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~ PHASE TRANSFORMATIONS IN ORDERED,
: ' SPINODAL Cu-Mn-Al ALLOYS

. Masuo Okada
Inorganlc Materlals Research Division, Lawrence Berkeley Laboratory and
Department of Materials Science and Engineering, College of Engineering;
University of California Berkeley, California 94720
ABSTRACT -
Alloys along the composition line Cu3A1 CuzMnAl decompose spinodally’A

into a CuZMnAl rich phase and a Cu3Al rich phase during aging at

temperatures below 350°C. Hot stage electron microscopy was applied.

to determine the miscibility gap temperatures of the alloys by

-~ monitoring the disappearance of satellites in the'diffraction mode

and structure modulation in the image mode. .The antiphase'domain .
boundaries_(APB's) developed during aging inside the miscibility gap were
found to inherit the same»character_as those‘abovebthe miscibility’gapg‘

The new phase (the Yl phase) appearing in the spinodally decompoSed:

;‘Cu-Al rich phase‘was found to have an orthorhombic’lattice_with.two

layer stacking sequence (2H), &hich is considered‘to be formeduby a

‘shear along (llO) planes of the parent B -lattice'(bo ). The
-‘.Cu—12 4% A1-4.68% Mn alloy which is almost at the edge of the mlsc1bility B

. gap shows that slower quenching y1elds large amounts of Y! plates

(martensite). This observation is in good agreement with that of the Y'. -

?phase in the Cu—Al rich phase because the furnace cooled Cu2 SMn0 5Al

-ialloy also glves a hlgh den81ty of Y' phase in the Cu—Al rich phase._;ﬁs
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I. INTRODUCTION
Heuslerl'discovered a series of.ferromagnetic.alloye composed only
of paramagnetic'o% diamagnetic elements;ATAlthough the'reiatiuely
low'saturatiou magnetization of these materials reported to date

suggests that the alloys are not commercially‘attraotive, the alloy

_having the highest saturation magnetization,-namely'CuzMnAl, has been .

rigorously,ihveStigated'to elucidate.the origin of its magnetic

properties. There is also academic interest'Surrounding its phase

,jtransformatlon and prec1p1tation behavior.

The metallography of the Cu—rlch portion of the Cu-Mn—-Al system at

‘temperatures above 450°C, has been studied by-West and Thomas.2 Also- :
~ the metallography of the alloys along the comp051t10n line Cu3Al Cu MnAl'

_at temperatures below 350 C has been fully 1nvest1gated by Bouchard

3-5

and Thomas.~ ~ It is found that during dec0mposition along the -

Cu Al Cu MnAl tie line, the system exhibits both orderlng and sp1noda1

j;reactions (Fig 1).

The high temperature B phase;'hauing a disordered bce structure,izﬁ'H;

_orders rapidly during quenching. The ordering takes place in two stages,hj”
:'Vforming first a BZ structure, followed by a structure resembling an

L2, or DO, superstructure (Fig. 2). During agingvat temperatures beloﬁf L

1 3

©350°C, the quenched structure decomposes and'resulting microstructureS{::jf;
- show all the metallographlc characteristics of spinodal decompositlon,;

the theory for which has been developed in detail by Cahn6 and Hilllard.7

Low temperature aging also results in the appearance of extra reflectionsb
in‘selected area diffraction patterns. These extra spots have been

indexed in terms of an L1, structure, which emergeé within one of the

-
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spinodal prodﬁcts, the Cu3A1 rich phésé.
The determination of tﬂe sbinodai temperaturé has béen éarriedvout iﬁ

the Al-Zn system by using small angle X-ray diffraction.8 A shortcoming
of this and most. other X—ray_techniqueé, hbWever;'is the inability to
produce a higﬁ resolution ‘image of the (modulated)_miérostruétures.
Transmiééion electron microscopy enables a directséomparison of structure
quulagion‘and eiéctrqn difffaction "sateilité spdts",4’9_ﬁitﬁ the |
additional option of dynanic ‘observation of phése tfansformations.
‘ Nevertheless, no wofk has been done sovfar on'détermining the‘miSCibility |
gap by "in situ"'expériménts in the'Cﬁ-Mn4Al‘éystem.(or any other spin§Aai).

" Since the (Cu-Mn)3A1 alloys decompése Spinodallyfinto'a CuZMnAl:_l
rich phase and Cu3Alvri¢H'phase during aging at.fempefatures below | |
350°c, tﬁisfsysteﬁ is ideal for observihg:thebspinodal-feactién By
"invsitu"\eXpefiments with minor loss of image quality due to thermal - -
¢ instabilities. One objective of‘this investigation:is fo determine tﬁé
miscibility gapbtemperature of (Cu—Mp)3Al by monitqfing the disappef;ﬁég
of sa;eliites‘in the diffraction mode and structufe modulationsvin thég
.iﬁage és a funcﬁion ofvaging temﬁeréture._ This techhiﬁue will alsd,
v'facilitate én estimation bf.the spinodal tempefatureé; Because spinodai.'i
:and ordefing reactions occur simultaneously in thgse alloys, this'syéfém‘J
- also lends itself well to an inVestigafion of fhe'iﬁteraétiOns betweeh;!;,:
.structure modulations and APB's (anti-phase:domaiﬁ:bdundaries), which;?f .
.‘Will'belalso discuSsed'in the light of hot-stage electron miéroscope

- .experiments, -
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The'mechanical-behaviof of spinodally decomposed and aged alloys has

9-12

been investigated by séveralfwbrkers. The structure and mechanical

properties of the‘Cu2 SMnoﬂ'Al alloy, which lies at the center of the

miscibility gap. along the’CuSAléCuzMnAl pseudo-binary have also:been

studied. 3 Because of the extensive brittleness of the alloy, Vicker's

hardness test was adopted to indicate the variation in strength with

- aging. These results reveal that a new phase téntéti&ely identified - .
- as having an LlO structure, plays an important role in increasing the -

- Vicker's hardness. It is, therefore, important to_ciaSsify'the

3#110. One possible mechanism of the transformation -

:. was proposed by Bouchard and.Thomas.4 " However, the stability of the

L1, phase is still unmsolved.

In this paper other possibilities of the D03#110 transformation

_Wiil be diSCUSsedAwith respect to a msrtensitic transformation, since- -
.fthé compssition of ths.original DO3 structure. is Cu3A1,'a known candidéte"
;vfor a martensitic'reactioh. The‘stability temperature of the Llo

vphase is éstimated by hot-stage electron microscopy'and the metallogrspﬁy

“of the L1, phase is re-examined by high'resolutioﬁ‘dafk field techniques.
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II. EXPERIMENTAL PROCEDURES.

A. Materials and Heat Treatment

' Three alloys were chosen to determine the,miscibility gap

temperature. Table I shows the compositions'of the alloys studied.

Table I. Atomic and .chemical compositions of the
’ alloys studied. .

~ Estimated Composition

Atomic Composition Wt% Cu WtZ Mn WeZ Al
Cu,_ 8Mno ,AL 82.5 5.1 12.5
Cuz'sMno.SAl 4.4 13f1 R 12.5
Cuz‘zMno.sAl 66r3 208 .l2.8

The alloys were prepared from 99.999% Cu, 99.9% Mn and 99.999% Al
- by arc melting in helium atﬁosphere and'were chill Cast into a copper
mold. Chemical analysis verified to within 1% the conpositiOnsbgivehll'ﬁ:
'Epreviouslr.‘ | B
The ingots were then placed in stainless steel-envelopes, homogenized’

- for 3 days at 850 C and oil quenched in order to avoid quenching cracks.‘}
Thin slices, 0 5 mm thick were the cut and homogenized at 850°C for B

- 10 min under argon atmosphere»in a‘vertical resistance furnace. Thinbu'-
lslices for determining the temperature of the misc1billty gap were - |
. then quenched in an oil bath to develop a particular spinodal wavelength.
Samples for_identifying the structure of the so called Ll0 phase

were furnace cooled because this treatment was found to produce well
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defined L1
Specimens aged for 1000 min at 275°C in salt baths (50% potassium

nitrate, 50% sodium nitrate) were'aléo ekamined-fof comparison.

.B. Electron Microscopy

Eleétroﬁ microscope disc specimens, 3.0 mm ih'diameter were spark
eroded, followed by thinning in an automaticvjet-polisher using an"b
electrolytic solution of 400_m1 acetic acid, 20 ml water, 75_grchromic
oxide.

