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‘Department of Materials Science and Engineering, College of Engineering;
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ABSTRACT
An'#—ray methed is used in a new way so as to study how the orienta-
tion deéendence of tﬁe applied stress in Fe-lSw/oNi—lsw/oCr single crys-
tals controls the fbrmation of specific Kurdjumbv;SQChs (K-S) variants
.of a martepsite above Msy. It is found that the'disfribution of these
K-S variants can be corfelated to the slip systemé-operating in the
crystal.  Quantitative vélume fraction measﬁreménﬁé of o martensite
present in crystals-oriéntated for easy glide shqﬁ'that 80%. of the
martensite formed has the same K-S variant. The € martgnéité forms sas
large sheets parallel to the austenite slip plane. Epsilon martensite
is only observed in association with {111}y planes that have slipped.
The orientation relationship observed is the well known '{0001}svn' {111}y.
All the crystals tested in tension at 273° and 242°K 4id not contain a
mertensite, but did contain the € phase. At 185°K crystals with [100lY,
[§13]Y,’[ii2]¥ and [110]y tensile axes were pulléd to 5% tensile strain.
These crystals transforméd to @ and € martensité. ‘The volume fraction
of g martensite was sénsitive to the crystal oriénxﬁtion; varying from
<0.002 to 0.0T for the [100]7‘ and [2I3]y tensile axis specimens respéc-_
tively.. A detailed discussion of an experimentai method to measure

the volume fraction of specific K-S varients is presented.
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'INTRODUCTION

The objective of this study is tobinvéstigate the effects of stress
| and deformation on the‘fqrmation cf'marténsite in Fe-lSw/oNi—lsw/oCr
' single’ciysta;s. This paper will‘discuss specifically how the orienta-
fiéﬁ'depehdénce of the aﬁplied'stresé controls fhé formation of specific
Kurdjumovaéché'(K;S)'variants>in the crystal, the experimental method
used to identify and measure the volume fracfion of.eaéh verient, and
cdm@ére the mechanical property data of these single cryétéls to poly-
cf&stﬁlrdafa of Similar'éomPOSitioﬁ, ?he nqtation fér-the deformation
" and 1sofhérﬁal stértifémpeféture'of tﬁé ﬁArteﬁsitéﬁﬁransformation used
in this paper is that adopfed”in'Reference 1. |

' Patél'anq Cohen (1953)2 and Richman and Boliing'(l971)3 showed how
‘the action of an applied stress can aid or hinder‘the formation of a
vﬁa:tensite gfystalé in the austenite hatrix."Calcﬁlations were made
using‘Pate;vagd Cohen'é mode1? in the same way diséﬁssed éy‘Goodchild,
et al‘,l‘,5-1n an effort to identify which variants of the potential habit
plane would be expected if the crystal was défqrméd bétwéen.Nﬁy and
>MsY; However,'the'eiperimental reSults clearly shdwéd that many hebits
that vere‘fgﬁored by the sbove calculations were not présént in the
éf&3t31 énd1as shown in thé preéent papér all the a.martensite_appearéd
to héve the‘sﬁme K-S variant”of the orientation relationship. 1Imn

order to study this apparent_singularity associated with the direction
of an applied stress, an x-ray experihent was designeds, using a Schulz
goniometer6,.that would allcw,thé experimentor to lécété and measuré the
volume fraction of q martensite in the austenite matrix associatéd with -
each variant of the K-S orientation relationship. The procedure was
also used tb measufe the volume fraction of € martensite asgociated with

each {111}y plane in the crystal. The results and discussion of these

measurémentsvfollow.



The mechanical response of these crystals with.variousvtensile
axes pulled between Miy and Msy is also of interest.-lGoodchild, et a.l.h
observed in plastically deformed 303 and 305 stainless‘steel that grains
with a tensile axis near {00l}y contained no « nor e martensite. The

absence of a martensite was also observed in singlevorystels with &

[100]y tensile axis - The Patel and Cohen model2 explains these

results very well. Epsilon marten51te ‘was observed in [100]y tensile
axis crystals whlch is in conflict with the polycrystalline studies.

An explanstion of these polycrystalline results based on the observed
stress strain curves of single crystals pulled in tension with varioos

tensile axes is presented.

