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THE MARTENSITE PHASES IN 30l STATNLESS STEEL
by
o _ R . B
~P. L. Mangonon and G. Thomas
Inorganic Materials Research D1vision Lawrence Radlafibn'Labofatory,

Department of Materials Science and Englneerlng, College of anlneerlng,
Unlver51ty -of California, Berkeley, Callfornla :

ABSTRACT

A detaiied analysis of martensite transformations in 18/8'(3bﬁ) stain-
 1ees.steé1,=utili2ing tfansmission electron microscoPy'and diffraction ih
ecnjunetion with X—ray‘and magnetieation techniques, has established'that
vthe_sequence‘of transformation is y e +~a. € is a thermodynemically
stable hep phase whose formation is greatly enhanced as a resﬁlt of plastic 
defdfmation. Com?arison with the € ~> o traneformation in pure Fe-Mn elloys
~lends further supporﬁ to the above'seéuence aﬁd suggests that a traﬁsforma-
vgtion 1iﬁe between e and o in Fe-Cr-Ni alloys can be expected. In thevéoh
“stainless steel used in this investigation,’formationvof a was indgeed'0n1y :
ey plaetic deformation and subsequent.to formation of €. Nucleation ef:a
dccdré heteregeﬁeously at.intersections of e-bands or ﬁhere e-bands abﬁtt-
twin of grain boundaries (which represent ﬁnilaterally comﬁressed regioﬁs).
From electroﬁ diffraction, the Nishiyama relaﬁionShip'between Y and o

phases appears to preaominate et the staft of the transforﬁation, but then
changes ‘to that of Kurdjumov—Sachs. Based on these ebservations, a seégence
' of'atoi-movements from the hcp structure to'fhe bcc_structureeis propoeea

which has the basic geometric features of the martensitic trahsformatien.

'+Present_addfess:- Inland Steel Co. Research Laboratories
= S East Chicago, Indiana 46312
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I. INTRODUCTION

Thevmartensitic trén;formation ffoﬁ the fcc ﬁo.the Bcé phase in 18/8
type austenitié sqainleSS steéls is complicated by the presence of the hcp
‘(é) phase Which is always,fouﬁd to be closely assoéiate& with the «. - Both .-

the transformation prodﬂcts,'e and a, arevbelieQed to transform martensifi;v

'.cally in that a shape change was observed in each case, although,vas pointed

(1)

outbby Wayman in a very recent review,, the shape change has not yet been

verifiédvto conform to an invariant plané strain. It is possible for these.
phases fo be obtained either by direct quenching of tﬁe aﬁstenite or by |
stress-inducing the transformations, although it is nof clear whéther_in:18/8
fhat»a éan be prodﬁced just by queqching.

The structural characteristics of the ¢ and a phases in these alloys

(2-7)

have been widely investigated using both optical and transmission

(7-13)

electron microscopy in conjunction with X-ray techniques. The presence

(8)

of the strong (10i0)E reflection and also the double diffraction spot

(0001)€(3) in electron diffraction patterns implied that € was hgxagdnal
rather than fcc containing a high density of randqmly distributed faults.

The ¢ phase has been observed to occur as dark bands on’{lil}Y planes with

(13)

the a'forming within the width of these bands. Kelly describes a as
lath-like, -which differs from the needle—like(lz) and plate~like(4) descrip-

tions of previous investigators. It appears also that the orientation rela-
tionship between the y and phases corresponds to the Kurdjumov—Sachs'
relationship, although the érystallography and mode of the o martensite

formation differs from that in the Fe~C, Fe-Ni-C and Fe-ﬁi élloys.(l’lo’;a)

i

The close association of a'énd ¢ in these alloys gives rise to the

natural qﬁestion as to which phase forms first; fTwo possibilities arise:

I



. been- attained

' and Lagneborg

" deformation due to the y »> « transformation. It has been further aroued

‘Furthermore, Goldman, Robertson and Koss

Wayman
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' 1) ¢ forms first and o nucleates within»e or, 2) -the austenite transforms
5directl§vto a with the ¢ being formed as a'consequence of the rather large
shape_deformation (v10°) of the y ~ a transfdrmation and the low stacking

fault:energY-of-the untransformed.austenite.v In spite of the numerous

» . _ N L :
investigations .devoted to this queStion no unambiguous resolution'has yet
(1) (2,3)

- 'Cina found the amount of ¢ became .a maximum and later

- decreased in quantlty while the amount of o progre351vely 1ncreased ThlS

(4)

observation led him to believe that a nucleated from €. Reed showed byv

stain-etching that-long a-plates‘were induced alongside bands of's after

(8)

repeated cyllng from room temperature to sub- -Zero temperatures. Venables

@)

using transmlss1on electron microscopy, showed that the o

‘was preferentially nucleated at 1ntersections of- two s—bands or'an,e—band

(9,10) (11)