. All "in situ" observations were made using a”gohiometer heating-

"~ 'holder in a Philips EM301 electron microscope. . Photomicrographs were
¥ taken'at'temperature after the image had ceased dfifting,'using a short -
. exposure time to avoid blurring. The hot Stage was calibrated by the

température at which a cobalt foil was observed to transform from.

hcp-td fcc on increasing thevtempérature. At 450°C'the microstructuréf'
consists of approximately 50% hcp and 507% fcc phase. The accuracy of -
the temperature given here is estimated to be better than *5°C.

'A high-angle tilt goniometer sfagg‘was used for determining

* the structure of the new phase transformed from the'DO3 structure.

~The stability of this phase was also investigated using hot-stage:analySis.
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III. RESULTS

A. "In Situ" Observation of Spinodal and
) Ordering Reactions

1. Determination of the Miscibility’Gap'Temperatﬁre

On heating speciméns frdm room temperature, crpssihg'the spiﬁodal'
limit_results not énly in the disapbearance of satellites but also in :
the resélution of the:characteristic spinodél_struétﬁre'moduiétipns; :
Althdugh the.aiSappéarance of the satellites can aléo'be.attributedvto' :
loss of cdhefeﬁcy‘of'the spiﬁodal préduct, ﬁhere are,othér.diffractibn
effects which distinguish the break of cohérency. These effe¢ts include’
~ the splitting of diffractidn_spots in a direction parailel to each -
reciprbcal_lattice vector g. A further indicétion.of 19s$ of cohérencyT.
is the generation of intérfacial dislocatiqgs aé'a tyﬁicél ﬁdrphology;t

In the Cué SMnO 5Al alloy, the loss of coherency occurs after aging

at 300°C for approximately 1,000 min,13

and thgsé_édﬁditions far excééd ;'
those;émploYed‘in.the pfésent study. 'In,additioﬁ, neither‘diffractio@:“
‘spot splitting n§r'the'presence'of,interfaciai dislocations was obserQed;i
heﬁce coherenéy of the spinodal product is apparentiy}maintained o
- throughout "in situ" heating. »

The teﬁpefature.of fhé'miscibility.gap was determined by monitoring .n‘ ‘- v
‘thé disappearaﬁce of satelliﬁes aﬁd of modulated miérogtructures. .The»
spinodaivwavelengths were-calculated froﬁ the satellite spacings in éélecﬁéd
area diffraction patterns, and by difect meaédreménté from the:photégrééhé;
The former method is more accurafe as it is independénébof optical magni-

fication. The closer the specimen temperature is to the miscibility gap tem-

perature, the smaller the'satellité spacing becomes.6_For loﬁger wavelengths
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(i.e., over 130 A) a microdensitometer analysis was also carried out

on photographically enlarged diffraction patterns to detect the

satellitespots around the'Bragg reflections.

N

Foils were oriented in an [001] direction to optimize detect1on

of the changes of modulated structures and satellites around the

(200) reflections. A temperature sequence of micrographs is shown in

Fig. 3 for the asymmetrlcal alloy, Cu2 2 0 8Al The imaglng conditions

for the best detection of ‘the changes of modulated structures were

utilized, and these are shown ‘in the corresponding diffraction patterns

. of Fig. 4, which also depict changes in the satellltes about the S

(200) refiectlon. The images show some contamination.but the typlcalvnod4
uiation contrast is clearly resolved -at temperatufes:above 273°C in the‘”
sequence'of_Fig._3. | |

During heating of the foil,'wellkdefined satellites are.ohservedh :

to develop from the original diffuse satellites. This is believed to.

arise from the preferentialvgrowth of a'critical compositional wave-
- length along the elastically'soft cubic directions from the range of

"initial waveléngths.ﬁ The satellite spacing decreases with increasing.

temperature. In an asymmetrical alloy, the satellites are asymmetrical-j=

.in intensity consistent with the volume fraction of Cn3A1 being'lowerf*ﬁ'f’

_than that of the major phase, anMnAl.

Below 307°C, well defined satellites were observed, but at 318°C;1.

“all reflections were streaked in a direction parallei to 100).

Therefore,iho measurement of the wavelength was made above 318°C from L
diffraction patterns. Micrographs reveal that the minor phase forms

as thin platelets parallel to the cube planes of the matrix. This
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suggests that the streaks in the associated diffraction pattern can be
explained.by the shape factor effect of these obserVed plate-like
particles which produce rel-rods in a direction normallto the plate
habit planes. Since above 318fC, no satellites were observed in the‘"
diffraction_patterns,.but'composition modulations were seen in bright
field images, it follows'tnat 318°C lies inSide'the niScibility gap
_-but outside the spinodal DiffraCtion spot Streaking dissappeared”
at 328°C, but in the corre5p0ndinguucrographs, the plate-like prec1pitatesl
; were not completely dissolved. The temperature of .the mlsc1bility gap

is believed to be around 358°C, since this_temperature corresponds
. to the complete dissolution of the plate-like precipitetes in the bright¢,vl
?bfield_micrographs.. A similar sequence of pictures’wasftsken'of the |
CuZ.SMnO.SAl alloy and the temperature of the miscibility gap was
- determined as 350°C5°C, by monitoring tne dissolution of the modulated
”structures. However,‘for this alloy the tempersture at which the
imodulated structure dissolved very nearly coincideu Withvthet of the
- disappearance of satellites. Therefore, the temperature of the ﬁiscioility:.

gap, 350°CiSéC, for fhe‘cuz,smno.sAl alloy, is.belieuen'to_be close tq;';l
'ithe'spinodal temperature. | 2 | -
These resultSVAre summarized in Fig. 1 showing the limits of‘thef?
' miscibility gap, whichznx:in good agreement with tne previous results SO

. obtained by studying the constituents of the microstructures obtalned ;

after prolonged ag1ng when the coarsening process has taken place.3



2. The Effect of Modulated Structure on APB Formation-

_ There.are two possible t&pes of APB vectors in both the Db3 and L21
structures, a/4(111) and a/2(100). The following table gives the phase
change angle O = ZW(§°§)'associated with nhase,contrast due to the presence
of both types;of APB;s (E is the operating.reflection and ﬁyis the antie'i
X‘phase vector)'and the.values of extinction distances'of-CuzMnAl and‘CusAl;,f
nhichlare estimated by Marcinkowski14 andvin this‘paper (see Appendix),
1hrespectively. ~There is no contrast when o = 0 or n°2ﬁ and'few fringes are'

,bobtained when to.is'large.

Table II. Antiphase angle and extinction distances of the DO3 and L21 :
s type superstructures. :

hkl Type Qf. a for a for t, in CupMnAl t in Cu3Al_;
" Reflection  1/4af111). 1/2a(100’ A ‘ 7)) T
m s, oEm/2 o 2,700 - 3,160
" 200 - S;p 77 0 ' 1,680 . 3,415
220 F o - 0 308 . 590

Referring to'Table II, it is apparent that S type‘retlections give B
~ contrast for 1/4a(111) and 1/2a{100) APB s, but that w1th SII type "h
reflections, only the 1/4a(lll) APB's can be 1maged. The energies of}_.“
the two types of APB's in the D03 structure are small and nearly
isotropic 14 No such calculations have been made for the L2l structure -
. but in view of the 51milar1ties w1th the DO3 structure, the APB
energies for the LZ1 structure'are also expected to be small. The
.extinction distances for Si and S type reflections are large in

comparison w1th foil thickness (i e., 1000 A, so that the contrast

- of an APB at s = 0 (where s is the deviation parameter) in CuzMnAl
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and Cu3Al would consist of a single.broad bandbwith a contrast comparable
to that observed in Fe3Al.15 |
One of the necessary conditions of a system tovuhdergo spinodal
decomposition is that the structure.of the two decomposed phases be neariy . W
identical, in order to allow_continﬁity in modulation. 1In the case of:_ -
ordered structures, therefore, the types of APB of the decompOSed two
phases are ekpected to be nearly the same. If the extinction distahcesﬂ T
“of the superlattice reflections for the two phases haye the same value,h_"
the images of‘the APB'scwou1d be cohtinﬁoﬁs through.the decomposed ‘
two phasesi - | |
| In previohs WOrk,3 it is reported that the AfB's of the.as-Quenched'
.alloys remained smoothly curved during brief aging at temperatures |
well inside the miscribilityfgap even though the microstructhre is
”=modulatedh F1gure 5(a) is a good example of this behavior - To énquireh
how APB's would behave when the specimen temperature exceeds that of the mis-"
.cibility gap;“hot stage sequences of the (111) dark field mlcrographszshown
.in Fig, 5 were taken of‘the CUZ.SMhO.SAl alloy. fhe foil was orientediin-
a [110] zone where composition modulations.paraliel‘to [100] are imaged,
i;alohg with the isotropic APB's: There APB's were shown to be of the tyoe; -
~ a/2¢100) by taking a (200) dark field micrograph in which no APB's DR
~ were seen (See Table II). It should be noted that. the 1/4a<111) APB' s
:_:generated at'Té(BZ) (750°C for Cu2 sMag 5Al) ‘have a higher energy |
than the 1/2a(100>‘APB's generated at»T (L2 -DO ) (600°C for Cu2 M, 5Al)
.-Therefore, it remains a possibillty that 1/4a{111) APB's exist within -

