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THE ENHANCEMENT OF STRENGTHENING DISLOCATED MARTENSITE
I-lln Cheng and G Thomas

'Department of Materlals Sc1ence and Englneerlng, College of Englneerlng
University of Callfornla, Berkeley, California

ABSTRACT
The bésis 6f’this»§ork was”the lnvestigatloh”ofimﬁrovlhg the
tensile properties“of disloeated maitehSites by dlstersibh of pre-
ciﬁitates in the aﬁstenite Eiiég’to theﬁmartensite transformationl
Two types of prec1p1tatlon hardenable austenltlc alloys were used One
_ is based on Fe—22N1-hMo-O 28C where the preclpltates are M02C and are
‘obtalned by ausformlng and aglng, and the cher 1s‘Fe—28N1e2T1 where
the precipitatesAafe'the coherent FCC y' (Ni3Ti) ordered phase obtained
_by-ausaging. : |

After the austenltlc dlsper51on treatment both alloys were trans-
'formed to marten51te hy quenchlng to 'liquid nltrogen and the properties
‘measured and compared to martens1tes obtalned by conventibnal heat
.trestment (i.e. no treclpitstes in austenite). fhe results show that
prior dispersiohs incresse the strength ef martehsite and this is
interpreted‘as heihghdue to sn.:increaSe_in dislocation dehsity
‘resulting frem dislocatieh multiplication at the particles during
the y - Ms transformation.

Ih addition,.the stabilities'ef the aﬁStenitic alloys are such thet
vﬁpdhvcertein‘agihg treatments, the‘alloys'trsnSTerm partiallv tokmarten~
_site:(due to precipitation),and "comPOSite' materlals are obtained whose
strength depends on the voltme fractlon and yleld strengths of the phases

present.

¥ Presently at Bofg—Warher Corporation, Des Plaines, I1linois 60018.




1. INTRODUCTION N

frocesses for obtalnlng hlgh strength steels 1nvolve various

-thermal and thermal—mechanlcal treatments; e.g. ausformlng, whichv
eventually produce marrensitic structures. Houever, apart frpm
aquorﬁing; 1iftlebi$ kuowu”about the erigin and.character of the
éubstruerure"of'tbefmartehsite produeed.by'otherbcemplex brdeesees
and ite'relationvtq.mechaAical'ﬁroberties. This paper explores
this“prébleﬁ andIWaysjef”duplicatihg the benefits of ausforming
Without‘requiriﬁg plastie deformatidn as a stage in the prdcese.d
It ia’uaeful first tdtreView what‘ia‘kﬁeun about:ausformingr |

" Ausforming isbaithermomechanieai"treatmept,'whereby the meta-
| erable»austenite'is'defbrmed ar eleuaredbtemperatuneS’before'iso—
tbermal deédmpositieb‘takeé_place and then'eodled roballbwvrhe'ﬁarten—
site.transfermationﬂtobeeeur; . The mechanicalvproperties of ausformed
uarten31te in’ steels contalnlng carbon and’ carblde formlng elements,
are in general superibr to those obtained by convent1ona11y heat
treated martensite, for example, the ‘tensile strength may be increased
by as much as 307 with generally an: 1mprovement in duct111ty.1,10

It has been shown that carbides are formed during deformatlon of

metastable austenlte, e. g by direct observatlons 051ng electron
micrpscopyl’z and 1ndirectly from the observed increase in Ms temper—
ature_8 vThese carbides may pin the dlslocatlons lqbausrenlre 80
'1tbar rhey are not_likelﬁ'to.be SWept:éway by the aduaneing marrehaire
- boundaries ansubSequeatvmarbedaitic'transfprmatibﬁ;' Cdnséquenbly,. |

the dislocations :may be retained inithe resulting martensitic structure.



'The merten51te.transformatlon.1tself generates d1slocetlons end by
1nteractlon and multlpllcatlon at the carbldes the total dislocation
den31ty can be very hlgh compared to normal marten51tes. This applles,
provided the transformatlon shear 1s slip and not twinning. The reSult- .
1ng hlgh d1310cat10n den51t1es hawe been suggested to account for the
1mproved mechanlcal propertles.2

It appears, therefore, that strong tough marten81tes require.
conditions favorable to maximlslng thelr dlslocatlon den31ty Control
of comp051tlon is essentlal in order to ensure the formatlon of dis-
located marten51te, viz. that the concentratlon of carbon and other
- alloying elements in austenite Just prior to the y-a transformatlon
sls low enough11 (e g; earbon <.0.3%). In the case of ausforming'the
'austenlte is diluted by deformatlon ‘of -the metastable austenlte The
questlon then of max1mlslng the dlslocatlon denslty is one of max1mls1np
‘dlslocatlon multlpllcatlon durlng transformatlon. As is well known
from dlsper51on hardenlng, preclpltate partlcles are very effectlve in
causing dlslocatlon multlpllcation durlng plastlc flow and.51nce thev
.Y—a marten51te transformatlon 1s a special type of plastic deformatlon
| and which produces unlform but dense dlslocatlon dlstrlbutlons it is.
'suggested‘that-diSpersion strengthening austenite followed by phase
;trensformation to dislocated:martensite might produce the maximum -
effects of substructural strengthening'
22 .. S

‘ Although these features can be obtalned through ausformlng, -in

vpractlce the. process is lengthy and eXpen51ve “and for maximum effect
requlres large amounts of plastlc deformatlon e.g. in H—ll stee19 11

the strength is: ralsed by about 1000 to 1300 psi per % deformat1on
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: Consequently”it ishdesirable'to.dupllcate‘the‘benetits of anSforming
but ideally with aleinglevheat‘treatment procese and without plastic
detormation. | | | |
Two'types of alloys were used in this research The first one was

'based on an ausformable alloy of Fe 22N1—4Mo-0 28C Wthh had been
. Studied earller.1 2 This alloy was deformed in the austenitic con—
dition and subsequently recovered or recrystallized in an attempt to.
reduce the dislocation denSLty but retain the carbldes. The recovered"
austenite was then quenched to martensite and compared with the normal
_‘ausformed martensite,‘in order to test the basic hypothe51s regarding
the role of particles in enhanclng dlslocatlon multlpllcatlon.

