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MARTENSITE IN CU-12. Oo/o AL ALLOY 

G. Thomas and M. C. Huffstutler 

Inorganic Materials Research Division~ Lawrence Radiation Laboratory 

Univer.sity of California. Berkeley 4, California, U. S. A. 

.ABSTRACT 

Thin foils suitable for transmission electron microscopy have been pre .. 

pared from bulk specimens of Cu "': 12. Oo/o Al alloy quenched from 800°C to 

produce martensite. The martensitic structure consists of long lenticular 

plates which are twinned on 20-50A scale. The twin planes in the martensite 

are shown to be {loia}. There is evide~c~ that this structure is ordered as 

expected for a t:ransformation from en ordered parent lattice. Experiments 

using a high temperature stage show that the decomposition of the martensite 

on tempering can be followed directly, but the martensitic transformation did 

not r t.ecam-r on cooling. 
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1. Introduction 

The martensitic transformation is usually defined as a phase transfor .. 

mation which occurs by atomic displacements Cionstituting homogenous. defor• · " 

mation (shear. and is accompanied by a shape change in the crystal. A de• 

tailed review of the crystallographic aspects of martensitic transformations 

has been given by Bilby and Christian (1955), while the thermodynamic and 

kinetic. approach has been ·summarized by Kaufman and Cohen (1958). Since 

the change in shape does not account for the change in crystal structure 

produced by the transformation, the shear process has been deduced to con• 

sist of two components; · (1) a. macroscopically homogeneous shear. pro• 

ducing the shape change, and UU localized homogeneous shear (Bowles and 
' ' • ' r' 

Mackenzie 1954, 1957; Wechsler et al •. 1953; Bilby 8Ild Christian, 1955). 

The second shear produces the required atom movements to form the mar• 

tensite lattice. The deformation produced b;y the second shear has been 

thought to occur either by slip or twinning. As a result of the examination 

of martensitio structures using the t•chnique of transmission electron micros• 

copy, it has been shown quite clearly that in carbon steels (Ke~ and Nutting 

1960), and Fe·C. Fe•N, and P'e .. Ni alloys (Pitsch 1959 a. b); the martensiUc 
. . . g . 

structure is in fact twinned on a sclille ot 15•500A. In Pitsch •s work; however, 

since the transformations occurred in very thin foils, the crystallographic 

features were not typical of those found for transformations in bulk material. 

The reason for this is the lack: ot tbree .. dbnensional constraint i~ specimens 

only...... lOOOA, so that it is necessary to examine specimens prepared from 

transformed bulk material. In orde.- to obtain more experimental resW.ts 



concerning the nature of the second shear (and consequentq a more general 
.. 

picture of, martensitic transformations), it was decided to investigate non• 

ferrous martensitic ·.reactions since no electron microscopic work has been 

-. · reported in this area~ Because there is considerable general background 

da.ta on the isothermal and athermal transformations in the copper .. aluminum 
. ' 

.alioys (e. g.~ Greninger, 1939. Isaitschew et al., · 1938, Tarora,, 1949, 

Haynes, 1955, Hunger and Db:in~t. 1960), the martensiUc 13' (hep) phase of 

the cu .. Al system was .chosen for this work, 

1, 1 :Strlllct~res tn Cu .. 1_2 1 0% A.l Alloy, 

.A'bOY!e the euteetoid temperatw·t~ (56:5• C), .the alloy exists as a r~dom 

bc.c •so'lid :solution, ·designated;t3. Upon. rapi-d l~ooling,. the eutectoid deeom..; - . 

positio.a is suppress~d .an.d at about :153:0°.¢1 an ordered phase, .also bt~c, •· desig .. 

natetl ;/31, is :formed after a short delay·'(cluring an isothermid transformntion). 
I /• ' 

Haynes (1955) .has reported th~t the orie~tation of {31 fa diotat~d by ~};lat of the 

prior· {3;. sine$ the transition is not one of the lattice it~eif but ··ratlle;r · • ;re .. 
, I ' • , • • , ' ·, i' ~ 1 ' .' , ', , ' ' ' ' ',• ', j ' ' ' 

arrangement of the soivent and solut~ .at<;>ms among tile lattice sit~s. buririg 
... • ' ' ' l• 

'· 

rapidcooling from above 565°C, the·.rn~rterisitfc reacti6n 

'. 