.and:an.active slip plane.. On the other hand Otte and Dash" and Breedis

took the second point of view that ¢ forms only because of the.large‘shape-

(9)

 from symmetry considerations that the transformation-from a structure ofllower

‘symmetry (. ey hep) to one of higher symmetry (i.e., bcc) is highly unlikely

(14)

argued that a different M tem-

perature should be observed for the Y > € transformation, from that due to

the Y > a or e+ a transformations. Since a difference was not found, the

(¢D)

€ was concluded not to be an intermedlate phase. Wayman has argued from

(13)

the theoretical calculations of Kelly that the inhomogeneous shear

‘(m2 = 0.35) is too large'to‘permit class1fication to a 1attice invariant ‘shear

'and the overall transformation to be of the feccobee type. Inlthisvrespect,

)

supports the view that ¢ forms as a consequence of. the a formation.

,kﬂith the latter point of view, ¢ should be expected'to increase proportionately

-with increasing amounts of a, and also that e should never be observed unless

¥
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( ) (15)

o is already present. However, Cina, Guntner and Reed showed that this

- cannot be the case since e decreased in amount after attaining a certain maxi-

9

mum’qugntit? Otte and Dash suggeéted fhat unfaultiqg occurred bj re-
combinétion oflartiaJ §islocatiohs‘beféfe Y‘traﬁsformed EO?G. This might
véfybweli:éxpiéin thefdecréésé in amount of ¢ phase, and implies vé;y strongly
”thaf the_s.phase‘cénnot bevcontained Within the:boundé of the a—yhése.

v The brésept investigation was undertaken“to clarify the actual sequénce
df events in:the.tfansformation,‘and to léarn more of‘tﬁe nucleation mechénismsf
A fufther inveétigation of the changes in mechanical properties resultingv:
_frdm thermal - mechanical treatments to ﬁroduce d.is‘describgd in,a'secoﬂd

(;7)

,paper.
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II. EXPERIMENTAL TECHNIQUES

The compos1t10n of the alloy was 18.03% Cr, 8.46% Ni, '1.32% Mn, 0.07% C, b

0 7ZA Sl, 0. 0154 P 0.006% S 0.08% Co and the balance Fe.

-

vTensile”SPecimens with gage section 2ﬁ1/4"x /2" were dbtéihe&.fyom
the'0.0BO—inch'thick,304‘étainless steel §heét s;qckﬁ All spédimens were
d;éﬁngaied'at IIQOéC éor 36 minutes iﬁrargon;aﬁmosphété:andﬂthen qugnéhed in
i w§tér; Sdmé spgdimens were quenched'dirécélybto'iiqﬁid.nigrogén (78?K) énd
:héliﬁm (4°K).and one specimen into'dry icé-acetone bath (v195°K) and.held;
. (16) showed that o did not form.
iféfﬁer-;hese treatments, and»indicéte‘that the Msbfor @ must be below 4°K{ 
 In_order to induce'formation-of 0, the sﬁeéimens were deforméd in an'Iﬁsfron
: ﬁachine up to.a unifbrm‘teﬁsile elongation of 24% and 40% (in.Z”—gage lengﬁh)
vét 1iquid ni;régen and rdpm tempefaturéé, respectivély,  o was detected '
aftéf a tensile Strain of only 0.257% at LN température,'wheregs no.evidence
fpf o was. QSseyved up to 40% étrain at room temperature. Rblling deforma-
.tipn?at:78°K_yés.also done Qp to ZOZIfeduction in thickness. The material
‘wésﬁintermi;fently dipped in liquid nitrogen between 0.001" maximum roiling
: ?edu¢ti6n§ in thickness.
Magﬁegic.analysis, X-ray, optical and“transmission electrén metallogréphy
Wefé ail done only on the ﬁatérial within the original 2-inch gage length?_;
of'éépsile speciméns where the amount of strain is aceufately kﬁown. Tﬂe
:same‘spgcimen was uéedvfor the four téchniques so that a one-to-one corre-.
= spphdeﬁée of‘resﬁlts was dbtaiﬁed. _Tﬁus, magnetic'énalysis, X-ray, and
' .optigal‘metallgétaphy were done first before:preparingvspecimens for trans-
missionfeiégtréh micfoscopy. Observatipn?df.the thin foils waé done with
.theiSiémen§ E1mi$kpp 1A qperatedvat,iOOkV.

(16)

Details. of the experimental techniques are desCribed‘féily elsewheré.
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ITI. EXPERIMENTAL RESULTS

.',Aﬂ : The E—Méfténsite; o i v . | _ . . '_f“
v‘.Thé‘Xaray3ana1ysis showed the pfeéencé of the L0.0; lO.l_and 10.2
féflectibns‘typical of‘unfaﬁlted hcp’sﬁructures.. Thus ¢ is nbt'randgmly
vfaﬁlﬁéd.fcc;15utva}perfect hcp.phaée. Intensity‘measurements shéwed thét_‘
the relétivé yolume fracﬁion.of.€ reaéhed a maXiﬁum émﬁunt-after about 5%
Efféin and then deéreaéed.thereéfter, whereas the vqlume fraction of a
increesed steadily with increasing smounts of aeformation.

