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STRUCTURE AND MECHANICAL PROPERTIES OF 
Cu-Mn-Al ALLOY 

Fereshteh Samimi Mirmirani 

Inorganic Materials Research Division, Lawrence Berkeley Laboratory and 
Department of Materials Science and Engineering, .College of Engineering; 

University of California, Berkeley, California 94720 

ABSTRACT 

A cu2 •5Mn0 _
5
Al alloy having the symmetrical composition near the 

center of the miscibility gap, was heat treated to produce spinodal 

structures with various wavelengths. Transmission electron microscopy 

and diffraction were used to study the spinodally decomposed microstructures, 

to measure the wavelength, and the difference of the lattice parameters 

of the precipitating phases. The latter was also measured by X-ray 

diffraction. 

The microstructural changes upon ageing at different temperatures 

were correlated with hardness measurements. The latter were used 

because of the brittleness of the alloy. The Vickers hardness did not 

correlate well with wavelength and difference in lattice parameter 

changes as some theories predict, but appears to be controlled by the 

Ll0-+Do3 transformatio~. within the binary rich pha~;>e at least up to the 

maximum in hardness:. The rate of coarsening of_Jhe major phases (C~3Al 

and cu2MnAl) als~~ appears to be modified by tne presence of Ll0 particle~, 

since deviations from the classical coarsening rates were observed. 
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I. INTRODUCTION 

· Spinodal decomposition is a mechanism of phase transformation which is 

homogeneous in character and consequently is promising for applications 

in certain metallic systems to produce homogeneous microstructures, 

and more uniformity in mechanical properties. The theoretical aspects 

1 2 
of spinodal transformations have been reviewed and summarized (e.g., Cahn ' 

and Hilliard3), and are now quite well understood. Spinodal decomposition 

is characterized by small composition fluctuations over large distances, 

producing a microstructure which can be characterized by three parameters, 

Volume fraction of the phases, amplitude~ and wavelength of the fluctuations. 

An analysis of these parameters in spinodal Cu-Ni-Fe alloys has been 

performed by Livak and Thomas. 4 Their experimental results revealed 

that, while coherency is maintained, the yield stress is directly 

proportional to the difference in cubic lattice parameters of the two 

precipitating phases, and is independent of the wavelength and volume 

fractions. 

The metallography of the (cu~Mn) 3Al system which also gives evidence 

of spinodal decomposition has been investigated by Bouchard and Thomas. 
5-8 

They studied quenched and aged alloys along the composition tie line 

cu
3
Al-cu

2
MnAl by electron diffraction and microscopy (Fig. 1). Their 

study showed that, the Cu2MnAl Heusler alloy has an ordered body cen~ered 

cubic structure. During the quench, ordering occurs, forming a solid 
I 

solution based on the no
3 

structure of cu
3
Al and the L21 str~cture of 

! 

cu2MnAl (Fig. 2). By aging below 350°C, the alloy decomposes to cu2MnAl 

and Cu2Al, and the microstructure possesses all the metallographic 

I 
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characteristics of spinodal decomposition. cu
3
Al rich and Cu2MnAl rich 

modulations posses the no
3 

and L2, structures at temperatures near the 

top of the miscibility gap. However, at lower temperatures, the cu
3
Al 

rich modulations also give diffraction evidence for the existence of a 

tetragonal structure believed to be similar to the Ll
0 

superstructure. 

7 
The transformation no

3 
-+Ll

0 
was studied by Thomas. and Bouchard who 

suggested that the transformation can be accomplishe:d by the ordering 

of only one set of- the {220} type planes in the no
3 

structure, but other 

. 9 
possibilities can be considered. Assuming that the binary rich phase 

has the cu
3
Al composition and is stable below 375°C, at 300°C it is 

metastable; The electron diffraction patterns then show diffus~ streaking 

and extra reflections ~hich can be indexed in terms of the Ll
0 

structure; 

At this aging cqndition the morphology of the cu
3
Al rich modulation shows 

the "tweed" texture in electron micrographs .10 There are twelve possible 

LlO variants that can be classified into three sets of twin related 

variants coherent with their APB related counterparts. The Ll
0 

structure consists of the planes parallel to a {110} plane of the matrix 

and twin related variants can concurrently grow in platelets parallel 

to the {100} planes of the matrix. 

The transforma_tions are shown schematically in Fig. 2. It can be 

seen that the aging characteristics of the CuMnAl alloys are very complex 

and no work has been published so far on correlating the aging with mechanical 

properties. Consequently the objective of this investigation is to 

determine experimentally the effect of aging.on the mechanical properties 

and structure of an alloy having the symmetrical composition Cu
2

.
5

Mn
0

.
5
Al. 

For this purpose, the two parameters, wavelength and amplitude, have 

. i 
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been studied. The changes in microstructure and wavelength with aging 

time have been followed by transmission electron microscopy and diffraction. 

The changes in D.a (the differences in lattice parameter of the two 

decomposed phases) have been determined from the separation of spots in 

selected area diffraction patterns. x~ray diffraction was used 

to verify the accuracy of the D.a measurements by electron diffraction. 

In addition, Curie temperature measurements, which.are a 

function of composition of the ferromagnetic Cti2HnA.l rich phase, have been 

made to determine the amplitude of the composition fluctuations. In 

order to establish the yield stress, a widely used criterion of mechanical 

behavior, both tensile and compression tests have also been conducted. 

However, because of the extensive brittleness of the alloy, tensile 

mechanical properties could not be measured, so Vicker's hardness was 

used as an indication of the variation in strength with aging, and mostly 

Vicker's hardness was used to gage the property changes. 

The oil quenched specimens were chosen for subsequent aging 
·"' 

treatment based on the following reasons: rapid quenched sp'ecimens 

exhibited quench cracks which prevented valid mechanical testing, the 

initial quenched state can be characterized and the effect of the no
3
-+Ll

0 

transition of the binary phase on the aging behavior could be investigated. 



