and there is | -
retained the chemical segregetion originating during casting and aggravated»vﬂ
'by'the forgings The deformation at 500° C merely cauges the precipitates

to form in regionS(ﬁ‘high molybdenum content.

No'direct evidence of smaller precipitates was observed in the
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“,'defbrmed austenite. Although transmission microscopy shows no conc]us1ve'
gy evidence of fine precipitation, optical microscopy of the cross section
: of rolled sheets show the persistance of slip bands after polishing and

r're-etching. This lends evidence that ‘the slip planes may pOSSibly be -

. decorated by'small precipitates, Figo 17.: Such small precipitates would

u{gbe very effective ‘in precipitation strengthening._ With increased=amounts
‘l;of deformation there is likely to be more precipitation as well as higher
dislocation denSities, both raise the yield strength |
‘f; Transmission clectron microscopy of this strain induced martensite
i'fexhibits no eVidence of twinning as reported by‘other investigators for

9

'*t similar steels quenched to martensitea;l Cohen and Taranto propose'”

1

| '.that the cause for this may be related to the state of the dislocation

' networks inherited by the martenSite.. They postulate that the disloca—

'F"tions inherited by the. ausfbrmed martensite are not as strongly pinned

"kas would be dislocations arising from martensite which had been strained
and then aged. Because of the availability of large numbers of mobile
f'dislocations in the plastically deformed austenite, it is undoubtedly
easier for the heterogeneous component of the martensitic transfbrmation

.‘-shear (the so-called second strain) to take place by slip rather than by

'",pfgtwinning.‘giﬂ

The O.l% offset yield points as reported in this paper must be

- idiscussed in the light of the strain induced martensitic transfbrmation.
Tyo types of stress~strain curves exist in this material, depending on -

’ ”the treatment. The Luders strain, as will be shown later, is nearly
:'completely due‘to the transformation strains involved with the martensitic

1{transformations There is little plastic defbrmation involved aside from
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the transformation strains and, hence, the hndersvband'front;cannot he
described as a purely‘plastic wave front. It iS'reasonable to expect,'
in the light of this ev1dence, that ‘the onset of the Luders strain is
merely the beginning ‘of the martens1t1c transformation and not due to
any of the classical mechanisms of yield pointsa Since there is little
‘ plastic deformation (aside from the transformation strains) involved
during the Luders strain, it. can be sald that during “the Luders strain
the stress“required to induce the martensitic transformatlon is less
than the flow stress of the austeniteai.- |
In other words, the Luders strain arises when conditions are such
-that the stress, at a particular. lOW‘Value of plastlc strain required
.to induce the martens1tic transformation, is less than the flow stress‘
of the anstenite. at that same ‘strain. |
When'the.floW'stress at a‘partieular,strain condition:in'the"aastenite .
"1 less than or equal to that require'd to induce the transformation there
willibe n'o_'Luders',straino ‘ln‘this'ease, plastic‘deformation ofithe.
“Iausteniteﬁis'conearrent'with‘the strain induced martensitic‘transforna-
tion and no Iuders band is formed. o o
' The stress at which the’strainiinduced nartensite oceurshislincreased_
by increased.'prior deformatiOnvat'500°¢ asishown by'the engineeringf R
stress—strain curves.‘.waeVer, the strain reqnired prior to.the'first
martensitic transformatlon is concurrently reduced by increased prior
deformation. A possible explanation for this relates to the combined
-veffect of mechanical stabilization and the opposing increase of M as &
: consequence of prec1pitation (both c and Mo are removed from the matrix)

The mechanical stabilizatlion of the,austenite'w1th respeet to the
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%k o ."'rc?fb transformation is enhanced with prior deformation as is the yield

ii.:J ”q{i-cf;'hh_ strength, 80" the stress required to obtain the strain energy sufficient

| | o to cause the onset of the transformation is increased, However,‘the,

i chemical M is raised, at least locally, due to the precipitation._ Then,.

Lo _‘[once the stabilizing influences are overcome and the transformation begins_
| | i - due to higher stress, the strain required for the strain induced

- martensitic reaction is less. This is because the austenite is. more

f, unstable w1th respect to the chemical M .i}v - o

tffffV ii_f fltv-:ltj‘f{j Whenﬁa certaln proportion of martensite is fbrmed in thevaustenlte.

