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MODULA'l'ED STRUCTURES IIi ORDER~ (Cu-H~Al ALLOYS, 
III-FOFitfj..TION OF THE .Y PHASE' 

* M. Bouchard and G. Thomas 

Department of' Haterials Science and Engineerin..:1, 

LBL-2296 

College of Engineering and Inorganic r~~aterials Research Division, 
Lavrence Berkeley Labo!'atory University of California , 

. Berkeley, California 94720 •. 

,ABSTRACT 

The alloys along thecomposi tion tie-line CU
3

Al-Cu
2

"'..n.Al. have 

been studied by electron microscopy. The alloyCu2.~inO.~ situated 

near the centre of the miscibility gap decomposes at 300°C into ordered 

phases rich in CU
3
Al and Cu

2
MnAl.· Ihlring overaging, the CU3Al~rich 

phase transforms to the y phase of composition near Cu
9

A14, ~nd plate­

like precipi t!lte3 form in the Cul~n.Al-rich phase .. The latter 

precipitates resemble those found in the Cu
2

•
2
MnAl

O
•
8 

alloy. Further 

decomposition within the initially modulated phases suggest a decomposi-

tion tie-line close to the CU9Al4-Cu2.2MnAlO.8 .line for the as-quenched 

symmetrical alloy. This is in agreement With the observed volume 

fraction of the observed phases. The various microstructures of the 

aged asymmetrical alloys studied suggest a rotation of the decomposition 

tie-line with composition along·cu3Al-~u2~~' 

* Present address: COI:lIllunication Research Center 
P.O. Box 490, Station "~" 
Otta'Na., Canada 
-- ~-'. 
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1. INTRODUC'l'ION 

In the p!"'!vious p9.pers,l it vas shown that the alloys 'along the 

line Cu3Al-Cul1nAl order during the quench to an ordered soli 1. solution 

based on theD0
3 

structure of CU
3
Al and the closely related L21 structure 

of CulfnAl. 'Duringisothennal a~ing at temperatures belov 350°C, the 

single phase decomposes into, a Cu
3
A1-rich phase and aCul1nAl-rich 

phase. The microstructures of the decomposition possess all the metal­

lographic characteristics of a spinodal decomposition. 2 ,3,4 After 

prolonged aging at 300°C otthe alloy Cu2.~O.5A1having a composition 

half' vaybet\leen Cu
3

Al. and CultnAl, the microstructures clearly show 

an equal proportion of the two phases. However, the proportion or the 

Cu
3
Al-rich pli':l.se to the Cu2MLiAl-rich phase estim~ted using the lever 

rule along the composition line of study is closer to 2 to 1 for this 

alloy. ,This discrepency between the expected and the observed volume 

fraction of phases can be explained by the 'rotation of the decomposition 

tie-line vith respect to the line of study. This is supported by the 

fact that within a ternary miscibility gap, the decomposition tie-line 

is not restricted by stoichiometry whereas insides. binary miscibility 

gap, the decomposition tie-line corresponds to the binary side of the 

Gibbs triangl~.5 

The purpose of this work was to study the continued transfor.::!ations 

that occur in the modulated microstructures of (Cu-Mn)3Al alloys using 

electron microscopy in order to estimate the decomposition tie-lines 

of the alloys studied, and to check on the discreyancy discussed above. 

.. , 

',. 
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2. .,EXPE'RI~rrAL, 

. 1 
The experimental procedure has been described preyiously. The 

atomic composition.s of the CU
3 

Mn Al alloys studied aresumrtarized -x x . 

in Table I of paper 1. 