-4-

II. EXPERIMENTAL PROCEDURES 

The a:lloy·Cu2 .~n0. 5Al was prepared by melting high purity-elements; 

99-.999%Cu; 99.:9%Mn and 99.999%Al in an induction furnace under·a helium 

atmosphere and was chill cast into a copper mold. The composition of 

the alloy, in weight percent was; 47.3/Cu; 13.1/Mn; 12.6/Al. Chemical 

analysis verified to· withl.n ±1% the given compos:ition·. The ingot was then 

placed in a stainless steel envelope under an atmosphere of argon,· 

hlllmOgeilized at 850°G fot 72 hr and oil quenched in .,order to avoid 

quenching-cracks. ·The ingot was heated to 890°C (melting point is 910°C) 

and was air cooled-after being rolled. The above homogenization was 

repeated! again:·after' rolling.'' \ ·. · - c: 

After cutting ·and machining the various experimental·speGimens ftom 

the ingot• they were homogenized under an atmosphere of argon at 850°C 

fbr 20 miti 'and:· oil quenched •. After these heat treatments, specimens 

had grain'diameters of about 1-6 mm. The specimens· were then aged for 

various times: in the temperature range 225°C to 325°C. The aging treatments 

w~te carried•out~in• oil, baths at temperatures below 250°C and in:a salt 

bath (.50%-·potassium nitrate, 50% sodium nitrate) • above 250°C •. · These 

aging treatments--were done for· all six different experimental specimens, 

1. Tensile test specimens, 

' :2> Compression test specimens, 

3. Quench rate specimens, 

4< ·-.:Vicker's hardness specimens; 

'· · ·' .;:.. : 5.' Curie temperature measurement specimens·, · · 

6. Electron microscopy specimens. 
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Tensile test. The specimens for tensile tests were cut from the 

ingot, with the dimensions given in Fig. 3, then were aged at 290°C 

for 20, 200, 5500, 850~min. 

Compression test. The compression test specimens of dimensions 

O.lXQ.lX0.3 in. were cut from the ingot. Cylindrical grips were used 

to hold the specimens for compression and molybdenum sulfate was used 

as a lubricant. An Instron testing machine was used for both compression 

and tensile testing. The experiments were all performed at room 

temperature, at a constant cross head speed of 0.02 in./min. 

Quench rate measurements. 10-3 in. 3 cubes were cut from the 

homogenized ingot, then connected to a thermocouple. They were heated 

up to 800°C.and quenched and the cooling rates were simultaneously 

monitored on an x-y recorder with a chart drive speed of 2.5 em/min 

accuracy was limited to 1 sec by the line width of the needle print out 

derive. The specimens were cooled in four different media with the following 

cooling rates. 

Furnace cooled R-3 C0 /sec 

Air cooled 3<R.<300 °C/sec 

Oil quenched 45 <R.<l50 C0 I sec 

Ice brine quenched R~300 C0 /sec 

R = rate of cooling. 

Vickers hardness measurements. Vickers hardness was determined 

for three sets of specimens which were aged at 225°Ct 275°C and 325°C for 

2, 10, 20, 50, 180, 400, 1000, 3000, 6000, 10,000 min. A Miniload 

hardness tester was used with a 1000 gm weight for producing the test 

load, a minimum of six measurements was made on each specimen upon 
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surfaces polished with one micron diamond paste. The mean values and the 

standard /deviation_ ?f .different measurements for each specimen was 

calculated fo. ontain'' the: hardness curve. The Vickers hardness of 

specimens after different quench rates were also measured using the same 

procedur.e. • r: .. '· i '' ·-

. Curi'e temperature measurements. The Curie temperatures of the as 

quenched specimens were·measured using an apparatus developed at the 

L·c=rwren·ce.,Livermore~ Laboratory. fo-r the· study of high temperature: magnetic 

phase:i changes•."', This apparatus. is essentially a transformer in' which' the 

specitn·en,is the core' between the primary and secondary coils'. The 

ap,paratus:~.ii;imad~L'Of b<>r(m·nitride, quartz tubing and platinum wire. An 

x-y r:ec·orrleru wai:n •used l t·o measur;e changes in induc~O:" voltage . •of' :the 

secondary coil as a .func-tion of temperature. Heafing and cooling cycles 
. . 

were run. for'each· spec.im'en, and· the average value of the measured temperatures 

was ,taken as:Bthe-'Cur,ie :t'emperature; The specimens·· used f<>r-·these·measurements 

were 0. 5-: em, -~- 0. 5· em x 2 .. 5. em. A nickel specimen. was used as a standard, 

•from which.:,the;;accur·acy of~ the·.measurements could ·be .estimated .. r. .... 

lJur.. I!:l'ectr-onimicros:copy•t, The-·0.5 mm thick foils obtained as described 

. above were' .heat-• tr·eated.•along with the other specimens. Foils for .,.._ 

electron microscopy:were~prepared:after the heat-treatments by spark 

cutting to 2.3?min diaid.iscs,.·followed by thinning in an automatic jet 

polisher using an electrolytic solution of 400 ml acetic acid, 20 ml water, 

75 gr chromic oxide\~;' All observations were made in a Siemens IA electron 

microscope equipped~with a double-tilt specimentstage~ '' 

The wavelengths. of. decomposition (1..) were either measured directly 

from the observed modul~t~ons in electron micrographs·,. or more accurately 
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by calculation from tb.e spacing of satellites which occur along ( 100 > 

in diffraction patterns. Thus all micrographs were taken in the < llO> 

or ( 100) orientations with a strong 400 reflection operating. For 

specimens with ,\( lSoA the side-band spacings on 400 reflections were used 

11 
to calculate A from the formula for cubic phases 

A = h tane 
a 

0 

a
0 

= average lattice parameter of 00
3 

and L2
1 

phases. 