.matrix“ the'strength becomes such that work hardening begins in a.manner '
51milar to that obuerved 1n the material ‘not exhibiting the Luders strain.
This point dellneates the end of the Luders strain. |

When the Luders strain was determined by measuring the relative '

areas both inside and outside the Luders band 1n a specimen strained
to incomplete passage of the Luders band, a lO% strain was. observed :

(Fig. 16) From the Nishiyama relationshlp2 fbr the martensitic trans-

! o 1f_ ;‘#5”'1 formation in iron-nickel alloys, there is approximately a l9.5°'shear angle |

;_,va | v;g:",ﬁ;j involved in- the crystallography of the transformatlon. This amounts to a

| :}ffii strain of about 35.&%._ The microstructural observations of the amount of,t
martensite 4in speclmens stralned to the end of the Luders strain (or
equlvalent straln 1n case of Its absence) show that the Luders band con;
talns about 35 vol % marten31te. ThlS was found by integrating the curves

*vf in Figs. 27a through 270.‘ Then the strain due only to the shear component

‘of the transformatlon strain 1s'

£ T T LT EOEET 6.8%

L . ﬂi R This assumes that'the:shear7Strain is, on'the,average, orientedrat,h5°



ke

to the tensile axis. The componenbs perpendicular,do:not contribute
as much to the strain while the components parallel.to the tensile

axis contribute-more.':There is. also'associated with the transformation

21 ' e
a l.h% length change due to the volume dllatlon.- .Its contribution -

‘is;_ 3541 u% Sawhe
Therefore the total straln due solely to the transformatlon straln

is approx1mately 8 8 + 5 = 9.3%. ThlS agrees qulte well ‘with the _

measured straln. &

' It can be postulated, w1th thls evidence, that the Ludcrs stralns o

,observed 1n the metastable austenltlc alloys of thls 1nvest1gatlon are
:{duevmostly to the marten51tlc transformatlon stralns. The dlfferencev.
Tbetween the straln calculabed above and the observed values of lO lj%
.for the Luders straln must be contrlbuted to the plas+1c straln of the

“'austenlte outs1de the Luders band and perhaps to some deformatlon of the

'austenite as a result of the transformatlon stralns.' The surface topogra—vf'

phy'of the austenlte outs1de the Luders band shown in Fig. 16 is ”

ample ev1dence that some plastlc deformatlon occurs prlor to the passage e

of the Luders band. It is not known if thls occurs solely prlor to the
onset of the Luders straln or 1s increased durlng the Luders stralna:
The dlstribution of the martens1te as shown 1n Flgs; 27a-27c, where
the amount of martensite‘ls greater near:- the surface of the tensile_‘:
speclmen, is probably due to two effects.: The first effect would be
© due to the biaxial stress condltlons at the Luders band front. vThese‘v
,conditions are more cOnduc1ve to the marten51tic,transfbrmatlon.. The
‘other factor,vpresent'even in the absence of a Luders band, is the ree

duced volume constralnt near the surface° The fac1 fhaf “the erain—» _
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' 1nduced martensite develops first near or at the sirface in the material

whlch had received no prior deformation demonstrates that the presenoe

'v of a Luders band is ncm a prerequ1S1te for the type of martensite dis-

tribution observed. The effect of decarburization has been eliminated
, | .

i as a poss1b1e cause by removal of. about .OlO in. from the surface prior

' to testlng.'

Follow1ng the Luders strain (or equivalent total strain for those
spec1mens not exhibitlng the Luders strain) there is a portion of
the stress-strain curve. w1th a high work hardening rate and work qardening
exponent The second phase, martensite, gserves to increase the WOrk
hardeling rate. The strain induced martensite serves perhaps its most
important role 1n the properties of the metastable austenite in this
portion of the curve.: Regions subject to higher strain will of course,
tend to have the 1argest amount of strain induced martensite appearing.
When an area of gage section begins to neck this area. 1s subgect to a

localized 1ncrease 1n strain. Due to this, an increased amount of marten— :

- site is locally induced. The newly formed martensite is inherently

stronger than the austenite from which it 1s formed and as a result
the necking is prevented at this point. The above procedure repeats
1tself until the stress 1s high enough so that the strength of . the two
phase material is not high enough to prevent necking even in the |
presence of the strain 1nduced\martens1te. This.sequence of events.

is similar to that proposed by Bressanelli and MoskoWitz 1n stainless

steels 5 rT‘his limit 1s probably due to the 1nherent ultimate strength

of the ma.rtensite formed.