this structure, but, due to a 1arge domain size, they lie outside the f1e1d

of view of the micrographs in Fig. 5.
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The [lOO] composition modulations lose cOntrast'at 357°C. (Fig. 5(d)),
whereas the antiphase domain size increases as the-temperature is: h
increased. 'This«observation'indicates.that the APB'S develooed during
aging inside the miscibility gap inherit the same character above the
miscibility gap. It is, therefore, believed that there is little
interaction between the APB s and: modulated structure. This observatiOn
can be eXplained on the basis of the reasons mentioned before; viz,

(1) the types of APB's of the decomposed phases are the same’as that

‘of the ordered solid solution found above the miscibility gap, and

(2) the APB energies in these structures are nearly isotropic. In addition,

.since this research relies on transmission electron microscopy, it is =

-;necessary that the imaging characteristics of the APB's be known,_

particularly any differences due to phase transformations. This

' - problem 1S'elim1nated 1n the present study due to the similarity of the‘gﬁ
- (111) extinction‘distances for the Cuthhl and Cu3Al'phases and the
L12.-DO solid‘solution. | |

1773

B. Identification of the New Phase Appearinggin Spinodally
: Transformed Cu-Al Rich Phase

l.v Observation of the "New" Phase

The general morbhology of the new.phase has‘been reported previously;

and in this paper its.structure is reconsidered. The new phases are By

1imaged‘in one of the spinodally decomposed products?.which was shown téi'
3Al rich-phase by BouChard and Thomas.4

Figure 6(a) taken from the furnace cooled Cu2 5Mn0 5Al allovv

'Hreveals the modulated-Structure, with a wavelength of 210 A,

The corresponding diffraction pattern is shown in Fig. 7.

4,13
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A dark field micrograph of the same area is shown in Fig. 6(b), obtained
using the egtra reflectione marked N due to the new phase} The image

shows that eech‘smell particle is'elongated'parallel-to.(111) which

is the trace of {110} planes. The analysis of the morphology will be
explained later.. Figure 6(c) is a dark fieidhmierograph using the
diffraction spot marhed_M in/Fig; 7. The random distribution of the
.partieles hering”varioos sizes indicates that thevreflection'M_is.hot simply_
due to a transformation inieither CujAl-rich'ﬁhase or in CuzMnAl—rich B
| phase, but is due to contamlnatlon as demonstrated later.

The (310) micrograph taken from the aged specimen ‘for 1000 min

at- 275 C shown in Fig. 8(a) 1s another example clearly imaging the new‘v'
.phase e black particles (B.F. ) w1thin the Cu3A1 r1ch phase The microgrephii
,clearly_shows_that the new phase ie imbedoed in thevCu3Al phase and
.results frOm.oartial transformation of “the D03.structure. The dark

field micrograph of the new phase shown in Fig. 8(b)twas obtained using
_the spot.marked Nvin Fig. 9. The long axes of the imaged small partielesl
. are for the.moet pert'parallel to (133),”§hich is'éleo a trace of'{Oli}
tplanes as.seeh in Fig. 6(a) and (h). The dark'field'micrograph of
'.tFig 8(c) imaged with the reflection marked M in Fig 9 illustrates that

the small partlcles are dlspersed throughout the area of the spec1men,

‘.,”which_is consistent with the morphology ‘shown in Fig. 6(c).



-13-

2. D1scuss1on of the Nature of the New Phase
in the Cu-Al Rich Phase

It is well known that in binary Cu-Al alloys, Cu3Al transforms

'martensitically to the 9R structure.15 The marten31tes are produced by a

shear along one of the (110’ planes of the parent B phase (DO type),

whose crystal structure consists of alternate stacking layers parallel to

the (110) plane, as shown in Fig. 10(b). The structure of the Cu-Al

martehsite varies with the Al content as shown in Table III below:

Table lIl.*. Cu-Al martensite.l6—18

' Wt%,Alvw . Symbol ~Structure | Ms Temperature
11 a1 ' B | fee 450°C

11~13 A1 B a 9R o 450°C~240°C
<13~15 Al A .o . 240°C

B' martensite is -an ordered orthorhombic lattice con51sting of
units of 18 close—packed layers (9R) along the C direction.
(AB'CB'CA'CA'BA'BC'BC'AC'AB'). <Y' martensite consists of units of
two close packed layers AB'(2H) (see References 17 and 18).

It is possible that the new phase appearing in the Cu3Al rich'phgséwof“
the ternary Cu—Mn—Al alloys examined here would have this marteusitic,l

character. However, in the early stage of sp1noda1 decompos1t10n, the' P

Cu Al rich component of the spinodal produceé will contain Mn which mlghtfkiv'

3

‘have an effect on any subsequent transformation. It is reported that thefff"

\

structure of the martensite of Cu-12.5 wt/ Al-4 wt/ Mn alloy is based on o o

an orthorhombic unit cell (2H structure).19 Upon analyzing more

.diffraction patterns, the possibilities of those structures mentioned .

above were taken into consideration.
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3. Analysis of Diffraction Patterns

A series of diffraction patterns representihg several sections of
reciprocal space (e.g., Figs. 7, 9, 20) was taken to determine the
structure of the new phase. The result was best described by an
orthorhombic structure, whose atom coordinates in the unit structure

cell illustrated in Fig. 10(b) are:

Al Cu or Mn

w0 o) (bod
65 GR G
B9 @23

The structure consists of two close-packed layers AB' (fundamentally
a hexagonal close—packed structure), wh1ch is 1dent1cal to the Y' phasevf' )
in blnary Cu—13 15% Al alloys17 and Cu-12.5 wt% Al 4 th Mh alloys,19 so w>i€
it will also be called v! by comparison. The reflectlons from the y'
phase and the Cu MnAl phase often superimpose, so that it is very difflcult'
-~ to unlquely determine the lattice parameter of the ! phase But the §..f‘
bright field shown in Fig. 8(a) illustrates that the y' phase may be

v coherently imbedded in. the Cu,Al-rich phase. The 1att1ce parameters of

3
the Y' phase estimated from the Cu3Al matrix unit cell are:
A* = 4,12 A
B* = 5.84 A

C* = 4.03 A
' Plane sections of ‘the reciprocal lattice of the Y' phase are givehvinbr:
Fig. ll., Relative intensities'are also indicated (from structure factor

amplitudes only).
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4. Crystal Orientation Relationships

One way to determine an oriehtétion relationship is to compare
observed interp}anar_angles between a pair of pléhés of the matrix
‘and-the Y' phase with those expected from the assuﬁed grientation
'relationshipé fOr avngmber of;pairs 6f planes. For indexing matrix
' ‘reflections ,with respect to Y' reflections in order to detéfmine
the orieﬁtation rglationship, the following specific 1atticé correspondenée'

was always.taken:
11

379

[00 I]Bl - [0101Y,

) * [l

2

Because of the weak intensity of the y' reflection, the orientation -

~* [100]_,
1 Y

4y, - o

N

by

J:~relétionship is not determined defiﬁitely. Accordiﬁg‘to the proposed’, '
' Y'-structure; the (110-)Bl plahé éqrresponds to the>(001)Y, plane. Tﬁé
dark field'miCrograph S6f the Y' phase shown in Fig. 6(b) illustrates .
'.7lthe basalpléne oriéntétion.' " As discussed before,'the small particleé;
f?i'are'elongated;parallel to [lii]sl and [lil]BI directions. In.correspogéiéé
’v_ diffraction'patterns, the diffuse streaks lie in'[liflsl and_[112]81‘ " '
The stereographic projection shown in Fig. 12 indi@ates thé'correlation_'g.
‘between the elongated pafticles and the origin of the diffuse_streaks.r :
.'  in the diffraction pattern. In the stereographic pfojectioﬁ, ﬁérks O
correspbnd to the matrix Bl‘ofdered phase, marks @ indi%ate those of
A Y.-exPected ffom the as#umpfion that (110)811"(001)YT ’}[1i1]6i"[2IO]Y;'“
and marks O spécify.those when another felationship is,gfsumed to be

(110)61||(001)Y. , [ill]SlTI[EIO]YL
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Assuming that (110), Il (001)_, -and [111], | [zioly, hold, the
B1 Y 81‘
direction of the streaks, [112], is normal to thev[liI]B direction in
1
which the Y' particles are lengthened and is the trace of the (121)Y
or (Iil_)Y plane. However, identical diffraction effects will result
for the alterﬁative"relationship, (110), I ¢oo1)_, , [111], MI[2I0]_ ,°
& g, Y B Py
Experimentally it is very difficult to distinguish which relationship

is more probable becausé of the'diffusenéss of the Y' spots.