EXPERIMENTAL PROCEDURES

The Fe-15"/oNi-15"/oCr crystals were 32mm in diameter by 160mm
long, and were grown by Advanced Materials Research and Development

Leboratory of Pratt and Whitney AircraftT.

This alloy is a paramagnetic
austenite vhich has a fairly low stacking fault energy (30-k0 ergs/cmz,
estimated from data of Breedis and Kaufman)l. The cyrstal was homo-
genized at 1200°C for T2 hours. Sheets 2.5mm thiek were cut from
crystal, the face of the sheet being parallel to the (111)y or the (00l)y
: planee. o ' | | )

The single crystal slabs were cut from the large crystal wifh a

- Norton sbrasive disk No. A90 ROR30. The cutting was performed under

a continuous flow of kerosene at 6000 RPM. Tﬁe slabs were surface

ground using 0.002mm steps in the grinding operation. The tensile

specimens were electropolished, removing a minimum of 0.15mm of

material from each surface. The specimens were electropolished with
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15% HC1§3(60%), 85% acetic acid at 8_vblts, mainfaiping a temperature
of 15°C. Tﬁe rate of femoval was 0.10 to O.lSmm]hbﬁr, producing & uni-
form mirror finish. |
Théiiﬁitial.orientation‘of.the crystals forimgqﬁining and a re-

check of each tensile spéCimen before testing was performed using thé
Leue back reflection method. The final orientafidn:of each crystal
was measured by locating the_fhree‘{002}y polés or the four {1ll}y
poles withHa Schulz pole figure goniometer6 mouﬁted on a Norelco
diffjactoﬁeper.‘ All orientation measurements afé eéfimated to be
accuraterto.to.s degree. |

‘ Téqsile.tests were performed with anilnstron Model‘T-M testing
ﬁachine.i The specimens were gripped, using blockifype grips with
universal action to aid in critical alignment of the syétem. The
testiné temperature was maintained by liquid baths. All temperature
measuremen£s were-made using a copper-constantan #ﬁefmocouple with 0°C
referenéevjunction} The final dimensioﬁs'of the ténsile specimens
were mea#u:éd with an optical micrometer, which has a resolution of
better than 0.002mm. Howeve;, because thevcornérsvéf the specimens
vere roﬁnded due to electropolishing, the accuracj'of the measured
cross—sectional area is esﬁimated to bev3%. This'represénts the
largest error in the daﬁa reQuired for stress'measufements. All
straiﬂ measurements were based on crosshead velocity. Only plastic
strains are feported in this paper.. )

The identification of the o martensite variants of tﬁe K-8

orientaﬁioﬁ reiationship'was accomplished ﬁs follows: If singlé

' crystals of a martensite form in s single crystal matrix of austenite,
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the variants of the orientation relation which‘fofm can be located and
identifigd by using polé figuré'techniqués. Thé angﬁlar rotations of
the polevfigure goniometer allow the'expefiméntor tofscan the total
volume offthe crystﬁl quickly, and tﬁe distributidn éf any pole {hkl}a
wvas fouhdvsiﬁply by setting fhe diffractometer gﬁgle to the appropfiate
. 26 value, as calculated from Bragg's Law. For fhis;étudy, the distri-
butionsibf3{002}a and {10il}é poles were measured. -They.were selected
because of their high symmetry and the.fact that‘théSe poles can be
scanned without the problem of overlapping reflectiéns. Iron Kq radia~
tion was us;d for these measurements. -
Idealized pole figures were generated shcwing_ﬁhe distribution of

' {002}a and {1011}e martensite poles on a (111)y éteréographic projec-
tipn. :All-K-S variants c#ﬁ be resolved and the fouf resolvable ¢ vari-
ants can be identified. The resulting 1dealized distributions of {002}a
pdleé for the 24 variants of the K-S orientation relatiohship and the
four orientations of the {10T1}e foles are plotted in Figs. 1 and 2
., respectively on a (111)y stereographic proJectién. The idéntification
of the symbols and numbers on Figs. 1 and 2 are gifen in Teble I. In
order to identify a particular variant, the expérimé#tal observations‘
" are superimposed ol to theséVfigures. The corrélaﬁion bétweén thé
‘ experihental”and calculated‘positions of a martensitg pole was out-
standing. _Aftef experience with the method developed, thé polé figure
scan was dropped in favor 6fvthe following procedﬁre:
1) The'crysfal was mounted on ﬁhe‘pole figure goniometer and the {1ll}y '
or'{OOI}Y polés were located énd plotted on a stereographic projection.