The second tppe'was an'Fe;ZSNi—ZTi alloy, where'proper.aging
‘ of?the austenite . (ausaging) is known to produce preclpitatlon
of Yl (Ni3Ti) particles.lz The microstructure and mechanical propertles
of the.martenslte qnenched from ausaged specimenslwere then analysed
- in order to help nnderStand the role playedtby precipitates”or particles
during the martensltic transformation. During the innestiéatiOn mixtnres
" of auatenite anddmartensite were obtained after certain aging treatments.
This phenomenon was related to the stabillty of austenite. 'Since Ms
temperature is known to be depressed by nearly all alloving elements
'except Co, the depletion of solute atoms from the matrlx by precipl—
tation should generally raise the Ms temperature (see e.g. ref. 14),
Consequently, martensite should form partially after cooling to room
temperature. The resultlng mlxed-phase_structure-would prov1deean
interesting aspect; Work done on 304 stalnless steel15 has shonn.that‘._

;

the yield strength of. a mixture of marten81te and austenite was 11near1y



. ‘)4-"

proportionsl to the amounthofrmsrtensite regardless_of what kina of
treatment was performed-to form 1t In‘the présént case; because

both the martensltlc and austenltlc phases were: strengthened sub—
structurslly, e.g. by dlslocatlons and preclpltates, it is of 1nterest
.to determlne the effect of these strengthenlng parameters (QOrk hafdeﬁ;
'1ng, precipltatlon hardenlng5 etc. ) on the overall yleld strength
attalnable of such "composites' as a functlon of the amount of martens1te

S II. EXEERIMENTAL PROCEDURES*
A. Material | | |
'wa types of'alloyjcontéining-Mo and Ti resPeetively were used in

thls study;'”For the sake of COnGenience, the Mo containing alloy ls
vassigned estTyPe 1 élloy’end the'Ti;alloy aé.Type’II. Table I lists
their chemical compositions. Type.lI alloY‘wes'kindly sopplied by
-International Nickel Company throdgh bf. J. R, Mlhalisin;

TABLE I Chemical Composition of Alloys (Wt.%)

Fe TN " Mo CTi . c
Type I - bal = =~ 21.67 '4.11‘; C —_— T 0.24.
Type IT . bal . 27.69 === . 2.01 0.005

-B. Tﬁermal and Mechanical Treatments

(1) Type I ailayﬁ

The 1ngot was cast in‘a vacuum.meltiné furnace, It was nomogenized
flrst at 1250°C for three days and rolled to 0.125" thlck ‘blank aftex
reheat1ng to 1000 C. The rolled sheets were then annealed at 1200 c for
two hours and ausformed. by heating in a. 500°C furnace followed 1mmediately

by 3Oé_reductron_1n thiekness; The products_were'waterequenchedvafter

* Cnmplete experimental - details are ava11ab1e in UCRL rep. 19196 (Pn. D.
thesls, I-L. Cheng L v . ,



s

rolling. Tenslle test:sneet speeimens‘and coupons"for measuring Ms
temperatures, x—ray dlffraction‘and transmis31on electron and opt1ca1
microscopy were machlned from the ausformed sheets.

‘The samplesAwere vacuum—sealed in quartz tubes for subsequent
.anneallng treatments at temperatures of 500 C and 600° C resPectively
Martensitic structures were obtained byvquenching-the annealed spec1mens
into liquid nitrogen. |

T (2) Type 11 alloy

The materials were received as hot—rolledvsheets of about éO mils
in thi;kneSs; from which tensile test‘Specimens an& coupons werevmachined.
:The'sempleS»were then solution heet'treatediln argon'atmosphere:et 1100°C
for two ﬁoursifollowee by:rapidrwater”ﬁuenening. It‘shouldvbe noted
here‘that a higﬁ quenching rate was'yery important;'as, otheruise;vthe'
Ms temperature could be raised above room temperature due to the précipi-
tation’of N13T1. Aging treatments were performed at 300° C 500 C and
§OO°C for vsrlOus periods of time.. Subzero temperature cooling was done
in liquid nitrogen (LN), and a mixture of liquid nitrogen and methyl
alcohol (LNA) at about -100° C. ' ' “ o | o .

l C. Physlcal Measurements

. Both Rockwell-C hardness_anq Vickers miero—hardneSS measurements
lwere'nerformed onfallfspecimens; except somelspeCimens in alloy,Type I1
where theynwere:too:soft for_k-C measurement. Tne use”of micro—hardness
masﬁto ensure there was no transformation of the.metastable austenite
to martensite by lndentation. |

- Tensile teStsvwere‘earried out on anvInstron:machine with a eross;

head speed of 0.05 cm/min.



The martensitic transformation tempefaturé.was measﬁred.by'differ-
ential thermal anaiysis,f&here_thelapparatus used was very similar to
that of Goldman, et.'al,.16 ZThe'amountsvof austenite and maftensiﬁes

| , IR ; 0 15,17-19
were determined by x-ray analysis as described previously.