6r distance from the 400 sideband to the 400 reflection on the plate 

r = distance from the origin (000) to the 400 reflection on the plate 

The difference in lattice parameters 6a 

was calculated from the "splitting" of spots {hk.t} in diffraction patterns, 

having ( 110> or ( 100) orientation so as to resolve the two spots. 

Usually the 800 reflection was excited which are spaced a distance (6d•AL) 

on the plate. 

X-ray measurements. All X-ray diffraction pictures were taken 

with 114.6 em diameter Debye-Scherrer cameras; nidkel filtered copper 

radiation was used. The 0.0021 in. diameter powder specimens were 

capsulated in the quartz tubes and were photographed in the camera. 
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III. RESULTS 

A. The As Quenched Alloy 

In order to correlate the difference in structure and properties 

of the alloy with different ·quenching rates, four sets of specimens 

were quenched in different media (ice quenched, oil quenched, air cooled, 

furnace cooled). The difference in microstructure of ice brine, oil 

quenched, air cooled and furnace cooled samples is shown in Figs. 4a, 

b, c and d respectively. The corresponding diffraction patterns are 

shown in Figs. Sa, b, c and d. These figures indicate that both ordering 

a.nd spinodal decompos.ition (to a cu
3
Al rich phase and a cu

2
MnAl rich phase) 

occurred during the quench. The fundamental spots (400), (220) etc in 

Fig. 5 are associated with the bee cell on which the structure is based. 

The superlattice spots (200), (311), (111) etc are associated with the 

ordering ~o D03 and ~2 1 type structures, and the side.bands which are clearly 

· resolved in Fig. Sb are due to the formation of the periodic structure 

e.g., resolved in Fig. 4b. The side band sp~cing is inversly proportional 

to the wavelength. Figures 4a and b show the "tweed" contrast.
10 

In 

the diffraction pattern of Fig. ·Sa diffuse scattering along the ( 110) 

direction at 45° to the side bands is observed and which do not have 

maxima as in Fig. Sb. This suggests that such diffuse streaks may be 

due to elastic strains arising from the presence of a dense array of 

small coherent precipitates, which formed during the quench. Figure 4b 

shows that oil quenching has also produced a "tweed" texture, and the 

diffraction pattern (Fig. Sb) reveals th~ presence of discrete precipit~te 

spots and sharper side bands. In diffraction patterns from air cooled 

specimens (Fig. Sc) the side band spacing is decreased an~ after furnace 

.• 
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cooling (Fig. 5d) they are very small so that the wavelengths were 

measured from bright field micro~raphs. The presence of the extra spots 

resolved in Figs. 5b, c and d diffraction patterns is believed to be due 

to the presence of the 11
0 

structure. The direct evidence for long 

range order ~s obtained by imaging so as to show antiphase domain boundary 

contrast (see Fig. 6). 

The hardness of specimens quenched from 800°C, with four different 

rates is given in Fig. 7, which shows that the hardness decreased with 

increasing quenching rate whereas wavelength is increasing too, which 

is unusual. / The wavelengths of the quenched specimens have been 

measured and the results are as follows: 

Iced brine quenched 22±3A 

Oil quenched 3sA 

Air quenched BoA. 

Furnaced cooled 25oA 

The results for the iced brine quenched specimens lacks precision~ because 

the satellites in the diffraction patterns were diffuse. The difference 

in lattice parameter of the two decomposed phases could not be measured 
• I 

in quenched samples because it was not possible to resolve any separation 

of spots in the diffraction patterns. This means that if the resolving 

' power of the eye with the eye pieces be oil mm the Aa . which can be 
m~n 

detected must be: 

XL ..J h2 + k2 + p2 X.L ..J h2 + k2 + 12 
a -1 al rl r2 r2 - rl & 

= = 
al rl r2 r2 
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e~ if ~r = 0.1 mm and r2 - 14.3 mm ~ = 0.07 resolveable. 

As it was expected the antiphase domain size was increased with the 

decrease in quench rate, but it's size was two large in comparison with 

the wavelength and the Ll
0 

particles which were not resolveable. After 

slow quench the size of antiphase domain was >0.5 ~. 

Based on the above data, the results of quenching can be categorized 

as follows: 

1. Increasing the quench rates produces a decrease in Vickers 

hardness and smaller wavelengths. The structure resulting from rapid 

quenching consists probably of a two phase mixture .of the binary~rich 

no
3 

and ternary-rich 121 phases. 

2. Slower rates of quenching produces higher Vickers hardness 

readings and larger wavelemgths. The structure of the ternary phase 

is again 121 , but the binary phase itself may be decomposed (at least 

partially) to the 11
0 

structure. These results clearly show that there 

11 · 1 2 is no "classical inverse wavelength dependence on the hardness. ' 

B. Morphology and Structure of Aged Alloys 

The oil quenched specimens were chosen for subsequent aging treatments 

based on the following reasons. 1) Specimens quenched rapidly in iced 

brine exhibited quench cracks which prevented valid mechanical testing~ 

2) The initial quenched state can be characterized and the effect of the. 

no3~110 transition of the binary phase on the aging behavior could be 

investigated. Thus oil quenched specimens were aged at 225°C, 275°C, 

and 325°C for times between 2 min up to 10 min. The micrographs 

corresponding to these treatments are shown in Figs. 8, 9 and 10. Figure 6 
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shows the APB contrast due to long range order, and the domain size 

grows from about 0.5 f1 after quenching to greater than lfJ upon aging. 

Figure S is t~ken under contrast conditions to show the two phase 

modulated conditions and shows the early stages of coarsening, when 

the two principal phases are still coherent. Continued aging causes 

further coarsening (Fig. 9) and loss of coherency as evidence by the 

presence of the interphase dislocations (Fig. 10). The formation of 

. 12 . 
the latter is discussed elsewhere. The cu

2
MnAl phase which has the 

12
1 

ordered structure showed no evidence for decomposition as was found 

in the cu
3

Al rich phase. With further aging, however, other precipitation 

7 8 reactions occur ' and these will be discussed later. 