5. Stability of the Y' Phase .

The stability of thg Y' phase was stﬁdied bythgating‘the foil in thé"
the microscope.' Furnéce cooled specimens were chosentfor heat treatment ?
because of:their high density of the v' phase, as reported previously.;

- In Fig..13,-the éequence of dark field ﬁicrogfaphs was obtained withxf
the Y"reflections markéd as Y' in the correspondiﬁg diffraction pattefﬁstﬂ
“shown in Fig. 14. Figure 14(a) shows the reguiar-érray of fine particlés~.
of the Y' pha#é within the Cu3Al rich phase as in Eig. 6(b){ The »

' 'corresponding.diffraCtiqn pattern given in Fig. 1l4(a) indicates

- ;that in addition to- the Y' spots, the ektra spots ﬁarkede are fofmed.ttb

}-At 157°C, the particles begin to be imaged pootly in. the dark field micfdéti
;graph, but the reflections due to the phase'are sti11»present.. They o
‘disappeared at 205°C. This indicates that thé revérsion temperature"'

.'.of the Y"phaée deteloped during furnace cooling is around 205°C.

At higher témperature, 222°C, a diffusé;ring pattern is formed
‘along the.M spots and the inténsity ofkthe M spots seem to increa#é.
‘The dark field of the M spots is éhown in-Fig.>15(g), which.shbwst
that the small particles are distributed dvet all the thin_specimén;

At 400°C, the equilibrium phases in this alloy aré;.Cu3Mn2Al, Y ahdvsmn.?
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The precipitafion_of'these phases can be suppressed by quenching.
However; it has been reported that precipitation of the equilibrium

_ phase may occur .due to electron bombardment in the electron microscope _,‘

aé in the'Cu{Sn system.20

| . In the preéent investigafloﬁ,‘néevidencésbf'thé preéence of BMn
and Cu3Mn2Ai were fbund; TheJM spots appearing in'(ilo) (as shown in |
Fig.'7)5and (112) (not shown in this péper) diffréction patterns
closely fit the lattice parameters of the Y phase, but those in the
(001) pattern did not. A further indication of the origin of the M_%
spots was made by obserQing a-tﬁin séécimen kept iﬁ air for'tWG
:.months at .room témpérature,aftér beipg bémbarded by-éléctrons in the
"~ microscope. Fiéures_lS(a), (b) and (c) were taken of the oldISPecimen.?”'
‘ IﬁvFié; IS(c),:stroﬁg M'spots arexob§§rved, but the refleCtioné;due‘fdtﬁhe,y'
. phase are abseﬁt. This Substantiates the'suggestion that M apots. are dﬁe :
b,to‘some sort of Qontgmination e.g., oxidation or phase transformation ocpﬁrring
:characferisticélly in thin specimens at réom temperature, because a |
bulk specimen kept in air for two months at room temperatures does noti_
n: give M'spots at all. Since the lattice spacings corresponding to thé“:
k M spots'arejnotvféuﬂd in the Cu or Mn or Al'oxides iistéd in ASTM |
'iiéards, M spots ﬁay arise from ;ot merely simple one element 6kides, bdff
.;{;rather fromvcomplgx twovor thfee element oxides. More work is needed::7

e

: to establish the origin of M spots.
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IV. DISCUSSION

A. Spinodal and Ordering Reactions

1. Determination of the Miscibility Gap

The dissolution at the highef temperature of a structure developed
by aging at a iowér Eempefature would possibly occur for one'6f the
following three cases;7 (1) the reversion tempetaturé isvwithin the
coherent'spihodal, (2) the reverSion'temperature is ébove the_coherent‘_~‘
spinodal but within the metastable region and 3) the reversion
température:is'above tﬁe coheréni ﬁhase bqundary. Because thefe aré'
app#rentiy no expefimentai elastic constants énd thermodynamié data
available for the Cﬁ;Mn—Al ordered solid solﬁtioﬁ, the coherent
’spinodal,'which allows for the stablizing éfféct Qf'elésfic enefgy.On “.
‘coherency st?ains, is not able to be estimated. Howevéf, the chemicaiﬁ f 

- spinodal curQe'can be calculated froﬁ fhe formula derived by Cook

21

) and Hilliara,

€y - € = C = Cl-0.422(/T)) .

Cg and c, are the spinodal and equilibrium ;ompositiqns'at temperaturgi
. T, and Cc»is ;he-critical composiinns at the critical temperature Tc'
- Using Tc ~.3559C'and Cc_~ 0.65, éhich values were adqpted from the
- estimatédvmiscibiiity gap curvé, the chemical spino&al is derived
:(Figf 1).
The limits of the miscibiiity gap illustrated in»Fig;'i were,oﬁtaiﬁéd
.ﬁy monitoring the diséﬁpearance of satellites and ﬁf modulated structures.

' For the Cu Al alloy, the temperature at which the satellites were

2,208

not detectable even by a microdensitometer analysis, was not consistent
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with that at which the modulated structure was dissolued. But fer the
Cuz-sﬂno.SAl'alloy, both temperatures were very clese.together.. This.
finding might tekexplained by referring to Fig. 1 showing the limitsh”
of the miscibility gap and the chemical spinodal curves. For the
2 2 0. 8Al alloy, the satellites dissapeared and all reflections
were streaked in a direction parallel to (100) ‘as shown in Fig. 3(b)3
‘at 318°C, which is close to the temperature of the estimated chemical_‘
spinodal (3lO°C).. From the bright,field micrographvat 31860, the
_wavelength A‘was estimated to be ~230A, the corresbondiug satellites
 of which should have been detected in the diffraction patteru since
'-Satellites spacings of wavelength less than ~300& were measurable. 'lustead
- of the satellites, streaks were’bbserved. This oBservation suggests-thatf.f‘
'_the spinodal temperature fer the Cu2 2 0. 8Al alloy is around 318°C.

VfFor the Cu, Al alloy the difference between'the temperature of

2. 5 0.5

~the misc1b111ty gap and the chemical spinodal temperature is ~14°C.

This may explain why the satellites and the modulated structure

dlssapeared nearly at the same temperature for the Cu2 sMg 5Al alloys.;'i
Because the misfit between the coherent particles in this system viﬁ

is large (“2%), the coherent sp1nodal is expected to be depressed

below the chemicalispinedal.’ However, as an example, the Cu2.5Mn0.5Al

: alloy is uery brittle as shown by the tensile date reported previously;;3i .

Young's modulus estimated from the stress-linear_strain curve is. »

~5X108,(dyn/em2) (Y(IOO) Cu =~ l.lSXlol? dyn/cmz), assuming the deformatiun :

occurred not along the grain'bouhdary but unifurmlyiwithiu the.grain. .'.

It should be noted that the estimation of Young's modulus made here is

subject to a great uncertainty since the polycrystal specimens are
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surely deformed along the grain boundary regions. If Young's modulus
is very small, a strain energy term nzY, in which n = (1/a) (da/de) -
and Y is Young's modulus, is also small. Therefore the coherent

2Y =0, may*be in.approximately

spinodal,_giveﬁ by the locus of f" + 2n
the same'posifion as the chemical spinodal. As discussed above,
meﬁallographié features on heating'the systém’are well explained by
the position of the éhemical spihodai; which also suggests that the

coherent spinodal and the chemical spinodal coincide.