D. ;Metéllographz

Specimens were e*amiﬁéd in a Cérl Zeiss 6pticai micrqscope;
Thinifoils”for transmiSsién électrén miCroscééy were prepafed by
electfopolishiﬁg'in'the well-known chromic acid-acetic écid solution
aftér ihitiél cﬁémié&l thinning in a hjdrogeh peroxide bath. AASiéﬁens
100 kV electron microscope was uséd:and.dérk fiéld_aﬁd diffraction |
:anaiyses were'routiﬁeij performed parfiéulérly-to'évéid ambiguities
»in.ihterpretatibhldf muitipﬁased structures.2"

B Fractogféphy was carried oﬁt direéﬁly in.a'FEL U3 scanning éiectron
'éicrOSCOpe 6peratéd ét ZSikV.. |
1. RESULTS

A. Martensitic Transformation Temperétdfés

'(i)'Type I alloy:

" The Ms tempefature of'thg és*déforméd austenite'was fouqd.to be
~about -85°C. Howevef, after the anﬁealing treatméﬁts.of the metasféblg-
auS£enite, thélMs tempéfatﬁ:esvwére faiéed.fig. i.' This wés showﬁ by
'eleétfqn‘micfoétopy'to.bé.due to garbide'pfeéipitation. After 600°C/5b0
j ﬁour.anﬁealing, the Spgciﬁéns Qere réndered'eéseﬁtia11§ ﬁarteﬁsitic. |
frdﬁitﬁé daté of fig;'l;.iﬁ waé'possiblevtq cal;ulaﬁe tﬁe.activation
' énergy f§r this,preéypitatidn process, which was ~ 60 k_éal/mole. This

value is of the right order of magnitude for diffusion of subétitutional



selute etoneih Y ircn;?an&vis eiso Very clese te'the value reported
by Themae;.et a1.} from analyses of the Portevin-Le Chatelier effect
.in_thié*ailoy;v |

'(2)'Type 11 alldy:‘

As in the case of fype I, Ms temperatures were generally raised as
a result of'precipitation.: However, after 500 c/1 ‘hour aglng, ‘the Ms |
temperature wasvfbuhd to be 1owered froﬁ ~ —60 C (the unaged austenlte)
te ~ —90°C, and conseqﬁeﬁtl&, the emodnt of mértensitic'pﬁase.trans—
qurmed was smaller as detected by x-ray diffrection analysis. A
- possible explanatioh:fqr‘the decrease in Ms temﬁerature will be giveﬁ
Eih a'leter‘sectieh{ -

‘ Fig;'Z-giveé the.volﬁme fractiqn of ﬁartenSite'determined by x-ray

t ena1ysis,_With”drfferent thermai treatments;v Curve ﬁa" shows the
amount of martedeite_iﬁereasiﬁg.elmoet;linearly with time during enneale
ing the austenite_efter-a certain "incubation"iberiod'-— beyond which
.thelMs'temperetdrésrﬁere,above_roem'temperature._ Curves "b"vand "'
both show an iﬁitial decrease and”tﬁeﬁ a small:But steady ;ﬁcrease in
the'amount'of martensite. As mentioned earlier, there was a.loeering
in Ms.temperatere et'this particuler annealing Etagelﬁhich can aeeord-

ingly account fortthe lowered o emoﬁnt.'

» B;‘ Mechahical'Prqperties‘ ’

(1 vapefI alloy: | )

. The resuits are shown invfig..3; Fig.JB(b)vShdws the_resultsv
of 0. 2% flow stress of the martensite_andrin-the_ease ef aﬁstepitie
conditlon, the upper yield stress. . It is seeh tﬁat there_was_efdrbpe

in yield stress upon anneallng the deformed austenlte ‘However, for
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tne LN quenched-martenéiticdsPecimens,'the'variations‘in'flow stress
-arelcﬁaracteriatic,ofjthe"precipitation—ﬁardenable.alloys. This is

a very interesting o01nt and will be treated in a later dlscu351on
Tensile strength values (UTS) are also plotted vs. annealing time
in,fig.'3(c). It appears that the strength levels increase on’
annealing the-defornedzauStenite."This is due to the'formation'ofv
atrain4induced martensite as confirmed by its microstructure.
Elongation curves for'2'culgauge.length of'theCSpecimens'are giVen

’ in»fig.'3(d). It 15 seen that the as—deforned‘austenite has a very
high elongation (55%) and, as the annealing‘progressed; the elongation
values:drop rather draetically, uﬁereas the-elongation valueé'for the -
LN cooled»SpeCimens do not behave'similarly'to their fparent" nhase,
i.e,,,the”curves'are rather flat initially and decline'very‘slow1y at
longerrannealing time.

There are some other interesting features regarding the tensile
properties. Firstly, there was a pronOuncedvyield dropron the stress-
' strain curves for tne-ae—deformedfaustenitic specimens, and.this-.
&ield dropvdecreaSed in magnitude upon annealing_at tenperatures
where the mechanical properties showed significant changes,,etg.v600°cl
’jSecondly,fafter'several“percent of straining the austenitic specimens,
_serrations appeared on the stress-strain curves, and - an audible click
sound could be heard. . This phenomenon is nelther due to the P01telin—Le
Chatelier effect as the testlng temperature was too low (room temper—
ature)ato account for it, nor due to mechanical twinning of the
auatenite as the product pﬁase.was ferromagnetic;‘ Therefore;:the

serrations must be the result of formation of martensite during
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straining ' Thirdly, for ‘the austenitic Specimens, if the differénce
in strength values of the. UTS and yleld stress is 1ndicative of'the-
-amount of work hardening, then from fig. 4 it 1sgseen that there is
a linear increase in the amount of work hardening (Ao ) with annealing
time}. The abrupt change in Aowu.signifles the occurrence of a two-

phase mixture.c Fourthly,'the difference in- flow stress values of

”v’marten51t1c Specimens with those of the corresponding austenitic

spec1mens may be taken as an indication of the contribution due to

: martensitic transformation,’i e.,‘noﬂm, Again, it appears that AUMI
is linearly 1ncreased w1th the annealing time (fig. 5), which implies
precipitation on annealing may enhance the strengthening effect of the
: _martensitic_transformation. |

(2) Type lI.alloyf

Microhardness values and. tensile properties of this alloy in

e austenitic and martensitic conditions at different thermal treatments

are shown in fig 6(a), (b), (c), and (d) Dotted lines in fig 6(b)
represent the behavior of mixed phases. 1t is- evident that s1gn1f1—

cant. changes in mechanical properties were obtained only after 500 c
annealing For this reason, a detailed study of this alloy was done
particularly at this temperature. Fig. 7(a) gives the variations in
tenSile properties with different isothermal annealing times. Fig. 7(b)
shows the strengthening effect resultlng from tensile deformatlon, |
AOWH (due to strain induced martensite), and AGMT-(due to martensitic
[gvtransformation) as’ a function cf prior austenite annealing time, ,It

hlis_noted that there is a definite increase of Ao values in both cases.