This established the exact speéimen orientation.



2) The'idéalized pole figures showing the {002}a and {10I1}¢ poles
were.rotatéd along great circles to the exact speciﬁén orientation.

3) The goniometer angles for specific a or ¢ poles were measured from
the’sterebéraphic projections. |

h). The infegrated iﬁtensity of fhe a or ¢ peak waé.measufed if the
phase was in fact present. This procedure worked so well that when a
'or € marténsite was present, the measured goniometér setting was always
witﬁin 1° of the position of maximum‘inténsity.

The usual procedure used to calculate volume frﬁction'of e and o
martensite_is discussed b& Cullity.9 Because of tﬁe highly mosaic
structure of-thé deformed érystéls, the‘x—ray inﬁensity measurement
was made by holding 28 for the {hkl} reflection of._in'terest constant,
and thén focking the crystal through the peak. The s?éed of rocking
the Cryétal was 0.625 degree per minute. The total intégrated'intensity
was corrected for background and calculations made_in the conventional |
manners’gl " |

One'{002}a pole for each_of‘tﬁe 24 K-S variants is found in the
" circular disfribution around -one of the ﬁhree rectahéular clusters of
ﬁoles seen in Fig. 1. .When adJacent variants were'preséﬁt in this

region, the_péaks fér the two {Ooz}a_poles teﬁd to overlap. In all
cases where & second pole for a particular variant ﬁas independently
4dbservable,_tﬁé intégratedviptensity was recorded.. A 5% difference in
the integrétéd intensities was typical for the m;Jority of examples
'where two poles were resolvable. For several pole pairs measuréd,

differences as large as 20% were observed. However, the larger

" differences in integrated intensities were Associaped with the low
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volume fraction variants. Although no specific claim will be made as

to accuracy of these measuréments,_agréement to withiﬁ 10% of the total
volume fraction of & ma;tensité méasured from opticél.micrographs was
aéhiévéd. 'Thé précision of the volume fraction meaéu¥ément for any single
polé was gbout 1% and the résdiﬁtion was of the ordér.of 0.001 (0.1%
martensitg)_ The centrQl 1/3 of the surface area of fhe gauge section

was used for all measurements.

. EXPERIMENTAL RESULTS

The stress-strain data for (II2]y and [§i3]yb£ehéile axis samples
at sever31 témperatures are given in Figsf 3 and 4 fd illustrate the
mechanical_ﬂehavior of these crystal above and below Mdy. There
appears to be no specific value for Mdy; Mdy being;aﬁfunétion of the-

resolved sheaf'stress on the potential a martensite habit planes

Specimens tested to 10% tensile strain at 273° and 242°K did not trans-

form to u’ﬁartensite, but specimenS-tested in the region of 185°K

transformed to an acicular structure consisting of both the ¢ and o

- phases (See Fig. 6). The formations of the a phase causes a large

reduction in flow stress at this strain rate.

Quantitive volume fraction measurements of e'ahd-a mertensite
were made on tensile specimens with [lOij, [ii?ii;- [213]y and [1I0]y
tensile axes. These tensile specimens were tested in the région of
185°K fo Sl'tgnsile strain. The stress strainvcufves are given in

Fig. 5 and the volume fraction measurements tabulated in Table II.

-A light ﬁetallogfaphic study of the [213]y tenmsile axis sample showing

the martensite microstructure on the (I11)y, (011)y, and the (211)y

surfaces are given in Fig. 6. This study uniquely‘idéntifies the



acicular shape of the o martensite crysfals. ‘The:t;ansfprﬁation éhear.
of the a martenSite formed in this alloy is a slipvshégr. No twins were
observed within the needles except in regions of nearly 100 percent
martensite. An electron mlcrograph showing the dlslocated structure of
‘the a marten81te is glven in Fig. 7;

In all cases € martensite was observed.only on. Pplenes that sllpped.
This was confirmed by comparing slip,planes defined by_slip traces on
two pérpendicular surfaces to the x-ray measurements}‘ If slip occurs
on & particular {111}y plane, € martensite vas always present as