3., RESULTS 

3.1. They Phase 

It was found that prolonged aging of alloys rich in manganese 

(x> 0.5) inside imd/or outside the miscibility gap results in the 

heterogeneous precipitation of a x-type phase. The X phase is similar 
t " , 

to that first discovered in Cu-Al alloys by Bradley. In the Cu-Al 

binary system ,and the Cu-Ni-Al ternary system, the X phase has a 

complsitiori near Cu
9

Al4. 6,1 In the CU-1'm-Al system, the composition 

of the X phase .is also ,expected to be centered around Cu
9
Al4• 

A (001) diffraction pattern of' the Cu
2

Mn1U.'""rich matrix and the 

X precipitates is shown in Fig. lao It vas found that' the first order 

reflections of the x-precipitates are located near the 1/3 "distances 

of only the reflections" inherited during the B2 ordering of the matrix • 

This results from the simple cubic symmetry of both the B2 structure 

and the y structure. 

" The diffraction patterns have been indexedaccordlng to .this 

simple cubic structure. The lattice parameter of t.he y phase estimated 

from diffraction patterns of mixed microstructures of the X and Cu
2

MnAl 
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phases is 8.72 ± 0.05:\. This value is in agree!!lentwith tha.t :"e~crted. 

by B:radley et al. 8 for thecu
9
Al4 Y phase. \ 

The volUr.l.e of the Y unit . cell is composed of twenty-seven bcc 

unit ceils. 6 In the Cu-~-1n~/I~ alloys, we have found that '9lanes of the 

y phase are parallel to those of similar indices in theL2l !I'IAt:riX 

(see Fig. 1a). The precipitate reflections just outSide some matrix 

reflections reveal a misfit of about 2%. 

The diffraction patte:rn in Fig. la was·6btaiiledfrom lar£l;e y 

particle~ and shows only one reflection at each y position whereas 

that in Fig. Ib was obtained from smaller y particles after lover 

temperature of aging. This pattern showS satellite spots near all y 

positions. The diffraction patterns in Fig. la and b are schematically 

reproduced in F'i;;~. 2b and c respectively and the presence of the 

satellites if)int~rpreted in tenns of double diffraction. 9 Figure 2b 

shows the scheMatic diffraction pattern of both the y phase and the 

L2l matrix without double diffraction. 

The diagram in Fig. 2c results from double diffraction by the y 

phase of the eight fundamental reflections of theL21 matrix (large 

filled circles in Fig. 2a). This diagram corresponds to the L2l + Y 

diffraction pattern shoWn in Fig. lb. In Fig. 2d, the doubly diffracted 

spots (in parenthesis) are indexed according to the fundamental L~ 

reflections in a) that cause double diffraction. 

Precipitation of y was observed in the three alloys 0.5. 0.8 

and 0.9. In the asymmetrical alloys 0.8 and 0.9, the y phase famed 

during j,sothetrnal aging inside and/or outside the miscibility gap • 

• 

. , 

•• 
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Inside it, the J?recipitation of y occurs concurrently with the formation 

of the CU3Al-ric~ minor phase. The microstruc~uresof the asymnetrical 

alloys are therefore partially determined b:r the relative growth kinetics 

of the two competing process'es. A typical exaT!lpleof a microstructure 

obtained from the alloy 0.8 aged inside the miscibility gap is shown 

in the bright field micrograph of Fig. 3. The micrograph shows a 

large density of y particles at the grain boundary surrounded by a 

zone free of Cu
3
Al-rich platelets. The density' of y particles is 

lower inside the grain than at the grain boundary. Inside the grains~ 

both the y particles and the Cu
3
Al-rich platelets are imbedded in the 

CU
2
1.fnAl-rich matrix. The Cu

3
Al-rich phase is identified by the iighter 

contrast and by ,the presence of inter:facia1 dislocations. l 

Inside the grains ,rows of equiaxed y particles have precipitated 

on cube planes and which seem to have coalesced to form needles and 

plates of the y phase. This is illustrated in the micrograph obtained 

from the alloy 0.8 aged at 315°C f'or 1,100 minutes shown in Fig. 4. 

A comparison of the regions labelled A and B in Fig~ 4 showed the 

presence of a zone f'ree of CU
3

A!,-:ric;h platelets around the y particles. 