‘Thé.electroﬁ diffractigh‘patterns‘and-dark—field'microscopy resulté,
.illustraféd.in‘Figs._l and 2, cénfirm further that the e-phase 1s hexagonsal.
‘~The eleétron'diffractién pattern_(Fig. la) of.the central area in Fig. 1b
4is:schematicai1y‘drawn aha indexed in Fig;'lc.’ Indexing of‘Fig. la was greatly

fécilitated by ﬁoting the featﬁres reveaiéd by the dark-field expérimenté'
shown iﬁ.Figs. 2a, 2b, 2c, éd, 2e, and 2f, which wére.due to.spots marked
A,“B, C, D, E, and F, reépectively, in Fig, 1lc, when these were_tilfed £o

the optic axisf- A 10u dia. objective apertﬁre was used to separafe the
diffractidn‘sboté.to Sbtain the images of.Fig. 2, wﬁichicorrespopdﬁto the
central area in Fig. lb. . The dark-field images of Figs. 2a, 2c,'§nd 2d'h&ve
the same contrast which mé;ns that spots A, C, and D (Fig. lc) came.from»the.
,game_(single) phase. These spots were indéxed to be hexagonal and are t%s
(Ol.O), (01.1), and (Oliij reflections in the [21.0j zone. The indexed -
: hexagonél pattern revealed the OOLI double diffraction spot in'Fig. lé,
1indicgted in Fig? le. This can only arise from e hép structure and thus
~§oﬁfirmé the presehée of a hexagonal phase. By the same token, ri
 ‘and Ee;‘afe the'imagés corresponding to the Y—auétenite matrix reflecticns

of B and E.indexed as (ill)Y and (2oo)Y, respectively, in the [110
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The'lastJdarkéfieldgimage; Fig. 2f, reversed contrast in.the_Central
_ portiong(light area) of Fig. 1b. The indexed patterns of the ¢ and<y'show

'that the (0002) and (111) spots are c01nc1dent 1n F (Flg 1c) ‘which explalns -

IS,

. the contrast reversals out81de the central reglon.‘ However, the central
vhreglonvcannot be € or y and is actually the a. (bcc) phase. The d—valuelof
(110) s very close to the d—values of .the (0002) and (lll) whlch makes“
v_them overlap at.F. In this pattern the orientation of a is verylclose to

: [100] | |

| “The e can be descrlbed either as regularly faulted Y, or as an. hecp phase‘
-bhwlth an ideale/a ratioff_The diffraction pattern, Fig. la, shows no shiftv
in:positions5offthe fcc reflections.and the € reflections occur at all pree
.dicted ideal hcp.positions and'the (0001) spot.appears due to double diffrac-

(18)

tion from the hcp structure. Therefore, it is approprlate to deflne 3

as an hcp phase rather than.as faulted austenlte.. The orientation relatron—
ships*between‘y and ¢ are simple in that close packed planes and‘directlons
are parallel.in both phases. Because of the apparently low stacking fault
energp of the:BOA stainless steel, the formation of ¢ isvfacilitated by disso—
c1at10n of dlslocatlons into partlals 1n.a manner781m11ar to that observed

(19) - The streaks.

in the nucleation and growth of the y' phase in Al-Ag alloys.
in Flg. la 1n the [111] dlrectlon, (sketched in Flg 1c), 1nd1cate that the
€ forms as: thin sheets on {lll}Y These sheets are edge—on,~1.e., perpen-—
d1cular to the plane of the foil, and are seen prOJected as 11nes runnlng
botton left to top. rlght corner (Flg. 1b).

' The dark- fleld 1mages (Flg 2) illustrate an 1mportant.p01nt The
- arrow at the central portlon of Flg 1b points to a dark speck which is

*reversed in contrast Plg 2d, and thus must be ¢. The central area D in

Flg 2d and in F1g 2f was ‘identified as the o- phase. The speck of e is
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within this o particle. This is contrary to one of Otte and. Dash's impli-

(9

that € cannot occur within a.

,.Thé’Qiew that o can form only after ¢ is further'substantiéted by the

exiéteﬁcé of € indepeﬁdently of the a as shown by Fig. 3. The ¢ plates are

seen to have a nén-uniform thickness across the entire grain of y and small

évflecks oécur within the grain and alsé at grain/twin boundaries. These
= . . . (20) 2

observations are consistent with both the Seeger mechanism and Bollmann

theory of fceohep transformations. However, direct observations in Al-Ag

show that heterogeneous nucleation and growth is the most common mode ofj

(19)

transformation. -
- The ¢ phase also forms without deformation by isothermal holding below

Ms' This is shown in Fig. 4a wheré the ¢ was formed after 72 hours at —78°C.