{111}y 1{0001}e. Slip is possible on only two systems for the [112]y
tensile axis sample. Because the crystals were two degrees from the
exact [II2]y tensile axis, the (1I1)y [iOl]y’sygteﬁ.was favored pro-
ducing twice'thejquantify ofbe on the (lil)y‘plane'ﬁhan was observed on
the (I11)y piane. The majority of the o mertensite was &lso associated
with the (111")'7 slip plane end the [To1ly siip direction.. An i.dea'l
[llO]y tensile axis specimen should slip on two planes, four slip systems.
However, & one degree deviation from the [llO]y was suffic1ent to confine
siip to the (1I1)y [Iolly and (1I1)y [011]y systems. The a mertemsite
was evénlyvdisfributed between the K-S variants containing the [I01ly
and [Oll]y‘slip directions. ‘Th; [100]y sample genergfed slip on only
two systems, the (1I1)y [110]y and (111)y [1T0ly. Almost no o martensite
was observed in fhis sample and the folume fraction §f € martensite was
also less than in other orientations (See Table iI).r It is clear
from the data in Table II that the K-S variants favored in plastically
deformed austenite crystals aré those-associatéd with both:thé slip

‘plane and slip direction.



DISCUSSION

. Experimental Method

The experimental application of polé figure methods to study the
stress dependence on the orientatioﬁ relationéhip is believed to be
néw. The method allows the researcher to measﬁre thevpresence of a
specific K-S variant of a martensite and its voluﬁe fraction providing
the martensite is dislocated and not twinned.

Some twins exist in the austenite prior to transformation. How~
ever,‘twinning of the austenite will not change the position of the
{001}a poles for any of the 24 possible K-S varianﬁs. 'By inspection of
Fig. 1, one can see that twinning of the austenite oﬁ{ill}yplanés causes
superposition of {00l}a martensite poles of the same K-S variant. This
in itself wili not change the accuracy éf the volume fraction measure-
ment nor affect the identification of the specific martensiﬁe variants
present. |

Twinning of the martensite (the inhomogeneous shear) on the other
hand causes & much more difficult problem. (Although transformation
twinning was not present in this alloy (Fig. T), a discussion of the
problem is presented so that difficulties that will arise when the
experiﬁental_method is applied to twinned martensite systems is
understood.) Consider the (111)yl (110)a set of six K-S variants. This
is the set in Fig. 1 identified as[:li. The martensite crystal could
shear on either the [I11]a or [1I1]a direction in this example. If the

mode of deformation is twinning, the compbsition plane will be (1I2)a for

‘the [I11]a shear direction, or the composition plane will be the (112)a

for the [111]q shear direction.
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The r'es.ults of twinning the crystal, first assu:ming the shear
' direction 1n the martensite is the <11l>a direc’clon spec1fied for

each K-S varlant E]l, preens E6 (See Table I), a.re glven in Flg. 8.

For - exa.mple for Dl’ the [I01]y | [lll]o,, the composition plane is (112)a.

Then for the case [I01]y! [111]a the composition pla.ne is (I12)a.

If Fig. 8 _is superimposed upon Fig. 1, superpoéiti_pn of cube poles for
the twinn}ed' a.nd untwinned cases which are not in fact the same K-S va;r-
ia.ni are oﬁserved.' Note for the six K—-S variants - associated with the
(111)y 4 (llO)a planes, that twin superposition occurs in pairs. In
other words_if}E]l is twinned formi_ng{:[ 1, the pés‘ition ofE]Tl polés
superimpose oritor-_'] 5 poles. Likewise if Ez poles _a.ré twinned, the
ET2 poles superlmpose upon Bl poles. This pair ma.tching occurs for
every possi’ble set. ' o N - . e

| 'I'he:efore, if Gl is present and is tw.'gnned ong,ﬁould observe, |
experimentally, intensity at both the[X, and [7], positions. One would
not know byb_:.:'-ra.y'methods alone if only one variant ivsipresent and is
twinneti, or both present and twinned. This does ixn'pljf, however, thatA
if only ‘one.pole of the pair was observed, it must "r_iot'be twinned and
it is theréfore ur.ziquely.identified. Al.so. it is o’béez;#ed that quantita=
tive volume ffé.ction measurements of specific K-S variants c'a.nnot‘be |
made using the éube poles if the martensite cryéta.ls are twinned with
the <11l>a shear direction being the K-S corresi:ondence vector. .Thi'n
foil electron microscopy can of course resolve this difficulty and will
be described in a later pa.per.8 -