A comparison‘between the tensile behav1or of this alloy W1th
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.>thatbof'type I'Qas also very iﬁtereéting, see'fig. 8. F1rst1y,
| there was no yield drop at the onset of plastlc deformatlon, and
the dev1at10n fromvlinearity en the stress-strain curve ‘occurred at
'muchtlower.stress than that.of-Alloy'type I.‘ Secendly, there was
essentlally no or undetectable serratlon on the stress- stralh curves
in the work hardenlhg region. Thirdly, a hlgher work hardenlng rate
was exhibited for this_allby as compared with that of type I alloy
>[fig. 8 curves (1) and (3); (2) and (4)1.

" -Finally, it-is noted thatvthe stress-strain curves of the as-—annealed
tWo—Phase—mixture SPECihehs.were Very similar to those of.the'LN eooled |
specimens, -except in the ‘case of type I alloy, where serratlons appeared
on the stress-strain curves Just before necking occurred

C. Metallography

-(1) Type I alloy:

a. Microstructure of Austenite:

.The microstructure of the deformed (30%'rolied at SOC°C) eustenite,
hes been shown previduslyl’2 ana this investigation confirmed the
'earlier reeﬁlts that the.austenite contaihe very fine earbidevpartiClee,
which cannot be uniquely jdentified by electron aiffraction, in addition
to dehse dialocation tangles; |

Upon annealing at 600°C the disloéationa have a tendeanhtc arrange
themselres ihto elongated'cells.of various sizea,happreximately-parallel
" to <110>, and the_disloeation density in‘the ceii walls is very high

- _ . _ v . - 7 o
(fig. 9). Dark field analysis showed the'particle‘size to be about 80A.
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' b;f Miorostructdre of Maffensitef

.The mlcrostructural features of the marten51£e phase obtalned
by LN coollng of the unannealed deformed austenlte have also been
publlshed before.l’2 The mlcrostructure of marten51te formed by LN
‘coollng after annealing the 307 deformed austenlte at 600°C/ T hrs is
shown - 1n flgs. lOa b. Generally, a f1ner marten51te graln size
was observed (as was also found‘ by 1lght mlcroscopy) (fig. lOa), and
~ the marten51t1c crystals seem to.arrange themselves, or self-accommodate,
in approx1mate1y the same orlentatlon (fig. 10a) 'Figure 10b shows
a dark field image of a 002 matrix reflectlon which 1nc1udes a carblde
spot and thus reveals the fine preclpltates, ~ 80Rk).

| It is integesting‘to examiﬁe'the mafteﬁsiticlsifoetﬁre wiéﬁ the

parent austenitio phase containsbsizable precioitates, eay 200 *vBOQR.
Hoﬁeyer; in order to obtain this, lohg anoealing times at 600°C,
e.g.,'42—1/2 hours are tequired.' Unfoftunately‘then the austenitic
allof'tfaosforms to martensite on coollng fo rooﬁ temperature;bhence
it was not possible to retain enough austenite to reveal its precipi-
'tatiqnvhardened stfueture. .lhe'oresence of preeipitates caused the
ma:tensitic»boundarieslto be irregular and ‘less well-defined.

‘Tﬁe carbide was identified by electron_diffraosion, and Table 1II
lists:the results of the "d" spacings from several diffractiod |
pafterns. Within ;he liﬁit of electron.diffraction,_the preeipleates
are identified as‘B—M02C,,a'hexagonal eloée-packedvphase."These |

precipitates arevarfanged'in Widmanstatten,patterns‘as ahoWn‘elearly
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in dark field, (fig. 11) .Also-, the mofpholo'gy”of the -pfecipitaces
appears to be e111p501da1 plates or rod—llke, as seen from the mlcrograph.
'~The orlentatlon relatlonshlp between the matrlx; in thls case; marten51te
and M02C rods is very 1nterest1ng | The crvstallogfaphic features of
hexagonal phase, e.g. B‘MOZC and e- carbldes in bece matrlﬁ are well
documented;21 Two different orlentatlon relatlonships differlng by -
a rotatlon of 5°‘in the basal plane of the. h c.p. phase) have been
establ;shed thus fer.' The one'glyen by»Pi’tsch—Schrader22 showed thatt
| '_(611)' /1 (0001)0,C |

(100) // (2110)0,C

[100]1 1/ [2110]%0
' with the [100] , being vthe growtl'} directi‘oh‘ of the Mo,C. carbides. The
ofher»relatioﬁshibiduevto jack23 ehAa—earbide»in_teﬁﬁe:ed.maftensite
is:b | | | |

(Oil)a /1 (0001)

_(‘101)a-// (1I01),

[1I1]_ // [1210], |
‘and is identical to the case of ﬁcp.Ni3Ti.§recipitatien in martensite
in maraging stee’ls.24 -for thevpresent elley,'fig. 12 reveais that
 £he orientation relatlonshlp by Jack is obeyed Thiéeis not surprising
because the pre01pitates ‘must have formed already in austenite durlng
anneallng. - (Ms ;emperature estimated by extrapolatlng in fig. 1 15-
.'fouedato be ~ $0°C up to this stage of annegling). Upon transforming
to martensite, the precipitates were nqt likelyjto be'sheared because
ofvtheir large size, and thus the obser&ed orientation relatienship

- should reflect a relationship between the precipitates and the matrix.
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: before:phase'tfaﬁsformation, iwe.; the{eosteniﬁicEphase;'ﬁBecouSefOf the
close.lattice Match be£weenIfce'adstenite and ﬁcpﬂprecioita;es,’it is
e£pee;ed'that: B - ;
o <111>';//1(00015hcb
JEOR /) [1310]hep
' whereas if the austenlte transforms to martenelte obeying the K-S
-‘relationship,’namely; _ | _ | - .
| iy // 1),
(110] // [111], |
- -as Orientatioo relationship identical to the o}eéeot result can be-
:‘obtained ' Similar reeolts'Were also obtained recently in isooﬁermal"
-decompositlon of & Mo austenltlc alloy .25 |