The coexistance of four phases was observed .in the alloy 0.9 aged 

at 300°C :for 18 ;000 min~tes. This is illustrated in Fig. 5 showing 

1 the CU
3
Al:-rich phase, the y phase and the Llb phase imbedded in the 

Cu
2
MnAl-rich matrix.· The circled area marked B contains y particles 

and is the selected area used to form the dif'frac:tion pa.ttern in B. 

The L10 di:ffraction pattern in C ..:.ras obtained from the Llo particle in 

the selected area narked C. This vTas con:firmed by selected dark f'ield 
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microscopy. The CU3Al-rich.Plateletswer~ identified by the cha.!'acte:!:'i:;; tic 

diffraction p9.tterns and the interfacial disloc'3.tion net ...... o!'~. Accordinr; 

to the phase rUle, the coexistance of four phllsesin a three component 

system is possible only along an horizontal br 'vertical line thro~h 

the ternary 'compositionvs temperature diagram.IO 

In contrast to the aSyllimetrical alloys, no. y precipitation was 

observed in the symmetrical alloy 0.5 prior to loss of coherency at 

the Cu3A1~Cu2MnAl. interfaces. In the fully decomposed syr.'.metrical 

alloy, fUrther precipitationbf the y phase occurred within the· 

Cu
3
A1-rich phase cha.racterized by a "tweed like" texture. l This is 

illustrated in the microstructure in Fig. 6. .This micrograph reveals 

that the y pha~le erows from alocaIregiqn and gradually consumes the 

. Cu
3
Al-r lch cLl[Jlp()n~nt. It is' believed that the growth ofy occurs by 

the gradual tr~nsformation of the Cu
3
A1-rich phase from local embryos 

through the highly interconnected Cu
3
A1-rich particles until the C~Al.­

rich phase is fully transformed. 

3.2. Precipitation Vl.thin the CU2~·1nAl Phase 

After prolonged aging of the symmetrical alloy x=O.5, plate-like 

precipitates form. in the Cu
2
?4nAl-rich phase. This is illustrated in . 

Fig. 12 of paper I where the precipitates marked P are observed 

exclusively in the Cul1nA1-rich component marked A .. The precipita.tes 

were never observed to extend 1n the Cu
3

A1 particles' (ma.rked B) 

characterized by the "t·..reed-like" texture. The micrograph also reveals 

that the precipitates are located near the surface of impin~ent of 

two Cu2HnAl-ri:h particles. Theplate ... like morpholbgy and diffr3.ction 

• 

.. 

.. 

'. 
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patterns of the precipi tatesresemb1e veryc1ose1:r those of the' 

precipitates found in the alloy Cu2.2MnAlO.8.1l For comparison, the 

micrograph in Fig. 7 shows plate~like precipitates in the ,cu
2

. 2r'!nAlO•8 

,aged at 225°C for 18,00,0 minutes. 

4.' DISCUSSION 

The decomposition of Cu
3 

Mn A1 alloys has been studied by . -x x 
transmission electron microscoPY. A total of five phases were round 

to Occur sequentially upon quenching and aging of the alloys. The 

schematic diagt.8m in Fig. 8 illustrates the sequence of transfoI'I!1ations 

that occurs in the symmetrical alloy 0.5. 