Further ev1dence that this process 1g’ limited by the strength of

the strain 1nduced martensite can be provided by observing that ‘the

e
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ultimete true stress in the 10% deformed sample-quenched.intoriiquid
- nitrogen is approx1mately'200 000 psl, while the same material w1thout
Aquenchlng exhlbits a true maximum stress of about the same value.

: Superlmposed on'the-stress~strain curve,'beyond the Iuders strain,
isfa.series_of serratdons consisting‘of verylrepid load drops with
subsequentihigh‘workhhardening"rate.‘ The magnitude7of”these load'drops
increases at higher strains. These load drops have been assoc1ated with o
the marten31tic transformatlon by Zackay et al.l and Chanan1.2e' Thelr
explanatlons inrolve the transtrmatlon strains accompanylng the trans— T
’formation whlch momentarlly.reduces the load._ Bressanelli and Moskowitz =
assoc1ate these load drops with a lopal increese in temperature due to
_ the hlgher straln rate in the necked area. Because of the high straln -r-f
rate at the neck, martens1te forms,rpreventlng further flow. Another
explanation presented by'thls author proposes 8 mechanlsm of strain aglng,'
7whereby‘the mertens1te appearlng durlng stralning is subject to the heat '
of the transformatlon and.. the heat due to the plastlc deformation. "
Accordlng tO"Cohen,as'carbon can diffuse a suff1c1ent-distence-tothave
- an aglng effect in Fe-Ni~é martensite in a matter of seconds or. mlnutes
at‘room temperature.‘ Since the martens1te is certalnly subgect to higher
.than roem temperature, aglng is expected to occur. The freshly occurring
_ martensite is not llkely stressed beyond its yield point. 'However, as
this aging qccurs, with the stress concurrently'being increaSed, the
- yleld strength of the martenslte and the stress are approachlng ‘each
other, The size of the precipitates, as previously mentioned, necessary

'to cause this aging may be too small-to resolve;in the electron microscope.



_with the martensitic transformation.‘

v f immobilized by precipitates or solute atmospheres. Brindley and Barnby
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This aged martensite then exhibits yielding when the stress on it

reaches the current yielding stress causing a yield drop or serration.

The yielding of these martensite plates can cause very high localiVed

'straining in the adJoining austenite causing more martensite to nucleatee

Hence, in any oi the cages discussed, the serration can be ass001ated

g A test should be performed to decide 1f the aging effect is impor-

V.fptant‘ A tens1le test would be run-at a sufficiently lOW'temperature
;but above the M and 4n 2 circulatlng fluid bath to minimize the effect

“'1y,of any'heating,: The absence of any serrations when straining would
..1ndicate the possible absence of the aging effect or support conclusions

,“of Bressanelli and M’oskowitz.]f5 The test would then be stopped below'

the maximum load and the specimen warmed to room temperature fbr a period'

| li of time then reloaded at the original test temperature. If serrations '
*then appeared, the aging mechanism for the serrations would be said tov
;be a factor.: Two Russian 1nvestigators2u zeport serrations in the:
'vstress-strain curve of a hydrogenated nickel alloy while these serrations-
”;were absent when no hydrogen was' present, They show that the serrations

"-are due to.a strain aging effect where some of the dislocations are

25

vshow stress-strain curves of mild steels underg01ng dynamical strain aging
."sfwnich are very similar in appearance to thosa obtained in TRIP steels
.ilwith the serrations occurring in the strains fbllowing the Luders strain._
‘*SThe possible occurrance of such a mechanism is enhanced in the material
_‘under_current_investigation since“the martensite, when‘first_formed, is "
- T:not'beingjplastically”Strainedband a_large number‘of‘the dislocations

- are not moving.
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" The fact that hany;vbut not all, ofvthe gtrain induced martensite
plates oceur at an orientation with respect to the’ ten51le axis equiva- .
lent to the necking line of the tens1le 1nstab111ty in flat strlp tensile
, speCimens,leads:to the conclusion that two factors may contribute to the
morphology;of the martensite, : | i
y>"-The first factorais.the‘general slipfoccurring as a resultjof.v
uniform plastic deformatnon of the austenite, ln this'case the marten~
?s1te plates would most llkely'form in such a manner as to'best relieve”
'_the straln energy commensurate with requlsite.crystallographlc relation-:

ships.' Such a straln induced martens1te would, therefore, giVe a

J4
,morphology termed "Bracket"’martens1te by Maksimova and I\Iikonorova.rr_)'O

-They report that the criterlon governing the arrangement of the straln
induced martensite plates is that of maximum relief,of the applied stressq_'
This is best achieved when the : defbrmation produced by each martensite ' |