Aging for longer periods, e.g. 600°C/600 hours, produced consider-
oable coarsenlng (~1000 .~20002); as showo in fig. 13. There was no
v.orlentatlon relationshlp and the precipltates were 1dent1f1ed by
-'selected area electrbn dlffractlon to be FezMoC an orthorhombic phaee}

'

Previous work on overaglng reactions of Mo containlng ferritic allov

 -‘stee1s 26 has shown that if the Mo/C ratlo is more than about 20, the

'1nte:mediate-carbides M23 6 and M‘Cb form»after MoZC and before M6C
and MoC. In the present case, the Mo/C ratio is about 17 whlch |
>»1nd1cates that the above rule might be applled to the- austenltlc phese
ias well. _
| f‘(z), Tyoe_II'alloyﬁf.,
. a. 'MicrostroCtureeof'Austenite:

Austenitic specimens: annealed 500°C for one hour showed'a'strucﬁure
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“which weé'mostly austenite.* ‘This means'that the’auetenite was rendered
more stable by the annealing rreetment’as shown by rhe fact that the Ms
temperature of the elloy at this Stage'of annealing‘treatment was
lowered.' Fig. 14 shows the typicai mierostructure consisring of yery
'finefsphericai particles. Precipitation in thie eystem, yiz. Fe-Ni-Ti,
and age—hardenableieteinless steelsjhawabeen studied-quite,extensively
in View‘of their'good' high temperature,mechaniealvproperties.ll’zs’zg'
It has been shown that hardening in these alloys is due to'rhe preeipi—
tation of metastable y';particies, which are coherent'with the matrix
V ofyc0mposition and poSsessrhe‘Cu3Au(L12) orderedICrystal structure.‘
Coherency strain contrastywasknot detectedvprobably because'the'strain
is very small. ' This is in eontrast to the similar age hardening Ni-Ti
superalloys, where the lattice mlsflt between the Y and-matrix is
large enough to reveal the coherency strain contrast, and the shape of
: the'particles is cuboidaI;30 The particles seem to have a tendency |
tO’linebup in approxinately‘<110>Y._'= -

After 3 hours annealing at 500°C,.the,strueture was pgrtially
vmartensitic'and hence will be treated in thevnent section.

b. Microétructure.of Martensite:

For the sake of clarity, this section will be divided inro tWo
groups, namely, (i) trensformation_of martenSite by euseging only,
.ﬂ(ii)-furrher'transformation By LN cooling.. |
(1) Transformatlon by ausaglng

Figure 15 shows the structure after 500 C/3 hours annealing

* These alloys spontaneously transform to martensite on th1nning of foils
for electron microscopy. - - Similar: results were found by Garwood and Jones.



._15_
treatment the brlght fleld image (a) clearly reveals the spherlcal
_partlcles; marten31te plate "M" and aligned partlcles at "A "v'he
selected area dlffractlon pattern (c) indicates a K-S relatlonshlp
between.marten51te and the preclpltates, and superlettlce dlffractron
spots within tﬁe circled aréa; HOWeVer, another area of.the sauwe
 foil shows_thaf‘the crientaflcn relationship cetWeen the matrixi(bc;)
and'tﬁe fcc precipiﬁates'is N-w;‘naaély (110)m}// (ioo)p?.[iiz]_// [011]P,
as seen‘in Fig. 15(d), as was also reported_for stress induced martensite
in 30hls£ain1e55 stee1;31” In some‘regions ofkthe foils‘discontinuoas
“or cellular prec1p1tatlon of hcpN13T1 ‘could be seen adgacent to the
f graln.boundarles. The orlentatlon relatlonshlp between the marten31te
matrix and the lamellar preclpltates was identified by electron .
'dlffractlon to be: | “ v
| (OOOl)NlBTi.// (011)a

‘ [1§io]Ni3Ti /7 [111]
i.e., the Jack relationship,2> which also reflects the original
relafioaship of the hcpvprecipitatevwith the fce austenitic matrix
<1attices,being closest matchingt~ This type of boundary precipitation
is generally known to be very detrimentalsto‘the ductiliﬁy of the
- material as evidenced by the low elongation value at this stage. Longer
time'annealing atASOOOC.causes the growth.oflthe sPﬁerical.particles,
“cellular prec1p1tates, and the121g zagged martens1te crystals.
(ii) Transformatlon by LN coollng |
The mlcrographSOf LN‘cooled unannealed.aﬁstenite show. the sﬁb;

' structure typical of low-carbon, or.dislocated lafh-martensitev(Fig. 16).
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Flgure 17 shows the structure after quenchlné to LN follow1ng
aging l hr. at 500°C It is seen that the gralns are 1rregular and _
finer‘than thbse in Fig; 16, presumably due toAthe presence of flne. .
precipltates. Fine scale'{llé} twiﬁs are‘alsd visiblef
c;‘ The Growth of v! o |

The growth of v! partlcles in Nl—base superalloys has been

.studied in detail over the past decade, see e. g. Ardell.30 It 1s

v generally recognlzed now that the growth of y' partlcles 1s by
_diffu51on-controlled coarsenlng. Flgure 18 shows a plot of partlcle
kradlus vs. (annealing tlme) /%- Although there are only three data points
it is seen that a straight line is obtalned 1n accordance with the
Lifshitz-Wagner relation for Ostwald ripening (see e.g. Ref. 32).