131 ~f;P · i. 

3 

stal'ts at approximately 390° c •. end .tratisformation prioc:•:eds on~~ w~tb con .. 

tinued reduction of temperature; 1. e., it is not an isotl;lermal t~a.nsformation. 
' • ' ' ' ' ~ ' I l :. . ' ·, I \ ' ' ' ' ' ' ' ; ! 'i • t 

Early worlt done by X-;N'~ teohl1~~1;1EUJ on the crystallography of tb,e {31 ~,(ft 
,; I •: ', ' o 

transformation (Greninger, 1939) Ta.rQ.r~, ·1949) indi9~t~9 th~t the ~1. phase. is. 
• t.) ' I '':·:. • '·,.'' I ' ' , ·, 

ordered bee (a
0 

• 5. sa A~ see Fig~ 9)~: Owing t~ the'lil'll!ted stabili~y of the ~-~ 
~ " • • 1 '; ' . '' , I .: .' ,', ( , •' , i , ·' ·, '· , ' , • ' , •' ', , I. '•, • , ~, ' ~ • '.• 

phase with respect to the ~qu1Ubr1um fU~ecto~d constituents a (tQc;:) .and tt2 ~cp),· 

accurate determinations of its sti·uotur~: and up~t 9e~1· dimensio:ns have n.Ot ·been 



possible. lsaitohew, et. al, (1938) and Greninger, (1939) showed that the {3 ' 

martensite is distorted hcp with the transformation following the orientation 

relationships: 

Ul 0) fl' II (0001) fJ ' 

i llllf:l' //!i.oiol fl' 
However,, the unit cell dimensions of the {3 1 have not been established with 

complete certainty. Hunger an,c,i Pienst (1960) using x .. ra;y and electron 
\) v 

diffraction techniques give a • 5.16A~. c • 6, 35A with a/a~7" 1. 25, whereas 
0 0 

Tarora (1949) gives a. 2. 59A and a. 4.198A With o/a. 1. 62 for cu .. 13. 5o/o 
'· ·' 

Al martensite- (in the latter case des-ignated as "Y'. aiso having a distorted 
.', ' 

hop structure> •. 1~hese discrepancies are possibly due.to composition differ-. 
. ·' . .: .:··'.. . ' '. . 

ences, twJ.nnin~ •. and co.nfusion in the interpretation of the electron diffrac-
' • ' I_". ,' ;~ • 

tion patt,erns associated with superlattioe reflections.· Taking this into con-
• ,o•.; ' ' .• :, I .' '• 

. ·': ' 
sideration, Hunger and Dienst 1s electron diffraction data can be interpreted 

. . a 

(Thomas and Huffstutler; 1961) to give a= 2. 62A (it is not possible to obtain 
' ',, .· . 
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a value fo:.r;' the a .. EUcis dimensi6ns from their f.Hectron.di.tf~S:ction patt.e.rus:;since thes.e 
" ' 

were all basal .. plane reflections). ~view of these diffh:Ulties; .it was fou11d 

necessary .to obtain the a and. c: ~es .. tQ;r,' t.he martens1ti¢ ;;structufe c;.b.servec:l . . . . ' .. - . 

~n , the work reported here. 

2. . Exp~rbn~htal P:ro~edu:r~ 

Polycrysta1iine specimens .(~o:~I_004" thick) of high purity cu .. Alal1oy;· · 

analyzed as 12. 03 wt. o/o Al quenched in .iced b:rine afte':r hot roiling within the 
. ' 

{3 range. -were lightly polished with emeJiy paper before electro .. thinning. 
. . 

Figur«J 1 shows optical micrographs of ~he quenched: alloys the structure is· .\.! 
·' 

typically rnartensitio. Thin specimens were prepared using the usual bath 



for copper alloys (Swann and Nutting, 1960)~ namely one part cone. HN03 . ' 

to two parts absolute methanol at -25• C. The resulting foils were examined 
'" I,' 

in a Siemens Elmiskop 1 and a Hitachi H. U. 10 electron microscope operated 

at lOOKV, and electron diffraction patterns were obtained using the selected

area techOique. Indexing of the diffraction patterns and determination of the 

twinning relationships were faCiUtated by compa:ring the electron micrographs . 

with the assoc'iated diffraction pattern on ,.the same plate (the diffrac:tion pattern 

is rotated only abo'!lt 5° with respect to the micrograph using the Hitachi H. u. · 
10). 