Upon prc::'onged aging ot' the symmetrical alloy~ the C~A1-rich 

phase transform~ to the y structure based on the CU
9

Al4 b~nary 

composition and the Cu
2

MnAl-rich phase contains plate-like precipitates 

resembling those found in the Cu
2

•
2
MnAl

O
•8 alloy. These further 

transformations of the two Cu
3
Al-rich and Cu

2
',1nAl-rich phases sugge~t 

that the decomposition tie-line of the as-quench~d symmetrical alloy 

x=0.5 lies near the compositions tie-line CU9Al4-Cu2.2MnAlO.8 rather 

than along CU3Al-Cu2~. This estimated deconposition tie-line is 

shown in Fig. 9 and it represents a slight clockwise rotation with 

respect to the CU
3

Al-Cu
2
HnAi line of alloys studied. If the sym:netrical 

allay 0.5 was to decompose along the Cti.3~:-~u2f..mAltie-line , it is 

." . '. . 12 
expected that the Cu

3
Al-rich phase would easl.lytransform. to martensite. 

In agreement vith this interpretation the martensite transfom·::!,tion was 



obserled in the Cul,J.-rich ph~se of the aSY!i"rlet~ical' allo;l x=o. 2 

decomposed a.t 240°C. Furthe'rrior~,no plate-likeprecipite.~es ...auld 

. 11.;.;13 
be expected to form in the Cu

2
?mAl-rich :phase. '.' 

The estimated limit of themiscibilit:r gap shown: in Fig~ 9 was 

obtained by electro~microscopic observations of the tour alloys 0.2, 

0.5, O.Band 0.9 aged at 300°C .. According to the isothernalsection' 

in Fig. 9 and the 1everrule, 'it is expected that the deconposition 

ot the symmetrical alloy (x=O. 5 )at 300°C produces a volume traction 

or the two phases (Cu
3
Al-rich and Cu

2
MnAl-rich) close to 2:1 along 

C\l9Al4-Cu2.2~1nAlO.8 and close to 1:1 alongGu3Al-Cul~. The 

observation ot a. ra:tioclose to 1:1 (see Fig. 12 ot'paper I) is in 

agreement with the estimated decornposition tie-line· iIi Fig. 9. 

Contrary to hinary system, the decomposition inside a ternary 

miscibility gap is not restricted by stoichiometry.5 Instead, the' 

decomposition tie-line can rota.te within the dome-sha.ped miscibility 

gap in composit.ion-temperature space. This decomposition tie-line 

is determined by Joining the composition of the non~d~composed alloy 

situated inside the dome and the compositions of thetwQ components 

of the decomposed alloy situated on the surface of the dome. 

The compositions of the non-symI!l.etrical alloys studied. X=O.2, 

O.Band 0.9 do not lie on the decomposition tie-line of the syIllXIlet:r:t.cal 

alloys x=O.5 •. This suggests that the decomposition tie-lines of the 

non-symmetrical el.loys studied do not coincide witJ'l tha.t of the 

symmetrical alloy~ This iain agreement Vi th the observation of 

heterogenous precipitates of the y phase inside and outside the 

.. 

• t 

.. 
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miscibility gap in alloys near the. ternary-rich, end (Fig. 3,4 and 5} 

and the absence of y precipitates in an alloy near the binary-rich 

end. 

In the symmetrical alloy x=O.5, the Ll phase for~s during ... o· 

decompositionl whereas its formation is heterogenous in the asymmetrical 

alloy x=O.9 (see Fig. 5). These different modes of formation of the 

Llo phase can also be interpreted by a rotation. of the decomposition 

tie-line of alloys situated along Cu
3
Al-CU2MnAl and additionally 

support the CU9Al4-Cu2.2MnAlO.8 decomposition tie-line • 
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1. At 300°C, th~ alloy near the center of the ternar:r miscibilit:; gao'!:: 

CU
2

•
5

MnO. 5Al decomposes into composition modulations rich in CU3~.1. 

and Cu2MnAl. During further aging, the D0
3 

structure of the. Cul~­

rich phase further transforms to the y-type structure. The 

composition of the yphase is believed to be close to CU9~.J.4. 

2. The transformation of the D0
3 

structure to the ystructure is 

accompanied by precipitation of plate-like particles vithin. the 

Cu2MnAl-rich phase. The structure and morphology of the ~recipitates 

resernblethose of the precipitates found in the Cu
2

• 2MnAJ.
O

. 8 alioy. 

3. The :forma.tion of they phase and pla.te-like precipitates' in the 

matrix su~~,..;e3ts a decom:oosition tie-line close to CU9AJ.4-Cu2.2~.m.uO.8 

for the a.s-quf~nched symmetrical alloy aged inside the niscibility 

4. 

gap. 