2. The Effect of Modulated Structures on APB Formation

Morral and Cahnzz-extend the théory of spinodal decompqsition.to
ternary'Systéms and show the'pbssibility of spinodai decqmposition and. :
cdntinuoﬁqurdgring 0ccufring simultaneously. Also, in binary systéms; ' 
- it has been rébbfted that Fe;Bé alloys dééomﬁose into arperiédic;
_mddulated strﬁcture containing Fe-Be particles ﬁitﬁ the ordefihg CéCi 7- 

structure.23_25

M. J. Richards and J. W. C'ahn26 examined'tﬁe ground stéﬁé L

' energy and_;uperstruétufesiof bécvand fcc using Ising model systems bfﬁ;ifA

' takiﬁg écébuht of second néighborvintEraCtions éﬁd demﬁnstrated that':.:

ordering.anq ciustering aré not mutually excquive.even for binary:alléfs;
One of their results is illustrated in Fig. 16 to show the curve'."

" of the energy of mixing of various states as a function of compoéitioh;"

. where first aﬁd second neighbof interaction paramétéfs, Vl and Vé-ﬁre

: positive aﬁd.4/3 >.V2/V1 >2/3. The ordered structurg in the ground ‘

state up to 25%:(and between 75 and 100%) is of thé Fe3Al(Fm3m),type.

There are two superstructures that are candidates for the ground state.

between 25 and 50% 3;_(a) a sﬁperstructure with é&mmetry'FmBm and 16 atoms

pef cell with sites in position II of the Fe3Al lattice (DO3 struqturé)



-21-
" being progressively filled by B; (b) a superstructure with the lower
symmetry of sbace group F43m and 16 atoms per unit cell, with sites
either in poéitipn I or III being progressively filléd by B.
By eXtending this idea to the pseudg;binary‘phaSé diagram

7 compositiQn 51ong'the Cu3Al—CdzMﬂAl alloy shown in Fig. 1, Fig. 16
indicates the possible metastable trénsitioﬁ phases that migﬁt form
during tfansformation-from fhe disordered state to the.equilibrium
sta£e fo11owing a quench from high temperatureé{ Figure 16 is
. well followed by the sequence of ordering reéctiéhs occurring in the
: >a1loys_a1ong ;he'composition line CuéAl;CﬁzMnAl. Referfi@g to

Fig. 1 and Fig;vZ, é disordereé bgc}structure first'ordeés to a B2
- structure and further orders F§fa’D03-L21 structure. Thé non—stpichidpétiid:v'
- superstructure up to 25% Mn would form the superstructure reseﬁﬁling |
‘an Léi strqétu;e be;auée'excess-M; ééoms favor typé Ii sitesi@q place1
of Cﬂ.atoms‘agcdrding to Fig. 16 showing Fm3m in the'grOUnd state.

ZMnAl side (between 75 and 100% Mn), éxcess Cu atoms tend to

 _:0n‘the Cu
; _replaée type Ii sites insteéd.of Mh'atoms. ‘Thus DO3fL21 st#uétures argHv'“"’
”‘stabilize&.through the compbsition line Cu3Al-Cu2MnAl above a certain}“-”
temperature. Ihe D03-t21'struc£ure is.in the grpund state up to

25% Mn (and,between 75 and 100 Mn), so that the sqperétructdre is

- relatively stable at lower temperature near these compositions (below .. - -

v:’350°C>-'vThe Superstructﬁrevin the ground state between 25 and 507 is
space group Fi3m. | | | |

From the symmetry of ﬁhe curve in Fig. 16, the same arggments holdf;
valso betweeﬁ 45 and IOOZ‘B. Exéess Mn atoms in the Cg3Al alioy prog;essively

£fill up positions I or IIi rather than position IIishown in Fig. 2. For
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the CuzMnAl side in this range (between 50 and 75% ﬁn),'Cu atoms are -

in excess and Mn atons are deficient.with respect7to.the L21 structure;
These excess Cu Atoms may diffuse to the Cu3Al phase'to'form the -

nearly stoichiometrlc crystal (DO ) and further reduce the ‘energy of
mixing.v On the other hand, the excess Mn atoms in the. Cu3Al phase may
tend to diffuse to form the nearly stoichiometric L21_structure.v This
may explain the origin of Cu rich or Mn rich sinusoidul compoSitional.__;5
modulations which develop“inside the miscibility gap. However,.it is;{n'
uncertain whether the superstructure within the miscibility gap
"possesses the Fm3m or the F43m space group symmetry. X-ray diffraction ;h-ih
- techniques cannot be used to experimentally distinguish between these‘:_af
. two superstructures. Even if the superstructure within the misc1bility‘

hgap is F43m, it is expected that the APB configuration of F&3u is the same
i..as.that oprm3m-(DO3).» This model supports the obserVation that APB' s |
| developedvduring.aging_inside miscibility gap inherit’the same-character“
ﬂhabove the niscihility~gap;»-. | ‘ ' -

B. Identification of the New Phase Appearing in Spinodally
Transformed Cu—-Al Rich Phase

- 1. Classification of the DO.=y' Transformation
. . J
(previously D03=Llo)4313

It was reported that a slower quench results in the'appearance of_";‘-
- a new phase‘(Y') in the Cu3Al»rich phase. Increasing the quench rateé.
J:decreases.the amount:of the new phase.13 This observation can be'
bexplained,by the character of a thermoelastic martensite expected-in
Cqul based alloys. ' |

The martensite which emerges in an Fe-307% Ni alloy is normally

formed by a high degree of undercooling, but thermoelastic martensite




00004201649 o

-23-

(e.g. Au-47.5% Cd) requires little driving force for the transformation to
occur.27 The ‘conventional martensite transforms byv"hursting"ito a
final size at a high under-cooling, but thermoelastic martensite grows
in length and'yidth with cooling; ‘There is also significant differences
in As (austenite start temperaturej and Ms (martensite start temperature)p:
between conventional and thermoelastic'martensites. 'fhe difference'between :
As and Ms is 1arge (400°¢C for the Fe-30% Ni alloy) in the former case,f |
but is small (15 C for Au-47. 5/ Cd) in the latter case.2
As shown in Table 2 the Ms temperature of the Y phase appearing
in the Cu—Al system is 240°C or below and decreases with the 1ncreas—f
- ing Al content. The Ms‘temperature of the Y phase in the Cu-Al SyStemv ﬁj"
?1s in quite good agreement w1th the reversion temperature of the ' |
“phase (205 C), estimated from the furhace cooled specimen (Cu2 5", 5Al)
by hot stage analys1s. Because it is expected that the d1fference betweenivf’
;:Ms.andlAs'is:very;small for thermoelastlc,marten51te, the‘Ms temperaturefl
of thé'Y' phase invthe Cu3Al rich phase would be close to the'reversiona£* o
[ftemperature of the Y' phase.
- However; in an early stage of spinodal decomposition, one of the -
:spinodal products; the Cu3Al rich phase, will contain some amount‘of'Mn;e
' The effects of Mn addition on the phase transformation of the £ Cu-Al ;-i
alloys have been,lnvestlgated by severaliworkers.19 28
Tarora28 reported that Mn additions depress the temperature of
- .eutectoid decomposition B ~» o + Yz.and'tend to suppress the occurrence”f ;:
of the-decomposition. The Ms temperaturelof the Bl ; Bi transformation
is also 1oWered by the addition of Mn and Al. Sugino,'Nakanishi and

Mitani19 also studied the effects_of Mn addition on martensite in Cu-Al
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alloy§ by meéns of specific heat and X-ray measurements. It was found
that two types.of martensite, Bi énd Y', were formed in a Cu-11.8%

Al-4% Mn alloy. After iced brine quenching, only the'Bi martenéite peak
- was detected around 385°C on specific heat vs temperature curvesbfor

the alloy. But in slowly cooled speéimens (i.e., a furnace cool or an ’-.
air cool), a martensite peak was found at 170°C in addition to the Bi
martensite. vAs‘the quenéhing rate is-redﬁced, fhe peak corresponding f
Cto Y' martenéite becomes stronger and the'Bi peak bécomesvweaker.