To confirm the findings from electron diffraction, and to obtain the 
• ' ' t 

unit o~ll dimensions, ele.ctro•poliahed spee1nrens .were mounted o~i' an XRD .. a 
I •t l ' 

x .. ray spectrometer to .record the high -angle diffraction maximum for tUtered 

Cu Ka radiation. 

,3. RESULTS 

3,1 The Structure of~' Martensite. 
" 

· Aithough it is. thought that {3 • martensite is hexagonal clos.,•pack~cl, in .. 
i.': 

dex1ng of the ~eleo.ted ... area dittraoUon patterns could not be done until com· 

paris on X· ray and ~~~o.tron di.f£r~etion patterns were. obtt.Un~d .from the same 

.specimen.. ·The results o'btain.ed did not fit those quot~d by Hunger and Dienst 

(1960) • Who also worked wi~ a sim.Uar ... lloy, pos.sibly tor reasons which .are 
' I '·.. . . ' . . ' ., 

,. . 
discussed .elsevvh~re (Thomas an4 Huffstutler, 1961). The data were, however; 

... 
in agreement with thos* reported by Tal:'(>:ra (1949) for the so•called ,.,. marten• . ' . ' . . •' .-. ' . 

. . "' '· . 

site. It is un~e~ VJ.ert;ttore11 that ·there. is .a p:ronounc:;ed structural difference. 
. . . . ' . ~ . . ' ' 

between Tarora'il -y' martenlfit(;t and the ~ • martensite examined in the pre~~mt 

'·· 
1
. work~· The electron difi~acUon p·~u.rns were ext:re~ely complica~ed b; the. 

appearance of man;y ,ex~ra refleQtions ~4 because of assymmet:ry m the b'e.lilal;. 

plane orientations (tht a1 ~es was sllghtq larae:r thM. tht a.2 end. a3 axes). 
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.., 
However; the X-ray results gave spacings such that an average value of a • 2. 57 A 

• 0 

was obtained while the c-rods was unambigiously found to be 4. 21A. Using 

these values, the electron diffraction patterns could all be indexed consistently; 

Table 1 shows a summary of data obtained from six different foils. 

From these results the cIa ratio for ~ • martensite was obtained as 1. 64 

which is close enough to the c/a.ratio for magnesium (1. 625) to permit the use 

of a standard (0001) magnesium stereographic projection, as the basis for the 

orientation plots for the determination of the twinning pla:n,e.s in the martensite. 

(Section 3. 3) 

3,:2 Optical Metallog~aphy 

As suggested earlier. (Haynes. 1955) the or,ientat:i.on of {31 (and thus {d' 

within a single grain) will be dominated by that of the prior f3 because of the 

constraints imposed by ordered structures. As can be seen in Fig. la." in 

some ··grains a s.oingle planar system of f3i seems to dominate in producing .{d '~ 

while in Fig. lb at least two systems are clearly in e;videnoe. The martensite 

structure can be seen to consist of flat lenticular plates (e. g. , Il'ig. 7a) f this 

shape is produced because of the opposing stress fields surrounding each plate 

and is exactly analagous to mechanical twinning. Also~ the plates; which in 

cross section resemble needies on this scale. have a: c~ntralplane, or midrib, 

where the struct1,1re on one side is ihe mirror image o(that on the other, i.e., 

they are related by simple twin orientations. This was confirmed by noting 

the extinction angles under polarized Ught. In marten,site produ~ed in thia way 

the stresses produced on opposite sides of the midrib can be cancelled by the 

opposite total shape deformation. All these effects are typic$.! of martensitic 

·transformations~ 

3. 3 Electron Microscopy 

Figures 2-4 are typical examples of the martensitio structure. In Fig. 2 
. 0 

alternate platelets show fine striations of uniform thickness - 20A. These 

. " 

~/ 
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TABL'E ·.1 

x .. RAY DATA ELECTRON DIF.FRACTION DATA ... :·: .. ·;· 
'' 

1.) ' Q 

d, A Intensity Plane d ( • >..L/r··),A · Planes;. 
, t 

(, 

4.21 (00. 1) 

2.24 s (10. O) 2.22 (10. 0) 