| | IV. DISCUSSION -

1. Effect of Austenite Structure eﬁ'Martensite'

‘:Che'ofvthe objectives‘of the expefimenfs was to try to establish
that precipitates and not dislocationeIiﬁtfeduced'inte austenite prior
to tfansformation are effective in increaeingvthe'strength. As sﬁown
by Fig. 3 although seftening.of‘aﬁsformedveuStenite occurs byvanneeling;i
the corresponding martensite increases in strength. The two microstructural
'effectefoccurringvafter egiﬁg the\ausformed auétenite-ere: 1) dislocation
v.reedvefy.and 2) precibifatioﬁ Hardeningf_-Thus, in_aus£enite'the effects
of precipitates overrideethe effects of dislocetiOns on the'subsequeﬁf v .’f
etrength:of marteﬁsite.'_Thereea;e'several,wa&é"in;whiehvpreeipitetes
‘can be’thus effective as diseussed beldw:

_‘CeﬁSidef the effectiof perticles in tﬁe austenite on the structﬁre
of transformed martensite. If we>bonsider ﬁhe martensitie'trenéforf

mation as a special kind of plastic deformation, then the ?roblem becomes

C
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very' similar to ",the cesve 'of studying work-hardeﬁi_pg behavior of a
'dispersiod—hardeﬁed crysteld33 except the latter déés not involve
a change in crystal structure; "For the-case‘of'hartensitic trens—
formatlon a 51mp11f1ed schematlc model in Flg 19 may help to
illustrate the role of partlcles.

Either the partlcles deform with the matrlx durlng the Y > Ms ”
trensformatlon as is expected in alloy 2 or, if the partlcles are
rigid, then rearrangement of the mass at_the‘partlcle-matrlx 1nterfe0e
‘must eeeur By plestic deformation (e.g. prisﬁatic punching). The.
latter ie expected for the Mo, C preeiﬁitateS'in alloy 1. In thistease
‘a much higher dislocation dehsity will be expected in the final
_ martensite and ‘on plastic‘deformatieh a gregter.workéherdening capaeity
is obtained‘as ; result of”hebile dislocation.-'particle iﬁteraetiohe
(for review see e.g. Ref. 33). |

The preseeee.of preeipitates in the‘metasteble austenite usually
willntend te premote'the fermetioh of martensite-by providing suitable
nucleating 51tes, because (a) chemlcally, regions in  the v1c1n1ty of
;prec1p1tates are known to be solute-atom depleted and hence are
_epergetlcally'more stable with respect to marten51tlc phase, 1;e._they
are potential‘areas'for'tﬁe.formation of;martensite once the driving
forcedfer_tranefermation is_large eneugh,vaﬁq‘(bj mechanically, pre-
eipitates.will eitﬁer'elasticaliy strein the sﬁrrodnding austenitie.matrixv
- or ceuse pleStie flo# in the matrix'near the precipitates. This effect
ma& stabilize the austenlte or favor martensite nucleatlon dependlng on
Vthevnatgre of;tﬁe stralne~rtvolved. From thls work however, it appears
ithat__ p‘recipitates.,favor nucleat‘i'on s§ that it should _b'e po_ssrple to

N

obtain a more or less controlled and uniform distribution‘of martehsite
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phaéé.b& transforming a dispérsicn hardehéd'auéﬁéﬁitic phasé.

‘ Bécause of theé compatiﬁility and continuify between lattices of
thé martensité phasé and austenitic matfii; thé.latfér.muéf bé'plasti_
call& déformed by the growiné mérténsité crystalé. _Sincé a dispérsion

hardénéd austénite has a ﬂighér flow stréss than the single—phase
austénité; we may eipéct tﬁat the growth of marténsité cerystals in

' thé stréngthenéd_austeﬁitic matrii'must bé impédéd to some éxtent.

The result is that thé martensi£é grain size tends to be sﬁaller and
the éffaﬁgéménf éf martensité crysté1§'may Be_in such a.way thatbthey '
groﬁ only on certain cfystallographic habit.planes and/or be sélf—_
accommoaated in Eundlés'in.order to mihimize the resultant strain

energy of the system. ChriStian3h

sﬁggests that if the coherency.
of the glissilé interface is lost (e.g; as a result of éefofmation),
this will lead to stabilization. |

35

Hbrnbogen and Mever~’ found a décréésé in Ms teﬁperatﬁre_of avy'
precipitatéd austenite aftér shért aging_times at 600°C and they
aﬁtributedvthis effeét tovthe'shearing‘of-the f;c.c. précipitate to a-
b.c.c. structure when fhe-aﬁsteﬁité.was #ransfdrméd'to martensite.
Presumably exéess energy was required to shear these particles to
a new crystal stfuctu?e; A similar effect, i.e., lowering in Ms
temperature, was élso'obtained in alloy 2 here, so that it is Qeryb
interesting to examine how a fine coherent precipitate. in austenite
.‘éan alter the value of ffee energy change whéﬁ the ausﬁeﬁiteemarténsife
ffénsformafidn occﬁrs.

| Consider a ﬁomogenéous éusténific $olid solution with a
Ms tegpératuré apd total dfiving forcé di fréé energy_changé AGs for'.

. marQFnsitié7transformation, Ms and To [the equilibrium temperature at
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which free energles of austenlte and marten81te are equal, approx1mately
takenias'l/2 (As + Ms)] are usually known to 1ncrease with decrea51ng

amounts of sdlute whereas the measurement'of-AG is generally taken as

',the magnltude of (To—Ms), and hence decreases moderately Wlth decrea51ngf

solute concentratlon. Wlth thls fact in mlnd, con51der the anneallng
or’ aglng effect of the alloy v As soon as preclpltatlon occurs,
because of the solute atom depletlon from the matrix, the Ms temperatured

is“raised and AGs reduced 1n_the manner descrlbed above. -But in addition

°tokthisdchange'innproperties'of the'matrix, the effect of:precinitation

per se must be considered. Two possibilities may occur:when the austenite

containing'fine cOherent‘f'c'c. precipitates transforms to martensite:

.(1) the pre01p1tates are deformed or sheared in conformlng w1th the

surroundlng'austenltlc matrlx (2) the preclpltates are not sheared

‘during marten31t1c transformatlon of the austenite. These two alter-

natlves are shown schematlcally in Flg 19, where the martens1t1c

'transfonnatlon is s1mu1ated by a 51mple homogeneous shear. The,

posslblllty (1) would involve the energy consumed to allow for the

shearlng of the precipitates, whereas the possibility (2) would require
the reerrangement of the mass surrOunding the particles which essentially

creates a hlgh energy 1ncoherent 1nterface between the matrlx and

'particles. Thus, the flnal effect w1ll be determlned by the balance

of these two p0551b111t1es If we take the radlus ‘of the preclpltates

‘as r, the number of preclpltates per unlt volume as N the hlgh energy

1nterfac1al energy per unlt area of the 1nterface ‘as y and the free

energy needed to shear the prec1p1tates per unlt volume of the deformed

'precipitate as AG#’ then the free energy.change for p0551b111ty (l) is
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AG) = ‘—g-nmr?’(mv) and _for' posSibility (‘2),' AG, = :hv"nery.
| | - It is seen that for”smau'valﬁes- of rl,. AGy
ié smallér than AG2 ahd acéérdingly;'shéariné of tﬁé précipitaté'
is preférred becausé the_totélffréé ehergy'chqngé'for thé sysfem AG£ =
AG, + AGl‘would be more hégative; Thé;Critical radius for the sheafing
of prééipitatés is th‘en'r.c = 3r/AG, iSy s’imply". éqﬁating AGi and _AGQ.‘
From thé abbve dis¢ﬁssion; tﬁe'lowéring of Ms'température in the
présent Study‘could possibly bé éiplained'aé thé'extfa drifing'force
néeded’to shear tﬁe précipitatés; But as the precipitétes grov coarser,
i.e. above T where deformation of the precipitates doés not occuf,:thé
raising“of‘Ms temperatufe dué to'sélute elemént depletion becomgs' 
overpowering and predominatiﬁg over the possiblé‘decfeaséd Ms temperafuré
oniforming incoherent interfaces on transformétibn; -The variation inv
Ms témpeiature by preéipitation has been treatedriﬁ the consideration
of austenite sﬁabiliZatiOﬁ in recenf years, for eXémﬁle, the destruction
of martéﬁsite embryos by érecipitétiOn,36 locking:of.the marténsite/‘
auSténite interface %y soluté atom segregatiOn,37'the‘strengthening ._'
effect of the austenite métfix 5y strain—aging.brocesses,38‘etc. But
all the models'fof stabilization of austeﬂite areid@hcerned with the
segregaﬁion ofﬁinterstitial’solute atoms, which is not.the'case'invthe
préseﬁt study. The whole.argﬁment mentiéned so farvcould be looked
ﬁpbn ffom another mint of v;ew; The ﬁet free energy changé AGAfor
ma?ténsitic transfofm?tion could.be taken as analogoﬁs to thé work done
by stréss appliéd tb'élasfically'déform.the'austénité;'éxcébt the work
hardenéd prodﬁct is marténsité. Thén thé présencé of precipitates will

serve to résist the plastic flow and hence the interparticle spacing 4



=21~

s an‘impo:fantpéréméfér;  ﬁéléw a cfificél'déf&Aiﬁe, plastic flow:
‘of‘tfénsformatioh will not occur ﬁhiéss.more étfeésJOr énérgy‘is added
»tb thefsystéﬁ; VIn_the cﬁse of précipitétion ﬁardening 5y cohérent

ﬁapticlés,'théré ékistslé céiﬁiéal'r;:rédiﬁs'(fofIa given volumé

fraction of précipitatés)'whiéh dénbteé the change from a dislocatibn.

cutting mééhaﬁism to a by—pasé meéhanism.39  Tﬁe value of.rcvis 2Gb2/n E

‘ mEr | - N

(?y quatlng‘rc = 5bd

~E is the energy per unit area Of‘the’planaf fault genérated after.cutting,

'fqr-cutting gﬁd f.ﬁvgbf:for by-p&ésiﬁg); where
G is shear médulusiaéd'b is Bﬁrgérs'veétor.. We see that r, obtained in
’thié way is_eSSentiaiiy the same éxpreésibn'as deduced preVibusly from
free ehergy coﬁsiderqtions;'with Gb? (the.line'tenéion of‘diSIGCafiohs)’
corresponding to the High energy”ihtérfécial énergy Y'aftér’marfensitic
transformation ahd' E corfeépondihg to thé free:énergy chénge due to

shearing of the preéipitates'AGv.

2. Mixed Phases of Martehéite7and Austenite

‘It has been shown by Mangonon and Thomas™” that the yieid strengths
of 304 stainless stéelxare linéarly Pibportional to theIVOlume fragtion
of‘&'irrespééfive.of,the treatment ﬁsed to:form d, i.e., either stress |
nucléated or by thefmal aging.A Furtﬁermore,‘the'stréngth_of'the above
‘system was better described as a sPeciai kind Qf.cbmposite stfengthening
due to the fact that the hard maftensite crystals were too large in size )
(and iérge:iﬁferpartiéle spacing) to be aéeountéd_fér'by a‘di5persién .
'hardéning méchéniém.:"

In_t£e présént caée, aféer annééling thé:auéténite_to a cértain
éﬁtenf; précipitatioﬁ énd”thé:péftial fofﬁation of‘martéﬁsifé occurréd
simulténéoﬁsly, aﬁd thé wholé system.is éctualiy.gomposéd.of thrééuphaées.