After this treathent, a could not be detected either by X-ray or by magnetic

analysis. Furthe;more, € was also observed after 13% tensile deformation

at room temperature as shown in Fig. 4b. ‘At room temperature, magnetic

(16)

revealed the presence of o only after 50% tensile strain.

These facts;'fogether with the result that no o was formed after immersion in

1iquid helium for three days indicate the following: 1) the Mg for both the
€ and o phases in this alloy is about 293°K, 2) the‘Ms for o is less than

4°K, and 3) the M§ for € must be greater than 195°K. Furthermore since ﬁq

"€ was observed in the as?quenched samples (to 78°K and 4°K), the trans-

- formation of y to e and pérticulariy to.a is very sluggish,.requiring

thermal activatien and/or external energy.

B. The Nucleation and Growth of the o Martensite
~ The a phase was formed only after plastic deformation at temperatures

from room temperature and below. In no case was o observed independently of

1)
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._ €-énd thé ﬁucleafion of the o was observed only at ‘1) intersecting.e Bands
.(F{gs. 2 and 5),and 2).at Or near interseéti&né_of Elﬁands'with grain or
twih‘bouhdaries (Fig. 6). On the right part of Fig. 6 is a twin cryétalv‘
extending frbm‘tbp’to bottom. The preferentially nuclgated a.is indicated
at N at the tob portion of the twin crysfal. fAtvthe bottom part of the
t&iﬁ qrystal ét G. are d crystals which seém to have grown as laths across :
’thé fWin;v There is no o between N and G which further confirms that € forms
. firSt.':In-fig;’6b, the grain Boundary runs verfically and the o has formed
on the same side where the ¢ bands are.
In Fig.réa? the area of o between T-T contains debrié Of‘disloéations:l
'whiéﬁvinlregién D-éppeérs tovbe iﬁherited froﬁ the ¢ (or fauifed Y).

'i”Remééqts 6f é still remaih;b Sinée the particles of o have very irregular
»shapeég it was not possible to obtain habit-plane detérminations.

'?Figuré 7 illuStrates'that'adjacent o éfystals do not necessarily.havé.
. tolb;'twin rQiated as has been observed bYIOthers.(9f13) The diffraction -
fattern (Fig. 7a) df the'qentral area of Fig. 7b is sketched in (c). The
indexing of this pattern with the aid of tﬁe dark field images shown: in
Figs.b7d, €, andvf reyealed only one bcc orientation. The a crystal marked .
G in Fig. 7b is in tﬁe sameé orientationras the-a to its right as illustfaﬁed
byvthé dark?field image (7d). This shows that- as both nuclei gro&, they
éonsume the ¢ which is between them. When the ¢ is pinched at two points -
&;thﬁthe'tﬁo o crystals joining as 6ne,'e.g., area G-in Fig. 6a and‘Fig.”7é '
f;mqants'pf € cahvbe'obéerved witﬂin the a. The a is not internally—fwinﬁ;&

. but rather heavily dislocated. The dislocations are seen to reverse contrast

in Fig. 7d.
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'C. . Orientation Relationships Between vy, €, and a.

~ The Kurdjumov-Sachs (K-S) and the Nishiyama (N) relationships are the
: wéll—known orientation relationships between the fcc and bc¢ phases during

the martensitic traﬁsformation Y > a»in iron alloys. Theoretically, in

oo A 1

'lbogh'thesé relétionsbips;athe (111)# is converted iéto the (110)d with the
[101]Y ﬁaréilei ta the [111]& in the K-S while the [211]Y is parallel to the 3
[;iO]a in the_N.relationship. The two orientations are related by a 5°16"

vfotation of the bcc iattice about the [llO]u éxiszvExpgrimehtally, hqwéverg
'ﬁhe'obsérved‘rélaﬁiopships vary from the theoretical byba féW‘degrees.(l)

However, the resuits presented here show tha£'the.a does nOt.fbrm' 
directly from the #; but rather from e.'bTﬁe relationship between Y andie_
iliustrated in Fig; 1 isfsimple in that close-packed planes and directibﬁs

© coincide, i.e. o y )

3 B . ,
(111)y4/(0001)é' and [1oi]§ //[1150]8 .
: _It has often been reported that the orientation of the terminal'phasé a to

Y is very close to the K—S.(5’7’8’l3)

In the majority of cases this was
also obsér§ed in the present work.