2.12 m (OO. 2) 2,.:11 ' (OO. 2) 
; .·t ' 

2.03 vs, <10.1) 2.05 : (10.1) 

L95 s . <1o •. a> · r~·ea ·. (10. 2) 

~·~ ~9 m Ul.O) 1.28 <tt~ a)· 

1~08 mw " (l9. 3) 

.l ; 

vs • strongest s • strong. .. m • medium · · mw • medium weak 



striations occur in parallel directions in every other hatf .. plate but. are rotated 
' . .. . (' ... 

by 120° about the midrib with :respee!t to each. successive hdf•plate* e The 

. diffraction patterns showed that the plates were oriented with [ 0001 .] approxi

mately parallel to the beam with the traces of the striations .Paralle~ to <OliO>. 

The long axes ot the plates lie parallel to <itOO>. These striations proved to . . . ' '··,.. .· ' . ' ' . 

be. narrow bands of twinned crystal within each plat~} disloc~tions we.re not . 

observed iu any of the speCimens. The contrast from th~ twins a\•ise.Z:l solely 
. . . ' : ' ., . - . '. . 

. . 

:trom the orientation differences between the twinned and untwinned parts .of 
, , ·' . I, • , ' ,•'' 

the pia~e; and, like thin precipitates, are seen to.· best ~dvan:tage when the tw~ 

plan~ makes a high angle to the foil aurtace, Twins are not visible when they 

lie' parallel or nearly parallel to the surface .. '. This ~~uld account tor the 'poQt 
' • ' • • • ' .: • .··_; • 1. ·-.:j· :.·.·, ' ' •' ' . ·, 

d~finition o.f the markings in certain orientations.(e,g., ... Figs. 3, 4), In any one 

plate, 51 th.e twins are oriented .close to -~ diffracting pOI(3it.ion, they·ap~ear 
1 ' I J,r, ' 

. black in the bright•tield image and white in the dark-tield image: conversely, 
' ' '. . . ' ' . . ' ·. . :·: _:· . ' 

~he ¢dnt:East:~f,?om the untwinned pa.rtf1 will be in reverse Qf this. Both varia~ 
·~ .~. . ; .. , ' • •. ' ' ' . I ' 

. tiona of the.se contrast conditions wer.:Qbserved •.. Tli'e-~ost conclusive e~idence 
• • . ' ~. • •• •' ··: .... .' .. oi ~ ' ' . •• ; ' • . • ' • ••• : 

of twinOln.g was. obtained from the el~ctron diffraction p~tterns. . F1gurie,:5a is a 
• ' ." ' · ' ~ : : l , ~ ~ 

1 
, I ' ' ' , :. , ; 

· .$electe4 ... ax-ea Elleotron ditfraetion1 p~t~c!il~ of the plat~ A shown tn .F'ig• 2. , 'l'his .· . ' .. ·, . ' . 

shows a single ... ¢rystal patter.n of a b~sai-plane end its.:twin reflection. The·· 
. • ! ,. . ' , .. ,· .• ( 

distortion in the basal-plane is quite evtt;tent anclis typical of ~his orientation.} 

lnde;,cins- of this pattern w.as c.onsist~~t:\1t:ith the superposition of .a [ OliOl. f3 t , . 
' ·· .. ': ' . ·, .. 

projection onto a [ 00011 f3 • pr.~j~cti~I?-. $~. sb~;«n sci:,e~~tically m Fig. 5b; 
'•. .. . ... . . ' 

Fro~ this 'lli,e orienta.t.i<m relationship be~we:Gn the tWinned and tintwinned parts 
, I . . . . . . 

ot thf 131 l~ttice ~st 

{ 0001 J mia.t:rix parallels [ OliOJ twin 
' . 