As shown in fable III, increasing the Al content Qaries the Struéture’ gf
of the'marten$ite in the'Cu—A1 system. .In the Cu—Al—ﬂn System,'the' B
.étructure of the martensite is additionally.subjeét to heat-treatment, f:g
as well as composition variations. Figures 17, 18 and 19 were takéh ffd;ff.ﬁ
Cu-12.4% Al-4.68% Mn alloy which is almost at the end of misCibility 33§  *

for the Cu Al'rich'phaée. The former two specimens were 0il quenched

3
and the latter one was furnace cooled. O0il quencﬁing yields the ordere&” .
Aﬁl'sihgle pﬁaSé as shéwn in Fig. 17, although some areas contain
: the twinnihg plates shown in Fig. 18. Furnace cooling produces é
" plate-like morphology, having infernal striations. The diffraction
:patfern shown in Fig. 19(a) was taken from the plate mafked (a) in
- the bright field ﬁicrograph.; The struéture of the_plate found here
is analysed to be identical with that of the Y' phéée in the Cu3Al fiéh 
- phase. The.dirécfion of strong streaking invthe diffraction pattern is ji'
': pefpendiculaf to the direction of the striations in the bright field |

.micrograph, so that the striations are due to a high density of

. stacking faults. The striations in the platé marked (b) are normal to -
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those in the élate marked (a). The diffraction pattern taken from
the area marked C, including both plates (a5 ahd (b), gives the same
pattern as that taken from the furnace cooled Cu2 5 0. 5Al alloy
shown in Fig.,ZO.‘ The (001) diffraction pattefn-of»the furnace. cooled |
2 5 O 5Al alloy is indexed in terms of the two varlants of the Y! |
phase. The morphology of the two variants of the_Y' phase in an (001}
‘brientation has been &iscussed extensively ih previous papers.h’13
The dehsity of plates obaerVed in Fig. 19 increases with |
'Edecreasing‘quenching-rate; This implies that the plates are-formedb
from the ordered Bl phase because slower quenchihg‘resﬁlts_ih'deaelopihg 1
a higher degree of ordering. Cahn aﬁd COll29 ehnfirmed'that an FeBAl.
{ alloy with‘the'D03‘type structure shows resistance_td thinningaif the .
':bdegree ef order is increased, and that the alloy does not exhibit

‘twinning if.it is fully ordered. »This isICOnaistant_with»the observationf :
: made here. | | |

Since these plates’ (possibly the a' martehsitej.emerging in the

Cu-12.4% A1-4.68% Mn alloy obey the observed o' phase;hehaVior in the'?;"J

Cu,Al righ phase, and since the alloy is located near: the Cu3Al rich

3
side of the'miseibility gap, the Y'Vmartensite in Cu-12.4% Al1-4.68% Mn

. may have the same or1g1n as the Y phase in the Cu3Al rich material.

The structure of ‘this new phase (v'") was. prev1ously proposed4 to he

of the Ll0

disordering of therDO3 lattice to the B2 lattice, followed by the

orderlng of only one set of the {110} planes of the B2 structure.
However, thlS mechanlsm would fail to explain the observatlon that the |

amount . of the_Ll phase increases with decreasing‘quenchlng rate, on

0

type, which is generated from the DO3 structure by the partial.:r-'
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the basis of the arguménts which follow:

(1) The proposed mechanism involves the generation of non-conservative
APB's of the DO3'struéture parallel to every (220) piane of thevstructure.

(2) The surface energies of non-conservative APB's will be higher .
relative to conservative APB's due to the change.in lddélvcomposition
across non‘éonservative |

(3) The_APB energy of both types are also propdftibnal tosz.where-
S is ;he;degree of long range order. :Consequently.the relative differencé'v}
- in energies will be small in partially ordered alloyé'and may effectively_ fi
vanish in'as-éuenched alloys.. This implies that conservative APB's are
mére étable'than non—consetvative APB's when the degree of ordér, 
répresente&fby S, is high.

: Therefofe, if is-eXpectéd/thAt iced-brine queﬁthéd alloys woﬁid

 producg a high_density of the Ll0 phase due to the_stabilization of
'hon-conservétive APB's which is required for the nucléation of the le,: 
phase. Sloﬁly quenched alloys woﬁld have a lower density of the Ll0 '
-phase due to destabilization of the nbn—conservative_APB's (s is largeig;; v

The experimental observatioms, however; areviﬁconsistent withjthe:t;
prediction made above, based on the previéusly probbsed mechanism.
Instead, thé origin of the Y; phase is prbposed_- 1n this' paper to be thé"'. 7 Y.
_transformafibﬁ of the ordered DO3 phase, by hoﬁogeneOué -{110) shear;};.:

to an orthorhombic Cu,Ti type structure shown in Fig. 10, which is

3
‘similar to the Y' martensite in Cu-Al-Mn (or in Cu-Al).
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2. Metallography of the Y' Phase

~The structure of the Y' phase in the Cﬁ3Al rich phase was_determined

‘to be ortﬁorhombic, with lattice parametgrs of A =;4;12K, B = 5.84& and
" C = 4.03A. However, the iattice parameters of the Yf phase in
Cu-12.5% Al-4% Mn and in Cu-13% Al, have been'repbrtéd to be a = 4.45R,
b = 5.308; c - 4.248% and a = 4.51%, b = 5,20&,'c:= 4;223,17 respectively.
It .is considered that the Y' martensite in the Cu-Al system ié formed .
" by a shear along (110) planes of the'parént»Bl—lattice; accompanied by:,ﬂ
shuffling qn.alternate.layers. But the Cq3Al rich phése in which y' imbedded
is surroundgd,by the_tgrnary CuzMnAl rich-phaée, so“tﬁag the modé qf.

DOé*w' wogld be restrictgd by the,straip due to the ﬁisfit between

the Cu MnAl phase. This may be thelreason.why the

Al phase and ;he_Cu2

3

v;lattice»pafameters of the Y' phase in the Cu3Al rich phase differs from

-those in Cu-Mn-Al or Cu-Al, and why the structure of the phase is close
‘to tetragonal (a = 4.12& and ¢ = 4.033).
The orientation relatiohship betweenAthe_Ll0 phase (y' phase) andgﬂ

+Cu,MnAl have been reported as followed:13

' -' (01o)L1 rn(001)L2
0 1
_{Qol]Ll 1oy,

0 1

" This orientation relationship is basically the same as the lattice

' correspondence explained before. But previous observation of the particles L

in a [110] foil has shown that the'Ll0 partiéles are aistributed in

. platelets lying in the (00l) plane of the métfix.l"]_'3 -The present high
resoiution dark fieldnmicfograph.shoﬁn in Fig. 6(b) reveals, howevef,‘.

that the y' particies>are not elongéted aiong the-(OOl) plane of the
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~matrix, but rather along the (111) directions of the matrix. The trace
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analysis of this direction yields the following orientation relationship.
_(QOI)Y'" 1104, [iu]B,u [iiO]Y,
or [1I1]B',n [2ioly, |

A similar orientation relationship was reported in Cu-Sn martensite;3ov

. In the Cu-Sn system, two kinds of martensite were observed, banded (B') '

and wedge-shaped (B"), depending on the heat treatment. The former

was found to be an orthorhombic lattice of AB'AC' type with stacking

. faults in the.quenched state. The latter was found to be thelotthorhombic'l

lattice of AB' type, which is equivalent to the Strueture of the Y'

[

phase found in this investigation, when the alloy was Subzero—cooled

The orientation relationship obtained in the latter case was (OOl)B,,H(llO)B

.- and [210]6""[111]82, which holds good when the twinning plane is expected f'

"as (121) and the stacking fault plane as (121),

“Also in the present investigation the same relationship is found to'

' hold.' The_particles are lengthened along the (121)Aor‘(l§l)'plane andf,%

the . direction of the streaks in the diffraction pattern is normal to thet'"

trace of the (121) or (121) plane. This analysis suggests that the (1217}.~

or (lfl)vplane would be the twinning plane or stacking fault plane in the :
Y' phase.
The y' martensites shown in Figs. 18 and 19 in the Cu-12.5 wt% Al-

4.68 wtZ Mn alloy located at the Cu3Al rich side of the miscibility gap,

‘indicate that oil quenching produces twinning plates (Fig. 18) and

furnace cooling gives highly faulted plates (Fig. 19). Figure 19 is very

similar to faulted martensite structures observed in binary Cu-Al alloys

(e.g., References 16 and 17). Thus, the Y' phase which emerges in the
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Cu3Al rich spinodal product, might have the same features (i.e., internal
faulting or twinning) However;lthe v' phase of the furnace cooled.