However, in séverai ihstances, the orientation between the y and o hés
been féuﬁd also to be the N:relationship (seere.g;‘Fig, 1). Figure 8'might
indicaté how the K-8 relationship érises; Figs. 8d, e, T, and‘g are the
aark—field images of spots A, B, C,:and D indicated in Fig.'Bc.. The indexed
diffréction pattern revealed that two bec, one'fcc, and one hcp orientation
 resulted froﬁ the reéion of inﬁerseétion indicated by'thé arrov in Fié. 8a
- of phe e-bands I and,li. One bee. pattern has the zone'axisb<10q>u? indica-
‘tiﬁg the.N relationship while the other has the zone axis <§jl>5”'whichv |
corresponds to the KfS relﬁtionship. In Fig. 8c, a <§1@> dir'ttiOn of one

bee erystal in the <111> orientation is rotated about 5° from another <1_lO>
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_ direction Qf the other bec crystal in the 100 orientation, This is the
_"p:édicted angular difference_between the N and K-S relationships. |
: ?--‘By»compariqg the dark-field images of Fig. 8d and Fig. 8f which we%eﬁ
lﬂjffdm”the,bcc spots'in'thef[llla] (K%S)vand [100 o] (N) oriehtation, résbec--
‘FiQely, ifvcan be séeﬁ that the émount of o in the N ofiénta;ién is greatef
; £%an ﬁhét in-the K-S orientation. Sincé the K-S is to be £he'final orienta-
iﬁion;ﬁétween the y and a , this result may,imply'that the bee cfystal formed
ffir;t,iﬁ»fh; N‘orientétion:, | o
Thé sequenée of eveﬁts in Fig._8§ showing two inﬁersectinge %Bands I
" and iI_may bé reconstructed as follows. Band I forméd first anc isvthe>inf
:fterséctédvband; It is displaced noticeably in the [211; direction (Figé;
 v8a énd.Bq)?as it'is ihtersegted.bylband II which appears to occur from left
té réghf; indica#ing the-directioﬁ of dislocation motion.‘ At the regipﬁ
A of'inﬁé{sectiQnIShowﬁ by arrow in Pig. 8a, the a bee crystal in‘the N prién-
'3tgﬁionvmusf Have formed. On further deforéation, dislocations from band'II
v'piléﬁup:on the @; crystal to build up enough stresses that must somehow
fptate that part of' a; to the K-S orientation. These ébservatiOns suggest
-érﬁéchahism by which o can be obtained at regions of interseétions of .two '
s-bands Qf»afiregions wheré‘ans ~band meets a twin Or grain‘boundary and
_wili be-discﬁssed in Section IIIB.

'vAhother intefesting point is also provided by Fig. 8f. The pile-up o
diéioéatiéns on oy from the léft apparently causes it to.Consume part of :
band II to ﬁheﬁfight. Th;é'is suggested by the o1 ciystals‘pointed by arquS

in Fiéu 8f.: This gbserQétion can explain ﬁhy the amount ofve'peaks-at fairly
low strains (v5%) éhd then decrea$eé thereafter. vPresuﬁably enoughvslip

. systems are nucleated to provide intersecting regions for the formation of*

o crystals.i Afte: a certainvamouht of deformation¢ the o is_able to grow

_into pre-ekisting e-bands. Further deformetion naturally:prddupes more
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ie, but the pre-existing € is consumed at a faster rate which leads to the
steady decrease in e while the a increases proportionately with in¢reasing

plastic deformation. - v
R |

D.- .Summangoszxperimenfal Regults

The ésgénfiai findings éf this part of‘ﬁhé invéstigation~are thé
fOllbwing:

1. /Tﬂe”formation of;d ﬁartensife in 30b stéinlesé steel &as‘observed
oﬁly“aftér pléstiC'deformafion. The Md wés'estimated to.ﬁe around 293°K
and-the;M; kh?K. The amounﬁ of «a increésed with increasing_amountsvbf
deformation at 78°K.

Q.IMIn this alloy system, thé € is also aithermodynamically'stable :
i’hcp'phase which.is formed:either by plastic deformation'at orlbeiow room .

' temperature (M. ) or after isothermally holding at‘loﬁ temperatures, e.g.,

v d
: _—78°C.for 3 days.

3. The martensitic transformations proceed in fhe sequence y = £ - d_
 andvth;Y > o wiﬁh e.resulting from>the large:éhear deformation. The lafter
sequeqce was ruled out on the:basis.of.the‘new evidenée.that € was'formed
independentiy.éf o and aléélbecause'a was detected Within thé d phase.

y fhe o phase:wag preferably nucleated at intersections of two €- 
bands and at:or near regions where the € band abutts twin or grain Boundaries?
i.e., at regions under compression. | | '

v5, The nucleivof'd appear to Be needle—like which grow(into'laths.‘”‘
Groﬁfh of the & occurs at thevexpenserof e which explains why the relatiﬁei

amount of € decreases after reaching a maximum amount at relatively low

strains.
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6. Adjacent o crystals within an € band are not necessari

s
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*T. The orientation relationship between the y and o phases appearéd

to change from the'Nishiyama to the Kurdjumov-Sachs during growth.




£ v ’
(M.)” and € + o (Ms)e va transformations were detected,
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IV. DISCUSSION OF RESULTS

A, The e-phase .