* As suspected from optical metallog~aphy, the midrib is simply a twin axis 

·parallel to <ilQO>, 



Almost all the specimens examined were oriented with the basal-plane approxi

mately parallel to the foil surface. Presumably this is due to ·the preferred 

orientation arising from the hot rolling U$ed to produ~e the specimens in initial 

OOOo.4"strip form. A trace analysis of micrograph selected-area diffraction 
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pai~s for crystals in ( 0001] orientation does not allow the twin plane to be deter

mined uniquely since the normals to all possible planes making the trace are 

coincident with the zone axes parallel to the a directions in the crystal. Of 

the possibilities~ the probably. twin planes are {oi12} • { 0i11} or {0110} , 

with { Oll2} being the most lil~ely for tw~ing in hop ccystals. Even from 

the area shown in Fig. 4. (which is also in [ 0001) orierl.tauon) where cross 

twinning is observ~d, ·the tra~es bein~ parallel to ( iH>ll and ( lOlOl, a stereo.;. 

graphic analys~s is ambiguous. However, an o~ienta.tion was found where the 
. . : . 

twin plane could be detE:)rmined; Fig. 611. sho~s a mic~ograph and :Fig. Gb the 

qorresponding selected area diffraction pattern in oriel1.t~tion [ 1451] • Figure· 7 

shows the stereo graphic projection of tJ:lis and the traces of the twin plane and 

·the normals to all possible planes lhaidng this trace. :'r.his·projection (based on 

a standard magnesium crystal proje(.ltiort) is obtained with a rotation of 83., as · .·. 
. . . 

shown. It cap. be seen that the (Oi12)Jr.~~e is within 2°of a possible twin pla.tl~, 

while ,;th.e (Oill) end (OllO) ar~ 7° ahd 27° away from t~is. We infer from this . 
. ' •: 

analysis th~t the. twin plane is ind~ed to~i2} as expect~d for b:cp structures.' ··.· 

It can be seen from Fig. 3 that the twins run throughthethickness of the p1ate, . 

e~ g., at A. This shows a ~a:rt~nsitepl~te in ( oi111 orientation tiltedso .th~t 
•. 1. 

the twin packets are observable in pr~jection on the top and s.ide of the plate.'· : .. 

The (1«?.~2) plane makes an angle of 49° ~0 1 with iQ.i!.AL which is consistent with· 

the measured angle of 4 7° obtained from the trace of the twin plane in Ff.g. 3. 

Considering (10i2) mechanical twinning in other hcp crystals such as 

those of Mg and its alloys (Raynor_ 1959) it -is known that { 0001 ]twin lies almost 



\.. ': 

perpendicular to ( 00011 matrix" 'l'hus, 1f the area diffracting in Fig. 5a. 

included a significant amount of the twinne~ orientation,: one would expect 

both basal and prism .. plane reflections. This is exactly w~at was found~ 

Judging from the clustering of spots and the slightly imperfect symmetry of the 

. (0001) /3.' projection. the str,ucture is distinctly distorted from a perfect hexa-
. . ' 

gonal arrangement. The basal .. plane traces of the. cross•marldngs .in Fig. 4 

also suggest the presence of twinning on two conjugate {10i2) planes •. 

Examination of the diffraction patterns (e. g .• F'igs. 5a. 6b). shows that 
i. 

the twin spots are streaked in a direction normal to the twin plane. Measure.;. 

:tnent of the length of the streaks (allowing for its projection in the plane of 

the reciprocal lattice) corresponds to a twin thickness of 20-50A which is con-
, '~· .. 

sistent with the measurements obtained from the micrographs •. All these 

results confirm that the second shear is accompanied by twinning and not by 

slip and is in agreement with the .results obtained by Pitsch (1959) and Kelly 
' . ' ., 

' ' 

and Nutting (1960) on martensitic structures in ferrous alloys. All the electron 
. ' . . ' . '· .. 

diffraction patterns showed extra reflections which could not be ·indexed in 

terms of twirmed or. untwinned diffraction spots. Examples can be seen in . 
\ . . . ' ' ' ' ~ . 

Fig. 5a. and 6b. J:4 ... :rC).m Fig. 5b it can be seen that in the twin orientation 

(o~ailt:] these extra' ref1e~tion:s (closed circles) form a 'cross·'grid pattern in 
. . . . ' . ,' : ' ' . . . 

proje~tion on the (0001) untwin~ed orientation~· 'fhis ~uggests the possibility 
~· ... 

of ordering in the marte;t1site probably aa a result. of the retention of the order · 

. exhibitedby the ~1 stru~ture durin~ th~ t~'ansformatiori::·thha point will be dis ... · 

cussed further later (Section 4. ). 