' plate has at least a large component in the direction of stress.' This

leads to the production of martensite plates JOlned in pairs at an Q'

27 Figures 23b and 2§c show many 1nstances where martenSite
‘ grains are JOlned at. obtuse anglesa ThlS may explaln, in part ithe

. difference. in: morphology'between the strain induced and the athermal

martens1tese:' |

The second factor is related to.the state of stress acconpanying-the .

| nécklng.. This highly biaxial stress condition lying at. about 5h 7 (Ref 19)
toﬁtheften81le axis ‘tends torpromote*the strain induced tranSformation by re- ,

ducing the elastie'volume:constriction'whichgis then added to the increased

amount of shear strain present in that region. The martensite so formed



' thermomechanical treatment then quenched in liquid nitrogen were len~ -

, ticular in appearance With the "lightening-bolt" relationship between ‘

9.

.-would,'of.course, tend to form only upon the- start ofvnecking and would -
vfoften 1ie in planes parallel to the necking line. The orientations are,
,fof course, limited by the necessary crystallographic relationship.
'Figure 24 shows these plates as. they‘are related to the tensile aXlSo
.-After the transformation the necking would, at this point, be stopped

-'and it would proceed to an adjacent area explaining the existence of

parallel martensite plates shown in Fig. 2h
The combination of these two mechanisms is most often the case and

the resulting morphology of the strain induced martensite found in- the

'f‘ gage section of a tenSile speCimen is a mixture of both types of mor-

'.pphology as seen in Figs, 21& and le.

A third type of morphology of the strain 1nduced martensite is

o .observed only in the tensile specimens of the material which had’ been

l'austenitized w1thout receiVing the thermochemical treatment. As shown

S

'in Fig: 2lc, this martenSite appears to have no particular‘orientation
;‘relationship with respect to the tenSile aXis. It does-not‘formhin-.
:tjlarge amounts until late in the tenSile test when necking has progressed c
:extensivelyo_ The reduced volume constraint appears to be a magor factor
{}here and the martenSite then forms in the morphology which best relieves

_the stress condition eonsistent, of course, with the requisite crystallo-

.';graphic relationships.,h

The athermal martensite formed'by codUng'kilﬂmnd nitrogen is of much
different morphology than that occurring a8 a result of strain. Figures

25b and 25c show that the martensite formed in the’ materials with prior
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. neighboring platesa ‘The se llghtenlnb~bolt-11ke nlahes become more
-clearly dellneated in the materlals that haa recelvcd some prior-
rdeformaflon at 500° C° Definite mldrlbs are observed in the athermalT'.

;;marten51te whlle none nercrobsemved in the etraln 1ndnced martcnsit
:The'feason,fQT these'observation3~isﬂprobablV'due.fo-the temoeraturelofh.

'_:hhe reactionev The matcrla] w1th prlor defo“matlon hed been mechanlcelly
Vsﬁabilized,.and therefore;“transformed‘et“a.1ower.temperature.A It shoqu:;
-be’ notlccd thub wnen the marﬁen%1te was TOrmed at a hlgher temperaturc.ﬂ

h (Flga 21), the appearance of each 1nd1v1qual plate, although not 1ts
",ejorieniablon, is very s1mllar to that of Lhe straln induced martens1te__
(Flg. 25b) L i | | | |

The morohology of each plate, tnen, aopears to be a functlon of the

{ ) . ’ ’ L

ftemperature o? formatlon although the ten51le mode of deformatlon tends ‘;ﬂ;T*'

,vto cauae a preferred type of'orlentatlon relationshlp of the plates as }fﬂ

"‘dlscussed before,”:;f'

: The data on ten81l

getrenguh,Aworh.hardening exponent vwofk herdenedfhi'u

ing rate and tObal elonéatlon when measured in tens1le specimens cut at
h5 and 90 to the rolllng dlrectlon.all showed near]y-the same nronen—

,tles 1n the C and 90 spe01men9,, The h5 spec1mens showed 1ncreases:

: ' .'~ _'w;: o iln ten31le strength work hardening rate anu exponent(and -a decheese/ln

.total elongaulon.: The yleld strength varﬂaulon w1th orlentatlon wes bf

- negllglb]ec.T

Thls Varlatlon with orlentatlon cen and should be dlscussed in termsl N
- of tne amount of marbrns1te occurrlng durlnc stra1n1ngo FLgure 8 shows =

how the amount of ma?tensite, at tensile 1&11UT€, vazled w:th o13ertabvon.
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- This shows that the specimens cut at 45 te the PDA rolling direction all
, had the highest amount of martenSite. As mentioned’in:the preVious

‘discussion, the occurrance of the strain induced martenSite is what

results in the properties of high tensile strength, and high work

g hardening rate. The total elongation is limited by the inherent strength

-of the martenSite and the pOint during the test at Which it is nucleated.