v As was pointed out, there are two possible twinning planes in any
{110}a orientation. For the (110)a case being discussed, the martensite
variant [I01]y I [I11]a could glso be sheared in the [111]q direction

with a (T712)a composition plane. If this second twin is considered. a -
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new set of cube poles are generated (shown in Fig. 9) which do not
superimpose upon the untwinned a mﬁrtensite crystals (Fig. 1). Hoyever,
{001}y poles in these twin positions were not observéd experimentally in

a Fe-35.5"/0 Ni alloy that was heavily twinned.usingbthe x-ray pole

figure method.’ This indicates that all twinning in the Fe-35.5" /oNi alloy
must be associgted with the <1ll>a shesring diréétion'fhat is in corres-
pondence wifh the K-S variant.

The accuracy of the volume fraction measﬁrements‘was in general
-disappointing. The 5% difference in integrated intensiﬁy observed
vhetweeﬁ two diffgrent <001>q martensite polés of the same crystal
oriehtation ﬁas much larger than expected. The.most likely source of
error is due to the fact that slip is not homogéneods and consequently
the intensity distribution is non-symmetrical. This would cause different
values of tﬁe integrated intensity for different directions of scan
over the peak. The fact that the total volume fraction obtained using
the x-réy ﬁgthod_agrees fairly well with the light optical metallographic

regsults indicates that the method is valid.

The mechanical property data of these single crystals (Fig. 3,k4,
end 5) help tb explain the orientation dependence of ¢ and q martensite
formation in the polycrystal data presented by Goodéhiid, et a.l.)4 for
textured 301 and 305 austenitic stainless steel. They observed that the
formation of ¢ and o martensite was inhibited in grains with the <00l>y
parallel to the tensi;e axis. Grains with the <110>y parallel to the
’ ténsile axis contained ¢ and moderate amounts of o martensite. Greains
with one of thg <123>y parallel to the tensile axis contained ¢ mar-

tensite and the maximum amounts of g martensite. The single crystal
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results"gi#en in Table IT follow these same trerds for a martensite, but
not for ¢ martensite. A reductién of ¢ martensite was observed in the
[lOO]y-tensile axis specimen, but not to the extent suggested by the
foiycfysfalline.studiesh; The reason almost no ¢ mﬁftensite'is present
in grains with the <100>y parallel to the tensile'akis in polycrystal
éamples ﬁﬁy be due to.the orientation dependénce of the flow stress
observed iﬁ single-crystals tested between Mdy dnd'M5y, (Figs. 3 and L.
.Fofvsinglg crystals, the'yieldvand flow stfess is reduced significantly |
when:the y+a'transformation can proceedvﬁith easg;’ A single crystal
with a thO]y tensile axis iérnot producing o martensite, consequently

a higher yield and flow stress aré observed (Fig. 5). Epsilon martensite
is not foqnd in grains with the <001>g parallel to the tensile axis

in polyéfyétalline.ausﬁenitic'stainless steel because under these

deformation conditions the stress in these grains does not exceed the

CRSS for slip.

The:feason o is not forﬁing appears to be related to the work done
- by the‘stfess which can either aid or hinder the y+a transformation.
The orientation dependence of a martensite formation follows from the
, ériterioﬁ eétablished by Patel and.Cohen2 showing héw the.work done
bj an external stress resolved on the habit plane (r).and the normal to
the habit plane (on) of the martensite platé can raise the martensite
start temperature. The wérk done by the stress ig.written as

U=ty + 0,€0 |
where yo is the transformation shear in the habit plane and ¢; is the

transformation shear normal to the habit plane. The values of y, and
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€p used were 0.20 and 0.0k respectively. Vé:y simply, the effect on Msy
due to an appiied stress is |

AFY™® @ Msy = AFY® @ May + U
where MSY<Mdy;' The magnitude of U depends upon the magnitude of the
resolved shear stress t and the normal stress g, on thé potential mar-
tensite habit. plane.