3.4 High Temperature Experiments 

9 

Some work. was done using a high temperature stage in the Hitachi elec"' 

tron microscope. This stage has the taoiUty ot bi•axial tUUng when 1.1sing a long 



tocal length objective pole piece, thus enabling contrast to be maintained 
- - ' 

during heating. However, there is a dis'l~Van~a*e ·in that the resolution 

using this pole piece is reduced to - 50A. Fi~res Ba, 8b and 8c show 

a sequence of decomposition of p 1 at temperatures 20Q!C, 350° ~~ and· 
' I -

' 
500° C after three runs at each temperature, ;No change .'in structure Wa$ 

observed at 2oo• C and the twiruled p. • crystais were clearly res?lvable 
. . . 

(Fig •. Sa),. The first stages in decomposition (Fig. _8b) were· accompanied 

by the breakdown of the ma:rtensitio plate's into fine needles probably of the. 
. . 

~phase. Owing to the lack of resolution;. it is not clear whether 'or not 
' : . . . 

these needles form directly at the twin boundaries; the obse.rvations indicate . . . . . 

they probably do not. Nucleation was observed along .the edges of the {3' 

plates and there were always at least two orientations of needles observed in 

a single original /3 1 plate~. This is.unlike_the behavior_ of tempered marten .. 

site in carbon steels where carbide particles have been observed to form 

along .~win interfaces (I{e~ly and Nutting, 1960) •. Upon further holding, the 

largel;' needles grew at the expense ot smaller ones •.. ' At the higher tempera..: 

tures (Fig. ac) thelJ3' is completely decomposed and the foil "breaks up" into 
. . 

. a lamellar two .. phase structure typical ~f.the Q +_, ir2 eutectoid (Cope, 1959). 

Owing to the reduction in vola~e associated with the final dee~mposition of 
' . ~ • ...... ' I ' . 

10 

f3 ' a series of holes are left in .the toil (lt"'ig •. 8c). ·.This .:effect occurred each 

time the temperature was raised to 500*C li\lld. above.' Unfortunately, attempts to 
. . ' 

11quench in" martensite by switching off th• heating current were urisuccesstul. 
. ,· ' . ... . 

_, . 
Whenth~s was done there was no further change in the struc;:ture shown in Fig. 8c. 

Consequently,. it has not been ·possible, so far, to observe directly the p1 -"{3' 

martensitic. transformation. However, thea~ experiments show that phase transM 
_\#;. 

formatic:ms can be observed directly. !n the electron mic:roscope and confirms earlier 
•. . . . . ,· 

work done on Al-Cu alloys Cl'homas and Whelan, 1961). Owing to the coinplexnature. 



of the electron diffraction patterns .. it was not possible to identify the pro

ducts of f3 • decomposition. However, using metallogra.phic etching tech· 

niques (1 o/o aqueous chromic acid solution) the structures observed in 

Figs. 8b and So could be recognized in the light microscope and confirm 

11 

the findings of Cope (1959). There was no evidence that in thin foils the 

martensite transformation is reversible,. but this may be a peculiarity of the 

thin foil itself,' Further efforts are being made to investigate, the fine de

tails of the martensitic transformation in other alloy systems in an attempt 

to shed more light on possible dislocation reactions which might accompany 

the transformation. 

4. DIS(;USSION 

Since it is not possible to retain any of the bee {31 phase during trans ... 

for-mation, it is not possible to determine the crystallographic features 

of the F>1 ..,.. (3 t phase change. Thus, in this paper the. discussion will be con .. 

cern~d only with the structure of the martensite its'elf. It is possible to 

obtain a model of th~ transformed lattice if the findings of Greninger (1938) 

and o~hers (e. g., see Bilby and Christian, 1955) are ·accepted • namely, that 

the transformation obeys' the o:rientatton· re~ationships 

(110) 13
1 

parallels (OOOl) {3 ,, · 

( li1l 131 parallels { 11201 {3 1 

andusing th$ result that twinning occurs on l1012J {3 '· F.igure 9 shows the 

structure of the ordered 13
1 

phase (Cu3Al. after Tarora,.. 1949) .with the unit 

cell drawn in. brolten iines. · The basal-plane of the {3 1 structure lying on 

(110) {31 is outlined in heavy lines. This model of the parent .structure is 

'·J consistent w.ith the observation of double twinning on conjugate 't1o123 planes 