During the early stages of coarsening since it was not possible 

to resolve the 11
0 

particles by dark field imaging, their presence was 

dedected only by the detection of 11
0 

reflections in diffraction patterns. 

However, it is not possible to estimate any changes in volume fraction of 

these particles from diffraction studies alone because of the complexities 

of intensities in electron diffraction. By further aging the development 

of .the 11
0 

tetragonal structure is clearly resolved in diffraction 

patterns (Fig. 11) and by dark field imaging of these 110 reflections 

(see Fig. 12). Figure 12 shows two variants of the 11
0 

phase, 

using the 11
0

(201) 1 and Ll
0

(201)
2 

reflections shown in Fig. 12b and c. 

A comparison of the dark field micrographs (Fig. 12b and c) with the 

bright field micrograph (Fig. 12a) shows that the binary phase mostly 

contains 11
0 

"particles". .Dark field images of Fig. 13a and b show the 

11
0 

particles duri~g later stages of aging at 275°C. The dark field 

micrograph of Fig. 13a and b obtained by using 11
0

(310) reflection in 
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Fig. 14, clearly shows tha:t as the aging· time was increased, the volume 

fraction of the Ll0 phase was decreased. Quantitative data on this 

variation is· very difficult to obtain because.of resolution limitations. 

A rough measurement of the ratio of the Ll
0 

phase ~o the binary phase 

between 300 min to 3000 min aging at 275°C shows a decrease by about a 

factor of 3. These data were obtained by carrying out linear. dimensional 

analysis directly from bright and dark field micrographs. 

When coherency was lost, Ll0 particles exhibited a distorted structure 

13 similar to the martensite plates in CuAl alloy. This is shown in 

Fig-. 15 for specimen aged at 325°C for 3000 mirt using the spot marked M 

'in diffraction pattern 14, Bouchard and Thoma/ also observed these two

chara'cterist'ic features of 'the transformations in the binary rich 

(Cu3Al) pha~~. The Cu3Al rich phase also transforms to the Y-type 

8 structure, with the composition close to cu
9
Al

4
• Precipitation of 

·the Y-ph~se 'ins"ide' the grain is shown in Fig. 16. The identification 

I 

of theY-phase is shown in the diffraction pattern .of Fig. 17. Figure 18 

shows the c<iarsening of Y particles and also the change in volume fraction 
·' 

of the binary a'nd t'ernary phases. The volume fraction of the binary 

phase has coris.iderably. increased after aging for 3000 min at" 325°C, and 

the volume fraction of the two phases (Cu~Al rich and Cu2MnAl rich) has 

become close.to '2:i, instead of 1:1 as expected from Fig. 1. 

C. Measurements 

1. Tensile and Compres,ion Tests 

Tlie oii qtiEmched specimens of the tensile tests were aged at 290°C 

for different aging times. They were so brittle that they fractured 
I 

before reaching the plastic region in the stress-strain curve. 
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Occasionally the specimens fractured outside the gage length, which was 

.. the result of propagation of micro cracks formed during the quenching 

or rolling. The stress strain curves obtained by these experiments are 

shown in Fig. 19. As indicat~d by these curves, there is no change in 

initial slope as the aging time increases which indicates that aging did not 

improve the ductility. Some of the curves are not smooth because the 

\ 
specimens slipped in the grips during the experiment. The compresion 

test also was not successful for measurements of yield stress, they 

fractured in elastic region and never were plastic. In the foils 

prepared from the fractured areas of deformed specimens, dislocations were 

not resolved at all or in some cases only a very few were observed as 

shown in Fig. 20 for the compression specimen. 

2. Vicker s Hardness 

The results of Vickers hardness. measurements, for oil quenched 

specimens which were aged at 225°C, 275°C and 325°C, four times bet'A'een 

2 min up to 10,000 min, are summarized in the graph shown in Fig. 21. 

After aging at 225°C the hardness increased rapidly and stay~d constant 

after 180 min. The hardness of specimens aged at 275°C first increased 

and reached a maximum around 20 min aging, and after 50 min decreased 

until 1000 min. Further aging from 1000 to 10,000 min did not change 

the hardness. The total changes of VHN was small -s% at 275°C aging. 

Specimens aged at 325°C had a slight decrease in hardness, and after 

180 min aging the hardness increased to a peak at 3000 min. Beyond 

3000 min another decrease was observed. 
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3. Wavelength 

In·spinodally decomposed alloys, as the aging time is increased, the 

wavelength of, the modulations increases. In order to find out if· 

th~re is a.cqrr~l!ltion between hardness and wavelength, the latter 

(A) was measured for different times and temperatures. The results 

of these measurements are summarized in the log scale plot of A vs t (time) 

in ,F:f.g~ 22. ~s ~he agi!lg temperature increases the, slope of the curves 

increase as shown,in Fig. 22. The relation between log A and.log tis 

linear in the early stages of coarsening and can be represent~d by 

The values of.n 
...... .I 

were 0.11, 0.3 and 0.38.at 225°C, 275°C and 325°C respectively~ ,For . . - .~ • ~ . r 

lo~ger aging times the slope of the curves change and the relationship 

be~~~en.log ~s?nd l~g t. i~ no longer linear. In. the later.stages of 
. . . 

coarsening, regions.with higher wavelengths (A~ 140oA) were observed 

to be separated by, regions having smaller wavelength (20oA). This is 
~ - " . . 

show ··in Fi·g~;a2•3. LThe.:.:coherency is lost after A. ~ 200oA. The J 

curves ··in-·Fig~·~24."show that there is no linear dependence between 

Vicker's hardness<and wavelength. 