Figure 10 shows that with increasing prior deformation up to about 20%

’ the tenSile elongation reduces, indicating that the strengthening effect

prior deformation has on the subsequently formed martensite is more than

offset by'the fact that the martens1te is formed early in the test and

.'reaohes a_maXimum With less strain. Thenvits potential to prevent necking

is e#hauStédi{g"Homever, with a further inerease in prior deformation.at 500°C

":thé.austenite'becomes?morelstabilized,andhthe elongation‘appears‘to’take
ian”upward”swing. In this later'case; Only'the higher“amountsvof strain

' accompanying necking w1ll induce the transformation°

| The question as to why the 45 specimens formed more martensite

'::is eaSily answered by conSidering the composition modulations discussed
;-earlier. These modulations are schematically portrayed in Fig. 19 along
‘with schematic portrayals of the gage sections of tenSile specimens

'm,cut at O y b5° ,vand 90 to the tensile ax13¢ The cross—hatched bands
.3in this figure represent regions where the alloy'concentration was high

| iand the subsequent M lower than the material in the light bands.> The
: light bands are, therefore, less stable With reSpect to the martensitic

: transformation than the dark bands."

Tt can be seen that by any of the proposed mechanisms of strain

-induced transformation there would be less restriction to the propagation
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of martensite plates considering the chemical stability. onlys The.

T

longer "free path," with respect to‘maximum_shear stress and the necking’
line are greatest in the 45° sneCimens'and about the'same.ln 0% and 90°
spec1mcns. Ifithe pronerties are'due mostly tO'the;martensitic trans—
'formatlon, as postulated in thls dlSCuSSlon, then those condltlJns most
favorable to- the marten51t1c transfohmatlon would be those most favorable)

'to the hlgh ten51le strength and high wozk hardenlng rate and other

.associated propertles. This is exactly the situatlon observed in that

the modulatlons are obviously'present as are the dlrectlonal propertles. o

' Elimlnation of’ the chemical modulations would, -therefore, m:nlmlae

“the dlrectlonal prOpertles leaylng only‘the-variatlons due tovtexturlng{
isubseduent to thls-inVestigatlon-tests ﬁéré nade’to determlne the.

condxtlons necessary to ellmlnate the chemical modulation. It was>found"
that a 1250 c- austenitization fbr no less than four hoursvwas requlred
vﬁto‘remote all traces of the chem;cal modulatlons present after:castlng
.”and'eubsequent forging. | | | |
| . The thcrmomechanlcal treatment was conducted at a tenperature near .
fAd o) that large amounts'of defbrmatlon are potentlally'pos51ble without_v
the poss1b1l1ty of strain 1nduc;ng marteneite;and;.as_a‘result, nuch'

higher strengths may'be'pQSEibled o S e

4



"the prevention of tenSile instability;fi

Y. SUMARY

l. The Fe—22 6Ni—h OQMb-.ESC alloy, when given a thermomechanical treat-

”htment of deformation at or ‘about the A temperature, produces a metastable

} austenite with high strength and excellent properties with respect to

o

'-h,é, The properties of high tensile strength and high work hardening
‘_rate are closely tied to the strain induced martensitic transformation;a
htWhen modulations of composition are_present inithis material,'directional

".properties are observed.t | | | | | | |
: BH The stressestrain curves.of this material exhibited a Luders strain,
’:prov1ding there was 20% or more prior deformation during the thermo—
’umechanical_treatment.‘ Below this amount of defbrmation no Luders strain.
".lwasfnd%iééa., However, when considering the true stress—strain relation-
‘iship to be according to c K_'_all materials'shOWed a change in slope"
i=of the log o-log e curves at strain commensurate w1th the formation of .
.'vii:about 35% martens1te. Beyond this strain, the curve is a straight line
v.‘ and the slope is considered the work hardenlng exponent.: The value of
'work hardening exponents obtained range from hh to . 67.
.t.h | Superimposed upon the work hardening part of the curve are serrationsn