However,‘pfecipitation»t00k,pléce‘on a scale much finer than that of.
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martensite (ae seen in miCroéraphS);‘vThe lattef-is net likely.to affect_.
the movement of dlslocatlons as compared to the flne preclpltates durlng
deformatloﬁ: so-that it is 1nterest1ng to see the strengthenlng of both
eustenlte and marten51te on the overall behav1or of the comp051te. The
data of type II alloy are replotted in Flg 20 It is seen that the
"law of mixtures E is still obeyed and the lines are d1Splaced to |

high strength levels depending to what extent the austenlte and marten51te”

are strengthened



.lattice, due to removal of carbon as Mo.C.

e
‘V;rVCONCLUSIONS"

':1, vIt is'shonn that although softening‘of thefansformed anstenite
occurskon'annealing, theiéorresponding strength of the:transformed marten—
site'shows'an increase. This is”enpiained on the basis of increased
dislocation density due,to'dislocation - particle interactions unon
transformatiOn},'Henceithe enhancenent of'Substructhre-strengthening_

of marten51te is made p0581b1e by pre- disper31ng hard partlcles 1n

~ the austenite, and taklng advantage of the dislocatlons generated o

“by the Y-Ms transformation.

2. It is suggested that the conventional ausforming process

could'possibly be'modified by'deforming jUst enough to allow nucleation

of precipitation, followed by & suitable aging treatment so as to

,obtain optimum particle size and spa01ng to give the maximum dislocation

den51ty upon quenching to martens1te..'

3. The good ductility of the ’ausformed mertensite could be
explained_by the'homogeneous'distribution_of dislocations, refined
martensite grain size; and the”decreased'tetragonality of martensite

2
L. 1In the ausaged alloy;_the'decrease in:Ms temperature of the aus-
tenite containing fine coherent NisTi'precipitates could-be accounted
for by the extra dr1v1ng force needed to deform the prec1pitates.'
5. Whether the prec1p1tates deform w1th the matrlx or not during
martensitic transformation, there‘always-ex1sts a strengthening

effect on the final product, althoughMon— deformable particles are .

more effective, as expected.

6. Mixed phase structures'canfbe‘described as "composites" with a
11near relation between yield strength of the comp051te and volume

fractions and yield strengths of the Y and Ms phases.
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CTABLE IT

interplanar_Spacings of the.Precipitateszfvfrom Alloy.I:

Thin Foil
DAY

2.6 (P)*

2.36 (P)

2.28 (P)
12,027
“1.71 (P)

1.49 ()
1:43, 1.43 (2)
1,31“

1.27 -
1.25

1.17, 1.18 (P)

1.08 (P)

- 0.97 (P)

Martensite
a(a)

2.027

1,013

0;906

% (P) means precipitate

B—Mdzc
d(A) hk.2
4,724 00.1
2,600  0L.0
2,362 . 00,2
2.278  0L.1
2.278°  0L.1
1.748  01.2
1.575  00.3
1.501 11.0
1.431  11.1
1.374 - 01.3
1.300  02.0
1.267 11.2
1.253°  02.1
- 1.181 00.4
1.139  02.2
1.087 11.3
1.075 01.4
£ 1.003 02.3
0.983 12.0



- FIGURE CAPTIONS

Fig..l The variation of Ms température»vs.'annealing time for type I
~ alloy. The‘rise:of_Ms_temperature.is due td‘depletion of. -

Mo and C from the matrix.

Fig. 2 Volume fraction ‘of martensite phase vs. ausaging time for
| type'II.alloy.
Fig. 3 Mechanical properties vs. annealing time for type'I-allbyS.
Note in (b) the yield stresséS‘bf austenite decrease gradually
Whereas the flow stresses of the corresponding martensite

increases.

Aoy (the difference between UTS and YS vs. annealing time
~ for type I alloys. Note that AowH is an increasing function

of annealing fl;':’un'e_f

Fig. 5 AUMT (the difference between'yield’stresses of austenite’
and corresponding martensite, which reflects ﬁhe contribution

from martensitic transformation) vs. annealing time for

type I alloys.

Fig. 6 Mechanical properties vs.'annealing temperatures'for type II
alloys. (a), (b) are austenitic alloyS'whereaé (¢), (a) are

LN cooled martensite..

Fig. 7_"Plo£ ofvténsile pfoperties vs. ausaging iime-(a)’ﬁnd Ao

" values vs. ausaging;time,(b) for type II élloys. o



Fig. 8

Fig. 9

Fig. 10
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Stress—strain:cﬁ}vés for type I and type II_allbys. Note

the effect of prior annealing in austenite on both the yield

stresses and work hardening behavior of the alloys.

The structure'dfv600°C/7hrs annealed austenite, showing

the development of dislocation cell substructures. (bright

field).

Dark field images of 6QO?C/ths annealed and LN cooled

martensite structures (type 1), showing (a) the fragmen- .

‘ tatiod of martensite crystals and (b) the presence of

Fig. 11

-of Mo

Fig. 12.

Fig. 13

very fine precipitates.
Dark field image showing the Widmahstatten»arrangement

3C_precipitates in type I alloy .as a result of

‘annealing (600°C/42% hrs. plus IN cooled).

Analysis of the diffraction pattern of Fig. 11

Structure_of 60000/600 hrs plus LN cqoléd'type 1 specimens

showing the growth of carbides into Spheroids. (bright

field)

Fig. 1k

Fig. 15

Dark field image of the SOOOC/l hr ausaged specimen (type

1T alloy) showing the presence of véry fine precipitates.:

500°C/3 hrs ausaged type II specimen showing (a) the diffuse

martensite boundaries (bright field), (b) K-S relationship

between matrix‘andiprecipitates (c) another area and (ad)

N-W orientation relationship.
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Fig.
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16 Structure of IN quenched martensite (type II) alloy,.show1ng
the presence of predomlnately lath marten81te

17 Dark fleld 1mage of 500°C/1 hr ausaged plus LN cooled mar- -
ten51te, show1ng the dlstortlon reflnement of marten31te

crystals and the presence of very flne preclpltates (type.

II 'a.lloy) -

) 1/3 of

18 Plot of radlus of preclpltates VS, (ausaglng tlme

type IT alloy, show1ng a stralght line is obtalned

19 'Schematic'descriptlon of marten51t1c.transformation of a

~dispersion-hardened austenite.

Fig.

20 Plot of yield,strength vs. volume fraction of maftensite

phase of type II alloy.
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—LEGAL NOTICE

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