(Fig. 4) since the basal•planes corresponding to the'tw·mned crystal are · 

related direot~ to ~he conjugate (r1~pianes of the ('1 phase. 'l'he new lattice 



resulting from the transformation (110) (31 ..... (0001) (3 t drawn out from the 

model of Fig~ 9 is shown schematicaliy in Fig. 10; i.e., if there is no loss 
. . 

in order1 which is probably (Ffurdjumow, 1939) .. it can be seen that the 

n1.artensite lattice consists of an ordered arrangement of only aluminum 

. atoms on every parallel (OilO) plane separated by.sheets consisting of al

ternate rows of copper and aluminum atoms. This is compatible with the 

observations made of the electron diffraction patterns, e. g. .. .'Fig. 5a where 

the extra reflections could correspond to a superlattice structure of the type 

depicted in Fig. 10. However; owing to. the complexity of the electron dif

fraction patterns, no definite conclusions ·were obtained to confirm that the 

atomic arrangements shown in. Fig. 10 are a true representation of the f3 t 

structure. 

Now, if the approximate {3 t unit cell is drawn within the ordered (31 

lattice (i.e.' Fig. 10), the unit .cell dimensions calculated from ao (f\) = 5. 04A 

are:·. 
~ 0 

a1 ·;=; 2. 91A, a2 = a.3 = 2. 52A, c = 4 .. 1 

'!'he ~eas~red diffraction data for (3' gi,;e 
0 0 

a= 2. 57A, ¢ = 4. 21A 

Using (a) · for the r:< 1 cell drawn within the r:<
1
. lattice. the volume ratio · meM ~ - ~ · 

is -q_ f3 tin {3 
.. . l = 1. 014 v 1 in measured · 

In other words, the transformation produces only a small contraction of the 

parent lattice when the martensite is formed so that the atom movements in-
i 

. I 

volved in the transformation are also very small. This would suggest that 

the structure depicted in Fig. 10 is essentially correct, and accounts for 

the distortion in the basal-plane which was a feature of the selected area 

diffraction patterns (e. g., Fig. 5a). 

12 



'····-

The narrowness ot the twlns suggests that their structure is eeaential~ 

a bundle ot stacking faults, l. e •• their formation occure by the motion ot 

partial dislocations in the twinning planes. 1toi2 j ~ •. Since in th• fcc cr 

phase in Cu·Al alloys the stacking tault·•nergy has been shown to d•erease 

with increasing aluminum content (Howle and Swann. 1961). the possibility of 
. ' ' 

13 

forming faults in the he:x:a.gona1 Cu·12% Al alloy te nof'Wiexpect,f;'d.· ·.J4ort ,~xp_er.i• 
' •· 

menta are necessary to decide whether or not thta is ·true. 

5~ SUMMA!tY 

Itt conclusion. the results obtained from this .invtstisaUon· aret 

1~ As in other martensite-•truetures, the fJ • Cu~Al martensite ooruais~s. 

ot thin lenUeuiar plates twinned on a ao.;.GoA acale• The hdnninc _mechlmia.m. 

for the s•cond shear in martensit!o tran.(tformaU.on~~t 1n~o1'\fing a degenerac)' m 
lattiae symmetry thus seems tCJ be a aeneral pbenomenoi\~-

a. 'l:be twin planes tn the m_;tenstte are p~b~ly ft.ol~S ·· 
a, Th~ transfozomatton tJ1 ..... ~ • probabi.y re~.dn$ th$ same degree of.· 

order that existed 1n the 131 structure;·. and the sma1l'#o1Ume Change a.cc()mparl)t• 

1ng the ttanstormaticut accounts fol' th• distortion in tl'i.• hcp /J. • latUc•· 

4. It is possible to observe direetly tb$ temperb\g ot the m.-tensite by. 

:means ot a hot stage in the electron mi~roscopeJ the transfo~matton was not · 

obseu"''ed to be :r$Vtrs1blf~• ·So t&.J- it bae not been polsl~1e to to11ow direetJv tho 
' \ . ' ' .. 

nucleation ·ot Jnarteneite by"quenQbing'' tbe &l~y ~. ·th• inic.-.o•cope bot Stage~ 
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CAPI'IONS TO ILLUSTRATIONS 

Fig. 1 (a, b) Optical micrographs showing the microstructure of 13 • 

martensite (polarized light)~ X 300. 