Three possible mechanisms are suggestedx o

One is that local heating caused by‘the high local strain rate

'associated with local necking results in a load dropp- This high strain o

causes the nucleation of martensite which prevents further necking at

 that point., o
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5@ Another explanation could he that the transformation;strains
occurring during the,formation>ofimartensite'cause an‘imperceptible
| strain. Tt is largelenough,.though; to cause‘a load.drop.~vThe magni—_
tude of these load drops (for the same transformation strain) would .
»~probably'be increased after the maximum load where necking has reduced
pthe cross- sectional area. | . '
}cc A third mechanism may~be one involving strain aging where the °

. load drops are caused by the classical ylelding of aged martensite on‘-‘

a local scale.,‘

.hi The room temperature strain induced martensite is of a much different ‘
morphology-than the athermal martensite formed . from deformed austenite

by quenching in 1iquid nitrogen. The morphology of the strain 1nduced may-
_tenSite is however similar o that formed athermally from an annealed
austenite. The temperature at which athermal martensite is. formed
'vappears to govern the morphology in both the deformed and annealed
_w%@mg.“ _ .: | . | _ .
5.""Maﬁy of the.strain induced.martensite platesvlined up'parallel to :.‘h
tfthe necking line of flat plate tensile specimens indicating that at

least these plates were nucleated during localized necking.' The observa-
~tion that many such parallel plates existed along the gage section indicate
~ that necking was stopped by the formation of a plate proceeding onto an -
v-adjacent.areagg This process then repeats itself resulting in the retar-
dation of‘necking and hence the enhancement of elongation is realized.pv»
Ee The techniques used inppreparing-this material uere such thatia

highly inhomogeneous distribution of alloying elements resulted. Sub-

Bequentvbperations aggravated these chemical modulations'and,during»the'



iv”final thermomechanical treatment there resulted a highly'banded micro-
‘structure. As a result of this banded mlcrostructure, the tenslle
*properties showed directional varlatlon with respect to the rolllng

direction.

: VI. |RECOMMENDATION FOR FUTURE WORK

:_l. In order to prov1de a; more complete understandlng of the TRIP
_ phenomenon, work should,be carried out-utlllzlng 31nglevcrystals-to,
'study'the strain induced martensitic transformation and large grain

-polycrystals to study the process1ng varlabLy.

'2)’ Homogenlzatlon at hlgh temperatures fOllOWed by 1ce brlne -quench

bvprov1des a homogeneous materlal,'~However, the propertles Of[thls material
: after the subsequent TRIP proeesslng are not the optlmum. “An. investl;_
"gatlon of homogenlzatlon temperature and the temperature from whlch the
: quench'ls 1n1tiated should‘be earr;ed:out-WIth a-v1ew to opt1m1z1ng

.these parameters.

3. ' One parameter Whlch must be 1nvest1gated 1s that of the temperature_

| loss through the rolls. The rolls are at a lower temperature than the

spec1men and the heat flow effects are not known but are expected to be

con81derable in thelr'sectlonso '
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FIGURE CAPTIONS

p'Room:tempereture_
1vhaving had prlor
. Speclmen was cut
TKRoom temperature

.hav1ng had prlor

Specimen was cut

“direction.
Room' tetiperature.
h%ringihad:prier;
’:_Spee{mehIWas cut
_'qu& tempéretﬁrei

;;_h@%ing'hAqlﬁfior

' Specimen was cut

Room teﬁperatﬁre

o haV1ng had prlor
':_ Spec1men was cut

“Room temperature

engineering stress-strain curve for material

deformation of 20% by rolling at 500°C.

_parallei tO'the‘rolling direction.

engineering stress-strain curve for material
deformatioh‘of EQ%ebyvroIlihg at EOOOC,

from the rolled strip at 45° to the rolling

englneerlng stress-straln curve'for materlal .
deformatlon of 20% by rollmg at 500°C.
perpendlcular to the rolling dlrectlon..
englneerlng stress~straln curve for material

deformatlon of 10% by rolllng at 500 C

'parallel to the rolllng dlrection. '

englneerlng stress—straln curve for materlal

deformatlon of 50% by rolllng at 5oo c.
parallel to the rolllng dlrectlon.

yleld strength and tensile strength for

”’-'varlous amounts of prlor deformation (O lO, 20, 30%)
:500 C as a functlon of the spec1men orlentation With respect
j‘to the rolllng dlrectlon.
‘;onrk hardenlng exponent npn for tte materlal w1th various
'1amount° of deformation at 500 C (O 10, 20, 50%) as a functlon'
" of the speclmen orientatlon w1th respect to the rolllng dlreotion.