4. t:· · Curie .. Temperature. 

For magnetic materials, changes in composition can be detected by 

changes in Curie temperature. For this measurement, specimens were 

heated up to 400°C and then furnace cooled. Heating and cooling curves 

. were recorded,. and from the average of their slopes,·. the Curie temperatures 

6C were measured. Repeating this experiment with the same specimen gave 

lower Curie·temperatures.for the second and the third run. The Curie• 

temperatures of Cu2MnAl and Cu2 • 
5

Mn
0

. 
5
Al alloys were measured, .. and the 

results were: 
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ec (cu
2
MnAl) = 320±10 

8C (Cu2 , 5Mn0 . 5Al) = 314±10 

14 Bonzurt gives the Curie temperature of cu2MnAl: 

quenched from 850°C 

e c 

15 16 
other references ' give about the same data given above for the aged 

material. 

The Curie temperature and the miscibility gap temperature (350°C) 

are very close for cu2 ,
5

Mn0 .
5
Al alloy and the specimens could not be 

aged above the miscibility gap temperature. This together with the 

fact that the difference in Curie temperatures for Cu2MnAl and 

Cu
2

.
5

Mn
0

•
5
Al was v~ry small and the accuracy of the readings was only 

±l0°C indicated that any changes in composition could not be resolved 

by the Curie temperature measurements. Therefore, the difference in 

lattice parameters 6.a, which has a linear relationship with e 17 was used c 
for this analysis. 

5. Difference in Lattice Parameters 6a 

Figures 25 and 26 show changes in lattice parameter a of the two 

decomposed phases as a function of time for oil quenched specimens 

aged at 275°C an~ 325°C. These values were measured from (100) and (110) 

diffraction patterns using (008) spots. However, it was not possible to 

resolve the 11
0 

reflection separately from the no
3 

reflections. Therefore, 

the results are given for 121 ~nd D~ structures. During the aging at 

275°C, there was a slight increase in lattice parameters of both ph~ses 

(Cu
3
Al and Cu

2
MnAl), and by aging at 325°C the two lattice parameters 
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first increased but stayed constant after loss of coherency. These 

measurements could not be accurate for the binary phase lattice 

parameter calculation since the binary phase reflections had streaks due 

to the presence of the 110 phase. Therefore, the difference in lattice 

parameters (b.a) resulting from the above measurements is not reliable. 

The difference in lattice parameters (b.a) resulting from these measurements 

are summarized in Fig. 27 and there are no large changes in ~a after 

180 min aging at 275°C, and 50 min aging at 325°C. 

In order to minimize the errors involved in these measurements 

the ratio 

was calculated. 

ao "AL~h2 + k2 + ~2 
= r 

ao AL V h2 + k2 + 9.2 

1 rl 

Q, AL V h2 + k2 + 9.2 
a2 r2 

ao - ao = AL~h
2 + k2 + 9.2 AL~h2 + k2 + 9.2 

!::.a 1 2 . rl r2 

r
2

AL ~h2 + k2 + 9.2 - r
1

"AL ..J h2 -+ k2 + 9.2 

!::.a = = 
rlr2 

(r2 - rl) AL ..Jh2 + k2 + 9.2 

rlr2 

, .. ,, 
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t:.a difference in lattice parameters 

a1 = lattice parameters ot' the ternary phase at each aging conditions 

~ difference in magnitude of reciprocal lattice vector of the two 

phases 

magnitude of reciprocal lattice vector of binary phase 

/:,a - = strain 
al 

The changes of strain vs time 

as the t:.a, t curve. Figure 28 

also appears to exhibit the same behavior 

t:.a 
shows the - , Vickers hardness and . a 

wavelength vs aging. time for 275°C aging temperature. 

X-ray data. The results of lattice parameter measurements by X-ray 

diffraction for specimens aged at 275°C are shown in Fig. 29. It shows 

that the lattice parameter of the ternary phase was increased while 

that of the binary phase was increased during the aging. The difference 

in lattice parameters t:.a had increased during the aging at 275°C as is 

also shown in Fig. 29. Variations of wavelength, t:.a measured from 

X-ray diffraction and Vickers hardness vs aging time for specimens aged 

at 2 7 5° C is shown in Fig . 3 0 . 

~.: 
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D. Summary of Results 

1. During .rapid quenching, the alloy decomposes to a modulated mixture 

of D0
3 

· (binary rich) and L21 (ternary rich)· structures apparently 

by the spinodal reaction. The binary rich phase further decomposes 

to an Ll
0

phaseduring slow quenching. 

2. Decreasing quench rates produced an increase in Vickers hardness and 

Iarger.modulation wavelengths. 

3. ":· As. ,.it ,w~s. expected the antiphase donia:in size was increased with the 

4. 

decrease in quench rate but it's size was too large in comp~rison 

with the wavelength and the L1
0 

particles which were not resolveable. 

Specimens aged at 325°C coarsened rapidly and were observed to lose 

coherency after 1000 min. At 275°C, the rate of coarsening was 

' considerably less' with loss of coherency occurring after 10,000 min . 

aging. Aging at 225°C produced only a slightly coarsened structure 

after 12,000 min ·aging. 

5. During the early stages of coarsening the binary phase appears to 

consist entirely ,of ·the Ll0. structure. After further aging the Ll0 

structure transforms to D0
3

, an.d the volume fraction of Ll0 thus. 

decreased during the later stages of aging. Specimens aged at 325°C 

exhibited theY phase precipitation in addition to· a tweed texture 

within the binary phase upon coarsening~ 

6. The voluine fraction of the binary rich phase was found to increase 

during aging at 325°C •· 

7. Specimens aged up to 400 min at 225°C showed at}. increase in VHN after 

which the value leveled off at 460 VHN. A maximum in VHN (445) was 

·., 
i 

! .•; 

'i 
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found in specimens aged at 275$C between 20 and 180 min. Longer 

aging resulted in a decrease and eventual leveling off of VHN at 

430. A decrease inVHN during aging at 325°C resulted in a 

minim~ (390) at 20 min followed by an increase to a maximum (415) 

at 3000 min. 