Fig. 2 

Fig. 3 

Fig. 4 

:fig. 5 

Fig. 6 

(a) 

Electron micrograph of ~ ' marten sites thin foil prepared 

trom bulk specimen. Orientation { 0001} • Notice the 
. . g . . . 

transverse twin .markings """20A thick .and ~otated about the mid ... 

rib by 120° in each ha1f of the plate, X 40; 000. 

Electron micrograph of martensite plate.s showing surface 

relief Orientation (0{11) parallel to fo~l su:rfaee. The trans• 

verse twinning and surfa~e irregularities are clearly visib1e. · 

The twin trace makes-~: angle of 4 7° With the top surface of 

the plate. X 80, QOO •. 

Electron :Qlicrograph .sh~wing possible 'qoubte· ~winning; e. g. • · 

at A. Orientation appr()~imately ( 0001 J.. X so. 000• 

Electron diffraction patt.ern from. f.3 t. 
Selected area 9ift'ract1on pattern from .the QJ'ea A Shown in 

J:l"ig. 2. Notice the distorted hexagonal symmetey (outlined). 

extra r~flections,. and streaking of the. twin .spots •. 

(b). Schematic interpretation ~t (a). Here a (0001) P '• and (Oi10)J3 • 

orientation (eal¢ulated) . ~e superimposed~· lf the atom re .. 

(a) 

arrangement .were produced by a twinning she~r in a single 

thin crystal;, the multiplicity of folio} and {1oi~} relpoi~ts 

would be minimized. as can be seen in (a)~ 

Fine structure of J3 '· 

Electron micrograph showing dark·and.•light contrast effects 

from. transvel'Se hltihs in .fj '~ 'l'ber.e is. ap,patently. a. surfa¢-e 

tilt in the central region of the band. 
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Fig. 7 

Fig;. 8 

Fig-. 9 

F'ig. 10 

I ) ..... , ~ 

CAP'!' IONS '1'0 ILLUSTRA'I'IONS (cont 1d) 

(b) Corresponding selected area electron diffractd.on pattern from 

(a) showing the trace of the twin plane. ··Orientation· { i451 J (j •. 

Twin-trace analysis based on ;f.i ... ig. 6.. The stereographic pro· 

jection of twin traces from a crystal ot. [ i451 J ~,,orient~tion 

showing that the twin trace is within 2° of that of the (Oi12) 

plane. 

Electron micrographs showing structure produced by tempering 

f3 · t in a hot stage in the electron microscope, 

17 

(a) f3 ' after 30 minutes tempering at 200° C. Short times at tempera

tures below 350°C did not result in decomposiUon of {3 '· X 30,000. 

(b) {3 1 after 10 mi11utes at 400°C, Area tal<.en at edge of foil near 

that shown in (a). This structure is probably a needles in a marten sic 

matrix. X 20, 000. 

(c) f3 •. after 25 minutes at 400° C. This is similar to the equilibrium 

eutectoid structure,. but notice that the light areas are in fact l:loles 

in the foil. X 20, 000 • 

. Scne1natic representation of the {31 C313Al structure (after Tarora, 

1949) showing ~he (0001~{3 1 (heavy lines) .. (110)_(3
1 

orientation re

lationship. The unit cell parameter for {31 is 5. 82A. 

· Schematic representation of the hexagonal/3 ' structure drawn 

out from the lattice of Fig. 9 with no atomic rearrangenents. 

Notice the ordered arrangement of atoms on alternate prism 

planes. and the asymmetry of the a axes (see also F'ig. 9). 'I'he 
. . 0 

unit cell dimensions are a 1 • 2. 91A. a2 • a3 • 2. 52A. 
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LEGAL NOTICE --------------. 

This report was prepared as an account of Government sponsored work. 
Neither the United States, nor the Commission, nor any person acting on 
behalf of the Commission: 

A. Makes any warranty or representation, expressed or implied, with 
respect to the accuracy, completeness, or usefulness of the information con
tained in this report, or that the use of any information, apparatus, method,, 
nr rrnr"'"'"' rli,::r;-ln,::ed in this report may not infringe 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 dis
closed in this report. 

As used in the above, 11 person acting on behalf of the Commission 11 

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 provides access 
to, any information pursuant to his employment or contract with the Commis
sion, or his employment with such contractor • 