The occurrence of the hexagonal € phase besides the y and o phases is

well know in binary‘Fe—Mh alloys. Schumann(23) showed convincingly that

" the o hucleated'within the ¢ phase and not in the y. The size of the a is

limited by the e and the thickening Qf a crystals ﬁithin the ¢ lead to the

(13)

description of lath-martensite.. In the range of lO-lh}S%Mn, the € and

o co-exist in the structures and separate MS temperatures of the y + ¢

(23)

. For the 13.83%Mn

alloy, the'MS-E is 160°C and the MSE ~ % 45 140°C. This substantiated the

metallbgraphickevidence that ¢ is a phase from which o can be nucleated.
The results of the present investigation show also that in Fe—Cr—Ni-

stainless steels, a is nucleated from €. This question has not been unam-

, biguously resolved,until'now.'

In the sequence of transformation y = € + o in stainless steels, there

is the possibiiity for two distinct Ms temperatures to exist, as has been

observed in Fe-Mn alloys.(gs) Goldman, Robertson and Koss(lh) used three

’téchniques,‘viz., differential thermal analysis, temperature dependence”of

vresonantvfrequency (elastic moduli) and internal friction, to follow the

transformations in an Fe-15.1Cr-11.7Ni alloy in the hope of detecting a -

separaté MSe above the Msu (y » o). Since this was not observed, it was

‘concluded that the transformation sequence was that proposed by Dash and.

(9) (23)

Otte. However, Schumann pointed out the difficulty of using thermal

analysis to record two sepa.rate’Ms temperatures even in the Fe-~Mn alloys.

“ In the range 10-14.5% Mn, the steels with 11.18% and 12.75% Mn yielded only

a single Ms point. In these alloys;'the predominant phase is o whiéh forms
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- from €. Two separate M points were found only in the 13. 837 Mn alloy
Hmentloned above. Another dlfflculty that might arise in u51ng thermal

analy51s is that assoc1ated with the low free energy chanpe (m50 cal/mole)

(22)

v1n ‘the marten51t1c,fcc+hcp transformatlon. All the arguments about

l .

| he correct sequence of reactlons in the Fe—Cr—Nl alloy systems 1is qulte

‘rltuunfortunate 1n\that the results are’ drawn from w1dely dlfferent comp051t10ns.

" Since € 'is a stable-phase, the transformation ¢ + a implies an equilibrium

transformation line between these two phases as is now well-known in pure . .

(25) . . . (23)

: 1ron and Fe-Mn alloys. The experimentally determineva—T.phase ;

(25)

shows that the transformatlon line

(23,28) A

dlagram for pure 1ron due to Bundy
between € > Q.in pure iron is similar to that in Fe-Mn alloys.

comparison of the characteristics of the € phases in pure iron-and Fe-Mn-

(29)

alloys revealed that they are identical. Thus, it appears that the’

formation of the ¢ phase in pure iron can be accomplished either by high-

(33) Other alloy

(30) (31)

_systems that show the ex1stence of the ¢ phase are the Fe- Ru and Fe-Ir

"hydrostatic pressureS’or by suiteble alloying additions.

systems.' These systems including the Fe-Cr-Ni alloys where € was observed

are characterized by a common average group number (AGN), i.e., average

(28)

-outer shell electron concentration, of 7.7-8.2

(32)

where the occurrencerof_ '
the ¢ phase has been predlcted Another possibility of course is for:
alloying to lower the_stacking-fault energy of y’sufficiently to favor forma-
tion of €. The s +va transformation‘linevin Fe—Cr-Ni alloys, as well es.

the Fe-Ru end Fe-Ir systems, has yet to bevdetermined. The exlstence'ofjj

a similar transformation diagram in the Fe-Cr-Ni alloys as in.Fe—Mn will
(29)

illustrate the effect of composition-on the formatidn of different'phases._

'Thus, at the trlple p01nt, it is expected that both € and a are formed

' 51multaneously, whlle bel" he triple point composition, the Y > a trans-
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\" ] N X
formatlon is expected

(25) (29)

It is, however, a fact that in pure iron and Fe-Mn alloys

althouvh the € > o w1ll proceed the reverse o +be cannot be effected in'
pure iren,( S) it is. necessary to revert the a to y in order to allow €
fto'form-from the y on,cooling at a coostant hydroetatic pressure. The

€ > a reection in pure iron ﬁeens that a lower symmetry hcp'strqcfure is
traﬁsformed.io a hiéher symmetry cﬁbic structdre.’ This result is contrary
to one of the arguments used by Dash and_Otte(9) ageinst.the Y e o
sequence of reactioos in'the Fe~Cr—Ni-alloys.. It needs to be meﬁtioned'
only thaf the ¢ »:a reaction occurs in 5bth purevFe and Fe—Mo>alloye and
thexeimilarity of thesevsystems wiph'fe-Cr—Ni~alloysviends sdpport po the
eeQuence.y > € > aQ as.a general reaction depending'on compoeition (stacking

‘fault energy) and thermodynamic variables (particularly pressure).