8. Smaller values of VHN were observed to coincide with the presence 

of the oo
3 

structure in the binary rich phase. 

9. The relationship between log A and log t was linear during the early 

stages of aging as expected for coarsening and could be represented 

b'y A= ktn. However, this relation became non-linear at the later 

stages of aging. Coherency was lost at A ~ 200oA, and 

for A > 40oA the density of 110 particles decreased. 

Also the Vickers hardness was found to be independent of any 

variations in wavelength. (In as quenched specimens, VHN decreased 

with decreasing A but this effect is due primarily to 110 not A.) 

10. In contrast to electron diffraction measurements, the X-ray 

measurements showed that during aging the lattice parameter of the 

ternary phase increased while that of the binary phase reduced, 

therefore, the difference in lattice parameter b..a increased. 
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IV. DISCUSSION 

A. Discussion of the Metallography of Aging 

1. As Quenched 

The presence of side bands in Figs. Sa and b reveals that both the 

ice q·uenched an:d the oil quenched specimens have already spinodally 

'decomi>osed, but the wavelengths of the ice quenched samples are "'12A 

smaller than those of the oil quenched ones. Since, at higher temperatures, 

the no
3 

structure in Cu
3
Al rich phase is the stable phase, then by rapid 

quenching the binary phase is expected to explain the structure of the 

high temperature stable phase. Alternatively a slower quench ·result~'.· 

"in the appearance of the 11
0 

structure, the low tempb'ratu:te ·stabl'e ·phase. 

Increasing the quench rate decreases the amount of 11
0 

(see.Figs; Sb, c 

and d), indicating that 003 is more stable at the solution temperature. 

However, on'ag:i.ng the Ll0 reverts to no
3 

structure. The iattice.parameter 

for no
3 

and 121 structures were nearly the same, and their differences 

could not be resolved in the diffraction patterns. 

2. ~3 TransfO'rmation 

At the early stages of coarsening, the structure of the binary 

phase is mostly· that of 11
0

• _This becomes apparent by a rough comparison · · 

of the' volunie ~fracd6ns of the binary phase and 110 'particles after ~~ 

275°C aging. (see Fig. 12). In the intermediate stages of coarsening 

the volume fraction of the 11
0 

phase in the b~nary phase decreases 

by about~·a f<ic'tor of '3 between 300 to 3000 min aging the decrease of 

volume fraction-of 11
0 

is shown in Figs. 13a and b. By aging:.at · 

temperatures above 275°C, the binary phase possesses mostly the no3 

structure, with the relative.absence of the 11
0 

particles, until the 

; 
. ' 

' I 
'J 
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11
0 

reflection in the diffraction patterns finally vanishes. This 

suggests the presence of another miscibility gap inside the spinodal 

for the 11
0 

phase, above which the 11
0 

phase is not stable. 

3. Coarsening 

The log-log plots of wavelengths vs aging time (Fig. 22) could best 

be presented by the relation A a. Ktn with the temperature dependent 

exponent n = 0.11, 0.30 and 0.38 for 225°C, 275°C and 325°C aging 

temperatures respectively. 

Typical microstructures obtained at 275 and 325°C are shown in 

Figs. 8-10. 17 For the synunetrical Cu-Ni-Fe alloy Butler found that 

particle coarsening could be described by the rate law A a. Kt113 , which 

is consistent with the theories of diffusion controlled coarsening, in 

which large particles grow at the expense of small ones. But for the 

asymmetrical Cu-Ni-Fe alloys, Livak and Thomas
4 

found A a. Kt0 •37 . The 

exponent n = 1/3 was predicted by Lifshitz, Slyozov and Wayner
18 

in 

their theory of coarsening. For the cu
2

_
5

Mn
0

_
5
Al alloy, Bouchard and 

Thomas6 found values of n = 0.127, 0.172 and 0.216 at 200°C, 240°C and 

300°C\aging temperatures respectively. Because of the difference in the 

initial quench rate, the values n = 0.30 and 0.38 obtained in this 

research do not agree with results reported by Bouchard and Thomas, 

but they are close to the theoretical value n = 1/3. The n = 0.11 

obtained for 225°C aging temperature does not support the theory of 

particle coarsening; however, the values of n are in agreement with the 

theoretical prediction of Cahn, 19 that the average wavelength gradually 

shifts toward larger wavelengths. 
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The variation of coarsening rate with temperature can be modified 

due to the transformations within cu3Al rich phase e.g., the influence 

of the 11
0 

phase. 

4. Correlation of Wavelength and 11
0 

Phase 

11
0 

particles are present in the as quenched state because of 

the slow quenching rate. As .mentioned before (Section 1), after aging 

at low temperatures (225°C) the 11
0 

phase has a very high density, which 

is related to the slower rate of coarsening. At higher aging temperatures 

(275°C and 325°C), the density of the 11
0 

phase decreases. When the 11
0 

structure is suppressed by iaed brine quenching, the binary phase has a 

no
3 

structure. Subsequent decomposition occurs along the elastically 

soft ( 100} directions of the binary (D0
3

) and ternary (121) "matrix" 

structures. Slower quenching allows the 110 structure to eme_rge in the 

following orientation relationship with the ternary phase: 