Goodchildbet al.h show that the magnitude of U/c where g is the
applied stréss will indicate which martensitevcrystéls should be favored
due to the applied stress. The larger U/g, the more the stress aids
the formatioﬁ of a pgrticulﬁr martensite crystal. If it is assumed that
thé habit plgne is the'{ll2}y and shear direction is the <llO>yu’lo,
crystals with the largest value of U/g are not alwa&s observed experi-
mentally in this alloy. ‘ T

Based ‘u-pon U/o calculations, the crystal wi_tﬁ [ﬁj]y tensile axis
should favor about equally (U/g=0.13) martensite crystal formation for
' the followin'gv'ha.bit plane-shear directions: (II2)y [I10ly, (Z211)y
[oIply, (I12)y [IT0)y, and (Z21)y [011ly. Only the (Z11)y [0I1]y of
this set was observed expgrimentally. This result is clea;ly seeh in
Fig. 6A, which was sectioned to show the (211)y surface. Because the
austenite shear direction in the [2I3]y tensile axis crystal is the [0I1ly,
it was expected to find the long axis of needles near the [0I1]y in the
- (211)y plane. This clearly was the result. Fig. GB shows the same
crystal sectioned to éxpose the (01T)y plane. Tt is clear that o Martensite
needles cﬁf_the surfaéé in packets that appear to be cbnfinéduto thé,(Ill)y

plane. Electron microscopy 6f (011)y foils showed that the a martensite is

‘confined on two sides by large ¢ martensite sheets that are parallel
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to the (iil)y planee. Fig. 6C is the same cryStal éﬁf to expose the
(I11)y plaﬁe.- The d martensite typically appears as small, highly
transformed fégions,that are widely separated'in;ﬁhe austenite matrix.
Accurate hﬁbit plane meésufements8 from optical miérographs.show that
' the systems (311)y [0T1ly, (121)y [101]y, (1I2)y [ITI0]y, and (211)y [0IX]y
with U/o = O.lB, 0.08, 0.08 and 0.0h‘respectivel§ are formed when the
crystal is deformed‘plasti§aily with the-[§IS]y tensile axis.

The difficulty at the present.time is.that fhe presént model2 favors
" the presenée‘of a martensite habit planes that are h6t experiméntally .
cbserved in this alloy. ' The metallographic resulﬁs sho; that the asusten-
ite matrii'is_partitioned by the ¢ phase ss sheets parallel to the
{lll}y_slip planes. This partitioning appeers téicdntrél both the éize
of the acicular o marténsite crystals and the plané_on whichvthe a
maftensite'crystals can form, Such parfitioning is;not accounted for
in the model. TIf all the o martensite crystals were to form with the
habit planes'éuggestéd by thé theory, many needles_?buld héve to cut
through tﬁe ¢ martensite sheet;  This e§ent‘has nbt been observed.
Therefore,_iflis not surprising, because of € marféhéite partitioning,
that all the ® martensite that forms due to the defofmation has the‘
(110)a plahe always parallel to the {111}y slip plane(s), and that
the direction of shear iﬁ the austenite is playing a dominant role in
determiniﬁg the specific K-8 variant that is preséét.

' CONCLUSIONS '
1. The variant of the K-S orientation relation for a marténsite
présent in Féilsw/oNiflSV/oC? single crystals ﬁaé always the

variant that contained both'thé'austenite slip plané and slip
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directiph...This charactéristic was true for bothvéingle and multiple
:élip ofigntatiohs.

2.4 Thé expe:iméntal meﬁhod described can be used to identify each K-S

variaﬁtjbfbd maftensité in the single érystals and'measure its

voluﬁe ffaction providing thé martensite is not twinned. Even if

the marﬁénsite is twinned, usefui information ﬁpQutithe behavior

of the Y—a.frahsformation can be obtained.