‘Volume A marten31te in ten51le spe01mens tested to fallure for.

.va'rib’us amounts of d_e_formatl.on (lO 20, 30%) as a functlon of .
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-Fig.

Fig.

_Fig.

| Fig.
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-the orientation of the specimen with respect to thevroiling

.7

direction. Measurements Were made by magnetlc saturlzation
technlques in the v1c1n1ty of the fracture after Troom tem— ‘

perature ten81le test‘A

vTOual elongatlon in room,temperature ten81le tests for varlous
» amounts of prlor deformatlon at 500 C (O, 10, 20, 50%) as a

funct;on of the orlentatlon of the speelmen.w1th respeot to ti*

thetrolling'directiono R

-Total elongatlon 1n room temperature ten81le tests for spenlmens_

cut parallel to the rolllng directlon and at 45 to the rollinor

‘ dlrectlon as a functlon of the total amount of prlor deforma-v'

tlon at 500 C

Work hardenlng exponent it for various specimen orientatio’ns“' '
vw1th respect to the 500 ¢ rolllng dlrectlon ag: a function of

.'the amount of prlor deformatlon at 5OO C.

Work.hardenlng rate "dc/de” in room_temperature ten31le test

, for Varlous orlentatlons w1th respect to the 5OO . rolllng

dlrectlon as a functlon of amount of deformatlon at 500 C._.‘

'do/de taken at € —'.l5~

Work hardenlng rate "do/de " oin temperature"tenSileutest for

varlous orlentatlons w1th respect to the 500 C rolllng direc-

: tlon as a8 functlon of amount of deformation at 500 c. dc/de

taken at € = 20.

| Work hardenlng rate "dc/de in room temperature ten51le test

for various orlentatlons with respect to the 500 c rolllng

.dlrectlon as a-functlon of amount of.deformatlon at‘5OO C.

do/de taken at e = .25,



Fige 15

a-J

F]go lO

La—d_A

‘hlt E

log true‘stress ve. log true strain plots for the stress strain
curVesbobtained’in'this investigation. Note the straight line .

sectlons all occurrlng beyond about the same straln. IttWas in

»'these sectlons that- the work hadrenlng exponent n" was measured.
-'Tens11e sample- Whlch had been propollshed then stra:ned at room
‘ftemperature 3 5% The materlal had received 50% deformation by

_rolllng prlor to cuttlng the tens1le sample parallel to the

rolllng dlrectlon. Note the occurrence of.con31derable plastic

deformatlon out51de the 'Luders” band'and'markedbsurface up~-
heavals 1ns1de the "Luders" band. Atathisistage'tbe area inside

the qLuders bana was strongly attracted by a hand magnet while

 that outs1de was not.

Fig. 17

Fig, 18

Cross sectlon of materlal after 30% deformatlon at 5OO C in

'three passes through the rolls. Note the heav1ly banded micro—

? structure. In sone areas, Sllp bands pers1sted after repollshlng

‘and re~etch1ng 1nd1cat1ng that there were some very small—

: prec1p1tates decoratlng the Sllp bands.

Electron mlcroprobe step trace across some of the banded nicro-

‘f structure of Flg‘ l,, Mb L Was measured 1n counts per lO sec.

. TFig. 18

Simllar traces detectlng 1ron and nlckel falled to. show any

31gn1ficant varlatlons ag the trace crossed the heawy bands.

Schematlc protrayal of. the materlal after thermomechanical
treatment in Whlch solute concentratlon is modulated as a
_result’of the incomplete}homOgenlzat;on and the heavy ‘bands

of preCipitation.'\These chemical moduiations then lead to

) modulat;ons'of'MS'temnerature'across the structure. The three



'~ Fig. 20

Figs 21

Fig. 22

Fig. 23

oo

tensile specimen orientations are portrayed along with the lines

of maximum resolved shear stress and the necking line. Note

~that the necking line and maximum shear stress are approximately

parallel to these bands of variation of ‘M.

a) Bright field transmission electron micrograph_showing some'
offthe larger precipitates in the bands of the'microstructure;

b) Dark fleld mlcrograph utlllzlng the two- dlffraction spots

1nd1cated.» Note that the two prec1p1tates llght up. c) Selected'

_ area_diffractlon pattern contalning both of the pre01pitatestwhich

»Vreversed eontrast in the dark field. Two HCP dlffractlon patterns

of M02C are superimposed'on the FCC matrix. As indexed, both’

pre01p1tates are of the (125) o orientatron whlle the'matrlx“is7
Moo S , ST L
of a'(llO) orlentatlon.