(010\1 
0 

(001)12 
1 

(001] 11 II [110] 12 0 1 

Decomposition in this case occurs at 45° to. the ( 100} direction of the 

110 phase. Hence the presence of 110 particles could act as a barrier 

opposing coarsening of the major (modulated) phases irt the< 100} 

direction of the matrix. From Fig. 11b 

I001J 11 II [220]12 
' 0 1 

[201]11 II [031]12 0 . 1 
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therefore, the growth in < 001 >11 directions of the 110 phase will be 
0 

in the< 220>12 directions of 121 , and due to the two competitive 
1 

directions for wavelength growth in < 220) 12 and < 040>12 direct:t,ons 
1 1 

of the matrix, a component of strain is expected to be parallel to the 

(031) 12 or (201) 11 planes. This is verified by the observation of 
1 0 

streaks along the < 201) direction in selected area diffraction patterns 

(see Fig. 11). These streaks are stronger in the early stages of 

coarsening, when the binary phase has mostly the 11
0 

structure. Never

theless, as the aging process proceeds, the amount of 11
0 

de'creases by 

transforming to no
3

• Therefore, the no
3 

and 121 structures dominate 

the decomposition due to their large volume fractions, and wavelength 

growth in the< 100} direction of the matrix is ultimately observed. 

From the above discussion it is concluded that by aging at low 

temperature (225°C, especially after a slow quenching rate, the 110 phase 

is present from the beginning of the aging process and, therefore, a 

lower rate of growth is obtained. For higher aging temperatures the 

growth rate is closer to the value n = 1/3 because of the decreasing 

importance of the 110 phase. 

The changes in the rate of growth in the later stages of aging 

(see Fig. 22), can be expressed in the form of A. a Ktn. As is shown 

in Fig. 23, the wavelength can vary by more than one order of magnitude 

within one wavelength of the larger modulation. A similar result was. 

obtained by Bouchard and Thomas 6 for states following the loss of 

coherency. 
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B. Correlations of St~ctute ~d 'Hatdri~ss· 

·-···'-' A:ge Hii:r.derting~ ..• ·.rce:·quenched samples had the•.~smcilles.t, .. :an.d';·fh~ace; 

quenched';one~ 'ruid' -the highest hardness nlimber (VHN) {see Fig. 7), ·and:. 
. . . 

it was' re~lized t.hat like wavelength, hardness also was very sensitive 

,. 
'..: ::- '.!\..!.S ·' ~ • 

.. _: .. 

. "-' Cabn20 cB:lculated tlult a. dislo·ca:tion can slip- 'tfhrougll' an::·~interpar:ticle 
. ' . . . . . . . . 

.. openi~g ifc_crab > 2r where y is the seif ~nergy of t·h~ ·dislo~a.tio·ri.·(~b2)', 

an'di I; fs; 'the. sepcir,at-ilon between partf~les. Altbougn::a! symilietric~l·~ ··~·,i1:.ur~'<' 
. . . .· . ·. .. . . . ... 

sp'ih'odal ·stru¢b1re· is character.iZed by a: contiriuous<network o£:11:ompositiot1 .· 

mo.P:t.i.l~tJpn$ ,; well developed morphologies can be a,ssigned an .e~fec:Uv~ ;. 

i~.~e1rp~~r;:t~e:l~·._spac;ing:-:on ~he ot4er ·of. )./2. ·.By. :app_H·~~-t:ion· ofi athi:s••,, 1 •. 'l · 

a:p~~oximation· ·to the. ~a~ly stage. of the coher~nt ~tr~~.tures_,) ~~e; ~pplied 
stress n'ec.essal.'y for slip is given by O'a >·~ sho~ing .that. the stress.· 

,-1' : . 
VarieS ;.aS, (A, ;) •, · . •·. i 

. . . . ·. . . . 

.Since for brit'tle materials, the flow stress can: be eXperimentally 

expressed in terms of hardness, one expects th~t ~h~·hardness .should 

also. vary as (A) -;:l:';JH J IJ19~evel.'·,· ·in. _th~~ investigation. the Cinverse) 

pr:oportionality of VH and 'A for quenched spe~imens was not observed. 
l l, ._., -~:'" 0 -~·· ,oo 

0 ~~~ '•: O :M ~ ',
0

,
0 

0 

·On the contrary it was found that. slow quenching wh.ich ·produced larger. 
·. 1 ~-·t... ;,_. ~-: l.:.:'C' :.--.~· - -.:.··Jd3_:~ . d~ .. -.. 1..2~. 

wav';hength ~is ~ssociated with. higher. Vickers hardness~· Therefore, the 
~14,c::..~ -:~?·2·c~~:· .. ~~ ... ~~,(.~ f .. ,-···~Lt;; :. _ ...... ;,_ 1 ~:no_-~-

: controlling par~eter for dislocation motion iri the·as quenched alloy 

: \... :.! : ~ ! .. ': s-1" ;'; .. '· . ~4...... l •• r -~ . . : :. . . . .'. . 
is. riot the wavelength of. the binary and the ter11ary phase,. but the 

'increase in VHN · dfJCeh~ ,sl6w· :querich~d samples . is due· primarily to the 
.. . . . . ;. f.J. _- i.-• ... 

, change of struct~~~~:·~ithin the binary rich phase (Cu~A~) • 

. : . . 
,•r., 

. . . . 
' .. 
' ' 

·,. 

-·: 

.•:. 

. . . ~- : 

... ·· .. .. · 

.. -, 

. ·.; 
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The higher hardness of the slow quenched specimens correlated with 

the presence of the noncubic 11
0 

structure of the binary rich phas~. 

These 11
0 

particles in the Cu
3
Al rich phase increase the hardness by 

a dispersion hardening mechanism. 21 
Arunachalam has indicated that 

formation of the tetragonal 110 CuAu alloy is accompanied by a doubling 

of its strength where the strengthening increase is attributed to a 

change in lattice symmetry. The tetragonal structure sets up substantial 

misfit stresses within the cubic matrix, which in turn exert an affective 

friction force on moving dislocations. A similar mechanism is expected 

to be operable within the present system due to the £ (#1) ratio 
a 

of the 110 structure of the cu3Al phase. In addition, the existence 

of six variants of the 110 structure, two of which are shown in 

~' 
Fig. 12, may contribute further to the strengthening, due to the 

complexity of the resulting stress fields, and their possible interaction. 