3. Thé reégén that grains with a cube»axis near the tensile axis of ,
polycryétailine austenite étain;ess steéls do nét.contain g Or g
marténSite can be e#plained baéed upon single crYstal résults. It
is clear that when the y-a transformation can proceed, the stress
réquiréd for slip is réduced. If the <00l>y is near the tensile
axié, the y»a'transformation cannot proceed. The bulk of plastic
déformatigp in the polycrystal proceeds in grains where the y+q
transfdfmafion occurs,.leaviﬁg the <00l>y gfains parallel to the
tensile axis undeformed. This expléins that no € or a martensite was
cbserved experimentally in these grains by Goodchild, et a1t

\

4, Many o m&rﬁenéite crystal orientations that should be favored as
predicted by the Patel-Cohen model are not observéd éxperimentally.
This is explained by the following;vbecause the-Y;e transformation
occurs before the y-a transformatioﬁ due to plastic¢ deformation, thé
austenite matrix becomes partitioned by € plates parallel to the slip
plane(s). This partitioning blocks the formation of needles with
'enéréetically favoréd habit pléheé. Thé'majoriﬁ& of néedlés that

are forming, even under the restriction of partitibning, have high U/g



-16-
.>valuesfand‘thus tends to support the basic gonéépfxof the model..
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and the 4 y-¢ interfaces.
and h.c.p. crystals respectively.

- TABLE I

Symbols v,

o, € refer to f.c.c., b.c.cC.

_-Symbol

o

AN WV W N

AN N W

AN V& w -

AN oW N

W N e

Variant

BCC Fig. 1

(111)y ¥ (110)a; .

(T11)y 1 (110)a;

(1T1)y I (110)a;

(111)y I (110)a;

(111)y I (0001)e

" {111)y I (0001)¢

(I11)y 1 (0001)¢

(11T)y I (0001)¢

HCP Fig. 2

' [i01jvu [T11]a

(Toalyi [T1T]e
(T10]v1 [111]a
[T10]y ) [I11)a
(01Tl [T11]a
(01I]y ! [T1T]a
[II0]yt [T11]a
[II0]y ! [T1T11q
[ToIly i [I11]q
[ToIly ! [111)q
[01T)y I [T21]q
(01T]1y 1 [T1114
[To1ly i [T11]q
[To1ly # [T111a
[011]y# [T11]a
fo11]y i [111]q
[110)y 1 [T11]a
[110]y I [T1T]q
o111y ¥ [T11]q
[o11]y I [T11]q
[I10]y I [T11]q

[I10]y I [T11]g

(10171 [T11]q
(101]yi [T11]q
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TABLE II

Summary of volume fraction measurements for Fe-15"/o Ni-15"/o Cr
alloy tested to 5% tensile strain-at 185°K

Symbol* Variant [313] [I12] [110] [100]

. ] Tensile axis Tensille axis Tensile axis Tensile axis
o _ c : e, c, ' c,
(K] -1 (T11)y 1(110)a; [TIoly ¥ (11l -0.0072 ~0.0018 not observed :

X 2 C [Tioly I (T1l)a 0.0033 0.0006 not observed Same
X3 3 [To1ly I'[111)a 0.0011 not observed not observed very weak
Xl 4 [Tolly 4 [T11}e © not cbserved not observed not observed pea.ké observed-
X, 5 {011y ¥ [111]e 0.0137* =0,0006 " not observed Just ebove back-
X 6 [01T}y I [111]a 0.0421%* 0.0019 not observed ground
BB @ (1I1)y 1(110)a; [Ioily d [T11]Ja  not observed 0.0132% 0.00kkL
B e {Toily ¥ [111a not observed 0.0056 0.0105*
B s [011]y 1 [1117a not observed not observed 0.0112%
| [o11ly ¥ {11T)a not observed not observed 0.0032
om s 120}y 1 [T111]a - not observed 0.0020 =0.0003
| ¢ {110}y I [T11]a . not observed 0.00k41 not observed
TOTAL o _ . 0.674 0.0298 0.0296 20,002
. | CE . CE CE CE
® 1 (111)y t(0001)e not observed not observed not observed 0.0102
'<) 2 (1I1)y #(oo0L)e - not observed 0.0194 - 0.0270 . -0.00b5
‘@ 37 (I11)y 1(0001)e 0.0214 0.0091 not observed . not observed .
) @ Lo (111)y Y Obdl)e not observed = not observed not observed’ ‘not observed
TOTAL ¢ 0.021k 0.0285 _ 0.0270 0.0147
TOTAL o + € 0.0888 0.0583 . 0.0566 0.0167

*

+

The majoi'ity of a martensite is always associated with the active austenite slip plane and girection.