In thesyrnmetrical alloy cU2.~·mO.5~' the volume fraction of the 

Cu
3
AJ.-rich and Cu

2
MnAl-rich composition modulations fs close to 

unity. This observation is in agreement vith the above estimated 

decomposition tie-line. 

5. In·the ternary-rich asymmetrical alloys stUdied, the yphase rapidly 

. forms heterogenousl:r vhereas in the binary rich asymmetrical alloy 

studied, they precipitation does not occur. The change in the 

mode ofpreci~i ta.tion of the y phase in alloys along Cu
3
Al-Cu

2
!,rr.Al 

suggests a rotation of the deco!llposi tion tie-l.ine vi th the cOr:Iposi tion 

of the alloys. 

'" 

"-

.. 
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FIGURE CAP'!'IO~rS 

Fig. L 001 diffra.ction pattern ot' the y phase a.!1d L2l pr.ase obtained 

'. trom the alloyCu2 . 2MnO. 8 (x=o~8) ag~d a) at 375°C for 450 r.ti~. 

and b) at 315"C t'or 1100 run. b). Note the double 1it't'ra.cted 

. , 

satelli tes near all y positions in b). 

Fig. 2. Schematic diagrams ot' the 001 dit't'ra~tion pattern o~ a) the L21 

phase b) the L21 .and y phase and c) the L21 phase, the y phase 

and the double dit't'racted satellites~ In d). the satellite 

spots (in parenthesis) are indexed according to the fUndamental 

L21 ret'lections in a) giving rise. to, double dit't'raction.· 

Fig. 3. Heterogenolls precipitation ot' the y Pllase dark contrast at 

grain boundaries and inside the gr~ihs in the alloy Cu
2

•2MnO•8Al. 

(x=0.8) aged at 300°C for18,000 min'. The t'ormatior. ot' 

Cu
3
Al-rich platelets light contrast is. also observed inside 

the grains. Note the presence ot' a zone free of Cu
3
Al-rich 

platelets near the grain boundaries. 

Fig. 4. Precipitation otthe y phase in a microstructure con3isting 

of Cu
3
Al-rich platelets and a Cu~~-richmatrix. Alloy 

Cu2 .l!no . 8 .(x=o.8) aged at 315°C t'or 1,100 min. Note the zone 

f'ree ot' Cup-rich platelets around the yparticles. 

Fig. 5. a) Formation ot' the y phase, Cul~~r~c~ phase and Llo phase 
., . 

in the CulmAl-rich matrix ot' the alloy cU2.lr·~0.9Al (x=0.9) 
.' . 

aged at 300°C for 18,000 min. The iiiffraction patte:-Ds in 

b) . and c } were obtained from the selected areas indi.:ated in 

the micrograph a). 
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Fig. 6. Hicrostructure obta.ined from the symmetrical alloy Cu2.5vno.f.1 

(x=O. 5) aged at 300°C for 10,000 min. and sho·,dr.~ the 

·trartsformation of the Cu
3
Al-rich phase (m'.!.rk~dB)to the y 

structure. Uotice the interfacial dislocations. 

Fig. 7. Heterogenous precipitation of plate-like particles in the alloy 

Cu2 .l1nAlo. 8 aged at 225°C for 18, 000 min • 
, . 

Fig. 8. Schematic diagram showing the ordering reactions upon quenching 

and the, phases resu1ting from the isothermal decompo5i tion of 

the symmetrical alloy CU2.~0.;A1 (x=6.5)~ 

Fig. 9. The Cu-rich portion of the Cu~Mn-Al Gibb's triangle showl.Dg 

the limits of the miscibility gap estImated at 300°C and the 

decomposi tion tie-line of the symmetrical alloy Cu2 • i':nO• ~ 

x=0.5 al:lO estimated at 300°C. 

.' 

, i 

. " 
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