'B.: " The Nucleation of a From ¢
It hae been observed that the nucleation of a preferentially occurs
at inﬁersectiops of_ﬁwo e~bands or where tHe e—band.meets'either a grain E
~ boundary or twin boundary.‘ If one considers the expan51on of the e phase
in the Y matrix. to occur by motion of a/6 <éll> dlslocatlons as is expected
for fcc+hcp transform@tlon(lg) the pile-up of sueh dlslocatlons_agalnst.
twin or grain boundaries produces a compressed.region nearlthe bdundariee.
f Such a compressed region also exist at intersections of two stacking.fauitsv

(2k)

as shown by Ashbee, Thus, the nucleation of a by £ is chéracterized by

the pres ence of a compressive reglon and the compressron is unllaberal
in the <”1> dlI ection,
S!HCO € ]S a denser phaae than o, it is expected that ¢ is more stable

at hlgher prcssureo. It'seems,‘therefore; that at the compressed regions
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- eited above that the € would be rendered more stable. This is -certainly

(25)

" true if the compression is multilateral, i.e., hydfbstatic. , However, C

_-in a unilateral or at most bilateral compression,as will be seen later,

»gndAbéEaﬁse.of thé'fendency to form d; thejcompression Will\bring.the.ev .

 £6.5 highef ehergy state than its surroundingsi Thé'éxcéss préssufe at
'?“the compreséédvreéioﬁs of € can be_reliévéd if an expénsidn to the bee:
:_latticeléécgrS;ISince for the samevforce_a'lafgér voiumé will experience
; éﬁallér pressure."Such an‘éxﬁansion is‘possibleibeéausé qf the absenée

(25)

of hydrostatic pre#suré; Bﬁndy s work' corroborates this éxpiahaﬁion
Miﬁ ﬁhatvthe lowér:pressure.phase in"lron is «. Theée:a?guments élsQ sugéest
' that ifbformation of o tﬁ;ough this process is achieveﬁ at. lower tempera-
turéé, raisiﬁg thevtemﬁeratufe to relieve the éreséure would téna to.prb—

(16)

‘duce more'd;f This has been observed

(17)

and will be considered iﬁ another
_ paper.
As soon -as a nucleated, its growth can be conéidered in the followihg '
manner. The volume expansion on transformation to a will neceésary'put;
'pressure on thé surrounding phases(and again to relieve this pressyre, the
a wili férm. A repetition of this proceés cféates a natural-"Umkiapp"'pro-
cess which is characterlstlc of martensitic transforﬁatlons .
Tﬁe cbservations that a compre551ve stfess is. present in the <élf\
and also that the Nishiyama orientation relation was observed at the start
of the transformatlén suggest the atom mévemen ts shown in Fig. 9. In tﬁis
'flgure the hep structure is shown with the atoms in the (0001) as'filled

circles and@thexatoms in the (0002) plane as open-circles. When the atoms
, . N

in the open-circled positions are moved the distance i%_"\ lf\! (equw alen*

notations in fcc are used for simplitity) to the center of the prismatic

planes in the cross-circled positions, an essentially bec structure in the

T
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NiShiyama orientation is obtained except.forfceftain angular and dimeﬁsional
changes Thls movement is seen to be the dlrectlon of motion of paxtlal
dlslocat1ons in the {lll} .and'is equivalent to the system>{110} \llO)Y in
(7)' '

;the_bcc‘structure. Zener showea that in the bcc structure the motion
of'étoms“elong'this direction.offers negligible resiétance if fhe atoms are
'packed as hard sphereo. ’ | |

An outline of a (110) ” (lll ‘ 1s_also indicated in Fig. 9;v In order
.to obtaln the actual bee structure,'it is necessary to deform the hep
vstructure along the prlnClpal dlrectlons <?ll> and. QJO) in the {lll}
’and along the <§l%> OOOl) . The resultlng prlnelpal distortions are
.—0.0819, +Q7126, and'—0.02h2,,respectively (see Fig. 10). These deforma-
“tikor‘ls- ean bfe achieved if a ‘b.iaxi'.al combreSSive Etress system along fhe '(211)Y
ena <éjj>y directions can Be gpplied~ﬁo.the hcpvetructure as shown ih Fig.
lOa. This-suggests.that an addedv<uu>y compressive siress is needed oﬁ_
top of the (217 compressiﬁe stress. One notes, however thét the core
pre951ve strain in the <?1£> 1s nore than thre° times that in the (lT%/
. and perhaps the latter could be achieved with onlynthe <él£>¥ compre351ve
sﬁress}t This might be plausiblé since the (c/a) retio in € is ideal. In
this sitﬁatioﬁ,'the atoms ean be considered packed as hard spheres and tﬁe
bondieg of atbﬁs ig'princibally due to neareet neighbor ihtefactione elong
atheir iﬁteretomievdistance (central force approximation); | |