Cu2 5Mn0 5Al alloy is expected to have a faulted character, since slower
' quenching results in the faulted structure for the alloy near the end of
miscibility gap. The diffuse streaks inithe diffraction pattern.shown‘
in Figr 7'nay; therefore, be due'to the internallv;faulted'structure-

of the Y' phase. ; | | |

3. Y' Phase and Spinodal Decomposition

The y phase would vary its structure and Ms temperature due to:, =
V'I:Changes in Mn or Al content and heat—treatment. Complications in uniquely
:identifying the Y phase arise from the fact that the wavelength (X) of =
the sinusoidal composition modulations show strong_variation with aging,i
so that Mn .or Al concentration changes with agingiinSide the’miscibilitvd
- 8ap. | . |
It'has been”reported that at the early stages of coarsening;ls_thep.
‘structure of the;binary'phaSe is’mbstlyfthat of Y'"phase. >In the inter;; =
‘mediate stages of coarsening the volume fractlon of the v' phase w1thin.
“the binary phase decreases by about a factor of 3 between 300 to 3000 min'
- aging. By aging at temperatures above 275°C the b1nary phase has malnly :
the DO3 structure, with a relative absence of Y particles.. | S
These observations could be explained by the peudo—binary phase o
diagram along comp051tion line Cu3AleCu2MnAl'shown in Fig. 1.: The
composition of the equilibrium phase at the Cu3Al rich side after )
aging at 225°C is estimated as Cu-12. 5 wtZ Mn-4.6 wt% Al from the figure;v-i
Since compos1tion itself is responsible for produc1ng the Cu—Mn—Al o
martensite as seen in Figs.'lS and 19, it is expected that the Yy' phase'

i

would appear even after long time aging at 225°C. However, 275°C and 325°C
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aging for long times (i.e., 10,000 min) would not giVe rise to-the '
phase, simﬁl& because the expected compositions of»Cn-Al rich side
after long time aging ‘are Cu—12.5.wt% A1-6.12 wt¥ Mn‘and
Cu-12.6 wt% Al-10.26 wt% Mn respectively.- Higher Mn contents
‘tend to depress the Ms temperature. | '

Moreover, in the early stages of sninodal'deconposition, some
amonnt of Mn»aroms do not diffuse from the binary rich phase.

Consequently in the initial. spinodal reaction the Mn'concentration in

the binary phase would be higher than that at the later stage'of aging;i

so thet the Y' phase would not appear within the binary phase. It has

been reported that the Cu3Al riehiphase is distorted to e'tetragonaltj |

symmetry before losing coherency? This tetragonal structure of the

Cu3Al undergoes compression along cubic directlons, as set up by the

‘ternary phase. These misfit compression stresses could then be relieved :

_by 110) shearing if the elastic contant 1/2(C11 -:012), corresponding

 to {110}(110) shear, would decrease to zero.

Although there is no data about the elastic constant of Cu3A1 it is '

expected that lattlce softening might occur Just before the Ms

temperature. This condition might also explain the occurrence of the

DO3#Y' transformation, even when the Cu-Al rich phase contains a highg-.iv

. Mn content.
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in Fig. 1 are”in agreement with previous studies.

- of the Cu, Mn_. _Al and Cu
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V. - SUMMARY -

The foliowing results and conclusions have been drawn from this

+ investigation:

1. The miscibility gap temperatures of thei(Cu—Mn)3A1 alloy were

.tdetermined by‘"innsitu" hot stage experiments. The results summarized :

4

2. 'Ihe position of the chemical>spinodal'eetimated from the

"'miscibility gap curves,'is reinforced.by the metallographic obeervatiOns.

' " ”" , .‘
2.5Mg 5 7. 2MnO.SAl.alloy in "in situ fexperiments. Ihe

‘coherent spinodal curve of the alloys is believed to:Be in the nearlyn.;

'1?same position as the chemical spinodal.

3. The APB's in Cu, Al developed during aging inherit the

2. 5 0.5

same character as those above the miscibllity gap, having little 1nteract10n

_With the modulated spinodal structure.

4. The new.phase (Yy') which emerges within the spinodally trans- .

*formed Cu—Al'rich phaee is identified asfhaving an orthorhombic lattice
of AB' type, (i.e., two layer: stacking {110}B phase) and results from

‘ partial transformation of the DO3 structure.

5. The orientation relatlonships between the. Y phase and the parent

QB (DO;) phase are

'(lOO)B (001)Y,' s [lll]B_ [210]Y,
1 1 _
or [111]Bl [2Iojy,
. 6. The reversion temperature of the Y' phase in furnace cooled

2 5 0 5Al alloys was determined to be-~205°C by. the hot Stage work, and

his is close to the Ms temperature (240° C) for y' martensite in a
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Cu-13~15% Al alloy. .However, the Ms temperature decreaées with increasing
Mn and Al‘éontent. | |

7. The Cu-12.4% Al-4.68% Mri alloy, which is almost at the end of

miscibility gap near the Cu-Al rich-phase, showé that'oil quenching resuits
in nearly all single phase material, except fdr small regions of twinnea:':
Y' plates (mé;ﬁeﬁsite), but furnace cooling yields:a high ﬁumber of:'
densely faulted Y' plates (martensite). This observaﬁion is in good
. agreement with that of the Y' phase in the spinodaliy decomposed Cu-Al;‘a‘
~ rich phas;, because slower quenching gives a high density of Y' ﬁhase S

" in the Cu Al alloy.

2.5Mh0.5
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APPENDIX: CALCULATION OF THE VALUES OF THE
EXTINCTION DISTANCE (t_) OF Cu,

The general procedure to obtain extinction distances is discussed

with an example by Thomas.31

The values of to are obtained using the folloﬁing expression

‘derived by Hirsch et al;:32
. . - -3 8
¢ = nVecos - Traocos
o AF 'AF

. (s = 0 where s is deviation parameter from the exact Bragg reflection);’
. where XA is the wavelength of the incident beam, V is the volume of the .
unit cell of edge length a_ and F is the structure factor for the unit

cell. The strqcture factors associated with DO, type superlattice are:l-

3
 given by the following:
DO3 v :
Fp T =40, +£,))
for h, K, 2 all even and (lli;%—i—&) even
'DO3
‘Fs = 4(fCu _,fAl)
for h, K, £ all odd, and‘,
for h, K, % all even and (h-i;%;i;&> odd

| . where fCu aﬁd fAl are the electron sdattering factor of Cu and Al,

respectively. The calculated values ofvfCu and fAivare listed in

Table IV.
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Table iV. Atomic scattering amplitudes
for electrons f in A (after the
appendix of Ref. 33).

(111) (200) - (220)
P 3.47 3.00 2.0
Cu ! _
F, 2.14 1.76 1.11
N

~Thus, for 100 kV electroms (X = 3.7X10—10), and taking cosf = 1.,'to

ofvthe'(lll)_reflgction for Cu

4Al 1is obtained as follows
. L 3.14%(5.83x10°5)2
oD 3 74107204 (3.47 - 2.14)x10"8
~ 31604
.
0(200) ~ 590A

t0(222) ~ 3415A



1.
2.

3.

10.

11.

12.

13.

-36~

REFERENCES

0. ﬁeusler, Phys. Gesel, 1399 (1903).

R. F. West and L. Thomas, J. Inst. Metals 85, 97 (1956-57).

M. Bouchard and G. Thomas, Modulated Structures.and Coarsening in
Ordered (Cu-Mn)jAl Alloys, LBL-2294, 1973.

M. Bouéhafd and G. Thomas, Modulated Structurgs in-(Cu—Mn)3Al Alloys.
II. Forﬁafidn of an Ll Phase within the Cu,Al Side Phase, LBLf22§5,'  e
1973. |
M. Boucﬁard and G. Thomas,'Moduléted.Strﬁqtures.in-(Cu-Mn)3Al
Alloys III. Formation of the Y Phase, LBL-2296, 1973.

J. W. Cahn, Trans. Met. Soc. AIME 242, 166 (1968).

J. E. Hilliard, Phase Transformations (Amer. Soc. for Metals, 1970);21 -

~p. 497.

M. Murakami, O. Kawano, Y. Murakami and M. Morinaga, Acta Met. ll,"5  B
1517 (1969). o

E. P. Butler and G. Thomas, Acta Met. 18, 347 (1970).

‘R. J. Livak and G. Thomas, Acta Met. 19, 497 (1971).

S. D. Dahlgren,VCalculation and Measurement of the Yield Stress of”f'f
Alloys with Coherent Lamellar Microstructures (Ph. D. Thesis),

UCRL-16846, May 1966.

_R. W. Carpenter, Strengthening Effects of Spinodal Decomposition in .