See Figs. 1 and 2
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" 'FIGURE CAPTIONS

1. Sterebgraphic plot showing the position of the {OOQ}d.peles for

each of the o K—S varlants in the (lll)Y 51ngle crystal matrix.
See Teble I for code of symbols.
2. Stereographic plot_showing'the position'of the'{lofl}e-poles

for the?{-evariants of the orientation relatienShip in (111)y single

crystal matrix. See Table I for code of symbols.

3. Pe-15"/oNi-15"/oCr [IT2]y tensile axis strees;strain data
&bove:end°below Mﬁy.' Arrow indicates specimee'#ee unloaded.

L, jfe—i5?/oNi—15w/oCr [213]y tensile axis strese strain data

sbove and beiow'Mdy: Arreﬁ indicates specimen was unloaded.

5. Fé;lsf/oNi;lsw/ocf‘[1oo]y, [130ly, [ii2]y;j:;ﬁd [313]y tensile
axisAsfrees'strein data at 185°K showing the Qriént&tiontdependehce
of the flow stress. Arrow indicates specimen wae'unloaded.

6. The'[§i3]y tensile a#is speCimen was sectiened to show (A) the
(Ell)yisﬁ;face, (B) the (011)y surface, and (b)ethe (ill)y surface
of the¥sipgle crystal, |

T. Electron micrograph showing the disloéated martensite structure.
8._ Sterquraphic plot.of'{002}& twin poles fef:the first six K-S
vepiants_éiven in Teble I assuming the twinnigé shear is K-8 corres-
pondence'yector. Superposition, of this figﬁre'into fig. 1 shows
the twin relationéhip. _ N
9. {Stereographic plot of {002}a twie ﬁolesffdr.fhe first six K-S
varients given in Table I assuming the twinning shear is not the

K-S correspondence vector. No superposition ofvtwin poles for this

twinning shear and the matrix occurs.
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Fig. 1
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Fig, 2
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Fig, 8



-29-

Fig., 9
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Lawrence Berkeley Laboratory:
Berkeley, California

Date: May 15, 1974

ERRATA
T0: A1l recipients of LBL-1853
FROM: ‘Inorganic Materials Reséarch Division and Technical Information Div.

| SUBJECT : LBL-1853, "Deformation Induced Alpha and EpsilonnMarténsities
in Fe-Ni-Cr Single Crystals! Glen Stone and Gareth Thomas,
July 1973. '

Pleasefmake the following corrections on subject report.
Page 28, Figure 8 is corrected -- new copy attached
Page 29, Figurev9 should be deleted along with the caption oﬁ page 20.

APPENDIX A -- should be added (copy attached).
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TRACE TWINNING
PLANE

- Fig. 8.

XBL 745-6250
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Appendix A

Influence of Internal Twinning of a-Martensite

v Difficu]ties can arise when'wofking with aTldys.in which the marten-
'site,is'twinned because superposition ofvdifferent'K-S,variantévw111 oc-
cur. o

'To i]1ﬁstfate this problem, consider tw%nnihg of a'martensite crystal
having the K.S. variant (111) |[(110) 5 [T01] ||[TIN] which is identified
as O, in Figure ] and Table I. -

The Bain correspondence for this variant is

| 001
o =1 110
=Y

170

Twiﬁning will occur on the (211); composition plane with the directioﬁ
" of shgar:being [Tﬁ]]a} The corresponding plane in the austenite is the
(101)Y; Whén this variant is twinned, superposition of variant E]] upon
| ., occurs.. A sterogram is presented in Fig. 8 that demo}ns.tratesi this
property. ThisASUperposition of a twinned variantvupon'an untwinned
one occurs for all 24 K-S variants of the orientation'reiationshin
The experimental method used in this study is complicated if twinning

of the marténsite 6ccurs. For gxamp]e if variant,EJ] is presént and is
twinned, one would observe éxpekimenta]]y x-ray diffraction at both EJ]
~and _.] p'osition's.. I‘t‘,is not possible by x-ray methods alone to tell
if only one variant is present and is twinned, or if_both are present
éither twinned or untwinned.’ This does imply, however, that if oh]y

one pole of the pair was observed, it must not be twinned and it is

therefore uniquely identified. Also it is observed that'quantitative
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volume fraction measurement of specific K-S variants cannot be made
using the cube poles if the maf‘tensite crystals are twinned. Thin
foil electron microscopy can of course resolve this diff_i_cu]ty'and

will be described in a later paper.®
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