Optlcal micrograph of austenltlzed materlal w1th no deformatlon-

quenched to a temperature gust below the M s Note how the mar-:

'"ten31te forms in parallel'bandsf

vTransmlssion eleetron mierographs of:the material~with variousﬂ
“thermomechanlcal treatments. o | |
la)l.Austenitized with no'deforuationbat‘5ooécz

1) Austenitized with 106 deformation at 500 C. Note-the

cellular dlslocatlon substructure

e) Austenltlzed with 30% deformatlon at 500 C.' Note the

almost complete absence of a cellular substructure.
Micrographs oftstrain induced martensite.l‘

a) In necked region of the tens1le spec1men havlng had no
no deformation at 500°C. Testlng done at roomttemperature.

b)) In materlal hav1ng had lO% deformatlon at 500 C and then

stralned lﬁ% at TOoOMm temperature.



¢) In materlal having had 20% deformatlon at 500 C and then .
stralned 15% at room‘temperature. .

-«fig. Eﬁ: ;Strainvinduced martensite as it appears in hany'areas ef.the
: "teneilefebecimens. Note that the parallel arrays of the mar -
'} l - ) tens1te llneup approx1mately 55 from the ten31le axis. In
T :4 2haithe small grain in the center of the flgure'seems to_have
disrﬁbted the pattern;of the straineindueed ﬁartensite;' |
’vFig;'QB- Tranemieeleh‘eleetron ﬁicregrabhs ef straih-lnduced martensite.
};The materlal had 20% deformation at 5oo c followed by 30%
‘:elongatlonvln tenslonvat room temperature. There appears to be
: no tw1nning or observable pre01p1tatlon except the large particles )
"carrled_oyer,from}thevbanded austenite as sbgwn in Fig, 20.
.ﬂfig; 26v;.TbeibelleheditenSile speeimeﬁvetrained'5%.ia'tensien at room
| '£émpé£é£ﬁfé. Thiexmaterial.bad’receiVed-bo prier defermation
E ?'at 5oo c | | R | |
Figs é? Varlatlons of‘amoantvof.marten31te w1th dletance.from surface
'of tenelle sbeclmens stralned 15% at room temperature.
't a) Material with 10% deformatlon at 5oo c .
b): Material w1th,20% deformatlon at 5QOrC_V
S ‘:e)‘_Materlal with’ﬁo%'defgrmatiqﬁ.at 500°C
_AFlg:tQB,;'Micrbstruetﬁres Qf,athermally forﬁed_martensite?obtained'by'
| i:coeliﬁg to_4i96?c;in liquiq‘ﬁitroéeh; | | -
: a) >Materlal with no;prior deforﬁatien_at 50d°C
'b) Material'with 10%»§£i§r deformation at'500°c
e) Materlal w1th.30% prior deformation at 500 C

a) 1Mater1al Wwith: 20% prier: - deformation at 5oo C, face of
~ .rolled strip



Fig. 29

Al

e) Material with 20% prior deformation at 500°C, edge
cross section of rolled strip

Differential thermal curve obtained by heating the martensite
sﬁeel; 'The_Vertical scale 1is proportipnalvto'the'difference

between thé”specimén aﬁd Ni standard,températures, The sudden

‘change in slope corresponds to the As temperaturefwhéré the.

martensite to austenite endothermic reaction begihs, causing .-

the specimen to become relatively cooler.
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This report was prepared as an account of Government
sponsored work. Neither the United States, nor the Com-
mission, nor any person acting on behalf of the Commission:

A.

Makes any warranty or representation, expressed or

implied, with respect to the accuracy, completeness,

or usefulness of the information contained in this
report, or that the use of any information, appa-

ratus, method, or process disclosed in this report
may not infringe privately owned rights; or

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

As used 1in the above, "person acting on behalf of the

Commission” includes any employee or contractor of  the Com-
mission, or employee of such contractor, to the extent that

such employee or contractor of the Commission, or employee
of such contractor prepares, disseminates, or provides access
to, any information pursuant to his employment or contract

with the Commission, or his employment with such contractor.