Gold-Platinum Alloys and the Kinetics of the Reaction (Ph. D.vThesisT,
UCRL-16609, January 1966. | |
Fereshteh Sémimi Mirmifani, Structure and Mechanical Properties

of Cu-Mn-Al Alloy (M. S. Thesis), LBL-2598, April 1974.




14.

15.

16.
17.
18.

19,

‘ 20'

21,

22,

f23.

24..

25,

. 260
27,

- 28.

- 29.

~ 30.

-37-

M. J.'MérCinkowski; Electron Microscopy and Strqu;h'df Crystals,

G. Thomas and J. Washburn, eds. (Interscience, N. Y., 1962), p. 333.
M. J. Marcinkowski and N. Brown, Acta Met. 9, 764 (1961).

Z. Nishiygma, J. Kakinoki ande; Kéjiwara, J. Phys. Soc. Japan gg(7),
795 (1965). . | ‘ﬂ | | -
f. R. Swann and H. Warlimont, Acta Met. 11, 511 .(1963).

S. KajiWara,:J. Phys. Soc. Japan 21(3),.795 (1967).

S. Sugino, N. Nakani:shi and H. Mitani, J. Japan Inst. of Metals Q, |

751 (1965).

H. Morikawa, K. Shimizu and Z. Nishiyama,_Trahs. Japan'Inét. Met.

8, 145 (1967).
H. E. Cook and J. E. Hilliard, Trans. Met. Soc. AIME 233; 142 (1965}:
J. E. Morral and J. W. Cahn, Acta Met. 19, 1037 (1971).

M. V. Dzhibuti and Yu-D. Tyapkin, Soviet Physics-Crystallography .

13, 240 (1968).

Yu-D. Tiapkin and M. V. Jibuti, Acta Met. 19, 365 (1971).

J. Higgins, R. B. Nicholson and P. Wikes, Acta Met. 22, 428 (1974);v'

M. J. Richards and J. W. Cahn, Acta Met. 19, 1263 (1971).

" L. Kaufman and M. Cohen, Progress in Metal Phys. 7, 165 (1958).

Tarora, J. Japan Inst. of Metals 8, 6 (1944); 13, 3 (1949).
R. W. Cahn and J. A. Coll, Acta Met. 9, 138 (1961).
H. Morikawa, K. Shimizu and Z. Nishiyama, Trans. Japan Inst. Met.;gy

307, 317 (1968).



31.

32.

33.

- -38-

'G. Thomas, Transmission Electron Microscopy of Metals (John Wiley'

and Sons, Inc., New York, '1962).
P. B. Hirsh, A. Howie and M. J.Whelan, Phil. Trans. Roy. Soc.'A

252, 499 (1960).

P. B. Hirsch, et al., eds., Electron Microscopy of Thin Crystals

(Butterworth Scientific Publications, London, 1965).



000042016434

Fig. 1.

Fig. 2.

Fig. 3.
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. FIGURE CAPTIONs
The pseodo binary phase diagram along CuéMnAl and Cu3A1 (after
Boucnard);3 The témperatures ofwthe miscibility gap obtained
in thds investigation are illustrated. The chemical spinodal
was celculated using T; ~ 355°C and Cc ~ Q.65_from_Ref. 21. The
Cnrieftemperatures of the quenched alloys were taken from -
Ref. 13. |

Schematic representation of the ordering sequence during the

. quenching of the alloy Cu2 sty 5Al (vertlcally) and its

isothermal decomposition (horizontally).
Bright field micrographs from the alloy Cu2 tho 8Al. Showing

the .gradual increase in the wavelength of the composition moduletion

3;_.para11e1 to the cube planes and dissolution of the modulated

Fig. 4.

Fig. 5.

structures.

Sections of'the corresponding (001) diffraction pattern.: The
figure illustrates the gradualdemergence of the wellldefined
satellites and the gradual decrease of the intersatellite

spacing to yield diffraction spot streaking. The temperature:of

the mlsc1bility gap is believed to be around 358°C.

Dark f1e1d mlcrographs taken with (111) reflection of the alloy
2 5Mn0 5Al in (110) orientation. The figure shows that the
smoothly curved 1/4a€100} APB's have little interaction with the.

composition modulation even when the specimen temperature exceeds

the miscibility gap temperature.
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(a) Bright field micrograph of the alloy Cu2.5Mn0.5Al cooled

in the furnacé.  (b) Dark field micrograph of the same area
imaged with the reflection marked N in Fig. 7 showing Y'
particle elongation aloﬁg (111) directions. (c) Dark field
micrograph of the same area obtained with the reflection markéd
M in Fig. 7, shdwfﬁg that M spots are not due to the-Cu—Al

rich transformation. |

(110) corresponding difffaction pattern of.Fig. 6. The extraf;
reflections marked M are indexed in terms éf the proposed Y' -

phase structure.

(a) Bright'field microgréph of the ailoy CUZ.SMnO.SAl aged at _. 
275°C . for 1,000 min, showing the Y' phase imbedded in the
Cu3Al.riCh phase. (b) Dark field miCrogfaph of the same;areaf':
imaged with thevspot marked N in the corresponding diffractioh*j;
pattern shown in Fig. 9. ‘The Y’ parﬁicles‘a;e elongated'along.li
(133) directions. (c) Dark field micrograph obtained using fﬁe _
reflection marked M in Fig. 9. g
The correspondingl(310) diffraction pattern of . Fig. 8.

Symbols are the same as in Fig. 7.

10. (a) Crystal structure of the matrix DO, type (Bl). (b) The

proposed orthorhombic structure of the Y' phése, showing the '

lattice correspondence in the transformation from the B1

‘matrix to the Y' phase.

11. Reciprocal lattice section of the proposed Y' phase, with the

calculated structure factors.




Fig. 12.

Fig. 13.

Fig. 14.

"Fig{‘IS.

~ Fig. 16.
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Stereographic projection, showing the orientation relationships

between B "matrix and y' phase. Marks O and ° correspond to

, the main lattice planes of the B matrix and the Y' phase,

reSpectively ' Marks e indicate those of the Y! phase expected

from the assumption that (001) H(llO)B , [210] H[lll]B

Marks O indicate those-when the second orientation relationship. -

is asSumed'to be [ilO] H[lll]B

A sequence of dark field mlcrographs of the ¥' phase in the

furnace cooled Cu2 sMg 5Al alloy, 1maged w1th the Y! reflection,

'indicating the stability of the ' phase (g) is the dark field

micrograph obtalned using the reflection marked M in F1g 14

The corresponding diffraction patterns for the Fig. 13. The: .

\

:reflections due to the Y phase disappeared around 205°C.

(a)- The bright micrograph of the oil quenched Cu2 My 8 S

alloy aged at room temperature for two months. The foil)yieldsu

"a general morphology which may be due to contamination.

(b) The dark field micrograph imagediwith the reflection

marked M in the diffraction pattern shown inh(c). (¢) The
‘corresponding (110) diffraction pattern, showing no Y' spots}i hh'f
but strong M spots. | |

The energy of mixing vs composition of various states on the. |

bce structure from Ref. 26, indicating that an Ee3A1 (Fm3m) l,

type is in the ground state up to 25% B, but a.FZ3m structure7:" .

is in the ground state between 25 and 50% B.



Fig. 17.
Fig. 18.

" Fig. 19.

~Fig. 20.
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Bright fieldimicrograpﬁ from the oil quenched Cu-12.4% Al-4.68% Mn
alloy in an 2001) érientation, showing é lérge extend of

érdéred Bl(DO3) single phase. |

Bright and dark field micrographs froﬁ tﬁe oil quenched

Cu-12.4% Al-4.68%Z Mn alloy, indicéting fegions containing

twinned plate. | |

Bright field miérograph from fhé furnace cogled

Cu—12.4Z Al—4.6é% Mn alloy in énd (010) orienﬁation,-showing‘   v;i'
tﬁo yériants'of plates with intgrnal striétions. The diffrééfiéﬁj 
patterns (a); (b).and (c) were faken'from:the correSponding"‘w'-'

area marked (a), (b) and (c) in the bright field micrograph.f.

'The streaks are normal to the striations in the .plates are are .

believed to be due to stacking faults within the plates.
(001) diffraction pattern of the furnace cooled Cu, SMno»sAl:Txl f
alloy, indexed in terms of the two variant$ of the ' phase.'.h

The symbols are the same as in Fig. 7.
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LEGAL NOTICE

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