. The pr1n01pal lattlce distortions in transformlng the hep structure
ito the bee is deflned only by the pOSlthnS of the corner atoms of the hcp

s

unit cell. The slight Iearranbement or 1nternal shuffling of tne atom at

-1/3, 2/3, 1/2 does not contribute to the léttice deformation. D1t5ch(26)

pointed out that these geometric conditions must be met in a transformasticn

process with cooperative movements of atoms , i.e., in the martensitic trans-

Ly |
formation

! ’ v : i
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V. ' SUMMARY
B - It has been proved that the sequence of mérténSitic’transformations o *

 in'3OH;sfainLe$sfstéels»is'Y > +_df This conclusion is baéedAmainly on
.ﬁéwiy acqﬁiréd evidence.ﬁhat‘l) thé € can é%ist inside‘thé o phase; and.
"?) €[fdfmed:indebéndently and'beere thé‘formatioﬁvof.q, i.é}, & wés never
foﬁnd_ﬁniéss.aSSOCiated with e.. € is 'a tﬁermoﬁyﬁamically stablé hep ?hase{
-Comﬁgrison of the above séqﬁépce-with:the‘c -> d feactions;in pure ironiaﬁd
.jﬁ irén—maﬁganesé alloys suggesté that a éimiiar_eduilibrium‘tfaﬁsfdrmation‘
.line Betweenyévand'q known.fér fhesé systems. might be‘found in Ee~Cr-Ni'
v‘iailoySQ _Nuéleationvof ﬁﬁe o vas obsérved principally‘af intersections of
__wa e—banés‘orian efband‘with twin or grain_bouhdaries which'répresehted
unildtefalij‘éémpressed(fegiéns. Electron'diffréctioﬁ indicates that £he'
T'Nishiyama rélétionéhip between Yy and o phaées is_predominant at‘the starf
_6f_th¢.trén§formation whicﬁ later changed tovthe:Kufdjumov—Sachs. Based
.:on these experimental findings, a sequence of atom movements frgm the hep
to the 5cc structure was pfoposed‘having the basic geémetric,conditions of

a martensitic transformation.
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FIGURE’CAPTIONS

Identlflcatlon of phases in a partlally transformed sample De~-

formed 157 in tens1on at 196°C, (a) lefractlon pattern of central

‘area of brlght—fleld 1mage in (b), (c)_IndeXed pattern -~ the

‘?pattern consists of three snperimposed reciprocal lattice sections

of the y(fece), a(bcc), and e(hcp) phases

Dark-field 1mages due to sPots A B, C, D E, and F shown in

*Flg. 1c. The circle deflnes the 1mage of the 20u selectedvarea.

-aperture.”

Formation of the;e—phase after h% deformation at -196°C; (a) Diffrac—

“tion pattern of area shown in b, c, d (b) Brlght fleld (c) and

-(d) Dark-field images of y and e phase,_respectlvely, showlng

“there is no o present.

Dark-field images of the e-phase; (a) Sample held for 3 days at
-78°C; (b) Sample ten31le strained 137 at room temperature

Nucleation of needle—shapedva particles at intersections (arrow)

of ejbands. Specimen deformed 15% in tension at -196°C

Nucleation of o where e-band meetss-(a) twin, or (b)'grain bounda-

<«

jries.' Spec1mens deformed 15% in tension at l96°

Show1ng that adjacent o crystals are not necessarlly tw1n related

(a) lefractlon pattern of (b) Bright field {c) Indexed pattern,

ujtransformatlonvwhlch changes to the Kurdjumov—Sachs-(h-S);

‘(d), (e), (f) Dark-field images of spots A, B, and C in (c¢); (& )

shows that the adJacent crystals are not- tw1n related. Specimens’
deformed 15% in tension at 196°C

Orlentatlon of Y and a is apparently NIshiyama (N) at start of

i3
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Fig. 8 -~ (a) Bright field; (b) Diffraction pattern; (c) Indexed pattern;
(Contd) .

(a), (e), (f), (g) Dark-field images of spots A, B. C, and D in (c).
Specimens deformed 4% at -196°C.

Fig. 9 - Suggested probable atom movements in the hep to bee transformaticn.

Fig. 10- Dimensional and angular changes in the hcp to bee transformation

suggested by Fig. 9.
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Fig. 4 (b)
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Fig. 6 (a)
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This report was prepared as an account of Government sponsored work.
Neither the United States, nor the Commission, nor any person acting on
behalf of the Commission:

A. Makes any warranty or representation, expressed or implied, with
respect to the accuracy, completeness, or usefulness of the informa-
tion contained in this report, or that the use of any information,
apparatus, method, or process disclosed in this report may not in-
fringe privately owned rights; or '

B. Assumes any liabilities with respect to the use of, or for damages
resulting from the use of any information, apparatus, method, or
process disclosed in this report. :

As used in the above, 'person acting on behalf of the Commission”
includes any employee or contractor of the Commission, or employee of
such contractor, to the extent that such employee or contractor of the
Commission, or employee of such contractor prepares, disseminates, or pro-
vides access to, any information pursuant to his employment or contract
with the Commission, or his employment with such contractor.
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