Aged specimens exhibit a general age hardening behavior viz, 

the maximum hardness increases with decreasing aging temperature and as 

the aging temperature decreases, the time to attain maximum 

hardness increases (see Fig. 21). The hardness charges for 

specim~ns aged at 225°C, 275°C and 325°C can be divided into three 

major stages: first, an increase in hardness is observed during the 

early stages of coarsening; s~cond, a reduction in hardness from its 

maximum value occurs simultaneously with a decrease in the volume 

fraction of the 11
0 

structure; and finally, no hardness change is seen 

in the averaged specimens, as the amount of the 11
0 

structure is reduced. 

essentially to zero. The details of the aging response during these 

stages are described below. 
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At the onset of coarsening, . the changes in hardness are shown from 

the microstructure of the binary phase· to result·. from the no
3 +110 

transformation:. Increasing hardness in this cas~ is due to the increasing 

misfit .stresses from the larger voliune fraction of the 110 structure 

(~ #: 1) .as discussed in the dispersion hardening model presented above. 

Additional evidence for this mechanism is given by the correlation of 

maXimum hardness with maximum volume fraction of the 110 structure of 

the binary phase, which is found in specimens aged at 225°C and 275°C 

. (early stages) •. 

The decrease in microhardnessof specimensaged at 275°C can be 

correlated with two parameters: 1) Increase in wavelength of the 

binary and the ternary phases and 2) reduction in volume fraction of the .· 

11
0 

structure (Fig •. J.3} within .the (Cu
3
A1) rich phase. As was. discussed 

earlier in this section, it was expected that the hardness would be 

inversely proportional to A. However, this inverse proportionality was 

not. observed, at .. 225°C nor 325°C but only in specimens which overaged at 

275°C, (Le., .between 20 min and 1000 min), corresponding to _wavelength 

growth froni 200 A to 40oA (Fig. 24). The inverse proportionality of 

hardness and A in the intermediate stage of aging at 275°C is revealed 

by.the negative slope of the hardness vs A curve. But the rate of 

increase of A is much greater than the rate of decrease of Vickers 

hardness, so if.the increase in A had contributed to the decrease of 

.. ; . 
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hardness it would have decreased it in a much faster rate. Therefore, 

it is believed that the soltening at averaged stages to be mostly 

due to the 11
0 

+ D03 transformation. As the amount of tetragonal 

misfit is reduced, the hardness also decreases. The reduction in 

22 
hardness might also be explained on the basis of an Orowan model, 

where the flow stress (L), after Kelly23 is given by: 

Gb 
d 

for G ~ shear modulus and b = Burgers vectors of the slip dislocation 

assuming flow only in the cu
3

Al rich phase. The interparticle spacing 

(d) increases as the amount of the 110 structure decreases, resulting 

in a decreased flow stress. Finally, the lowest VHN values were found 

in specimens aged for short times at high temperatures (325 °C, where·. 

the cu
3

Al rich phase had a nearly continuous no
3 

structure with no 

evidence of 11
0 

particles. 

After the loss of coherency an increase followed by a decrease in 

VHN was detected for over aged specimens at 325°C. These changes 

correspond with the precipitation of Y p~rticles (Figs. 16-18), 

martensite plates in the over aged conditions (Fig. 15), and the change 

in the volume fraction of the binary and the ternary phase (Fig. 18). 

The changes of difference in lattice parameters of the two (Cu3Al

cu2MnAl) principal modulated phases (lla) is another factor that can 

affect the strength of the alloy. 
4 Livak and Thomas, by extending the 
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Mott and 'Nabarro 23 theory to two phase spin.odals, found a direct 
. . . 

proportionality between i:he yield stress and the diffet:ence in . .cubic 

~-., - .. · lattice prarm~ters of the· t;wo p.recip1tating phases in Cu-Ni~Fe-'alloy~r. 
Mott and Naha:rra propoi:;"~d that becau~e of .the diffe~ence in. at1omil ' 

voimne t"hat exists between two ~ohere~t phases,. i:he~e will b'e an internal' 

st.~ess' u:€h.d whli::h.wifi op.pose dislocation ·motio~. 'IIi. a opinodal'r:: 

sy~teui .. i:his EHasd.c ·s'train: field will ha~e the saine' ·wa,;elengtb 'is''the . 

composition fluctuadori. The theory predicts that the average 'internal 

st'r~~J is. 'ihd~p:erident of particle siz~ but is· dep~ndent on G (average . 

shear m~dulus) ~-' £ '(sii~ f~ctor between ~olut~ aria ~·diven.t) ariC!5 ~h 'r'.(.Jotume · · · 

f~~~tion) iria tn'e 'i~latlon oi "" 2G£f, on the other h~md, since 't a: a .. 
l, l·~Lla ~ : .... h-.· ........ i~- . i ~ 7~ ~._ ~- . -A.a. ~·. -~ -_: . a·=-; the relation oi ·a:- is easily found . a . . a 

'\. . . . ,. "' ' " .. ,,...... . t:-.. ~ .. 
by' substituting ''the' last 

· LL · ' .. :. · ·- • . .:; . , r' L. · • , ·. .• 
two relations in the fitst equation for oi. 

; !'" • ..:: ,. • . ," - ;:· • . _.: .... ·: .. ~. r-'·' .:,-~:::.. ~. 
It. was·~- therefore; exp-ect·ea · 

that the Vick~r:'s hardness of the. cu
2 

• S~O. 
5
Al alloy would be • dependent. ·. ·: ·· · 

.- · i.n\. ~- ~<- • .. : •. : :· ·c· '-~ ... -t.. :_._· f'J-= :_· \_ ..... • .t.. .. 

·on the differen.ce in lattice parameters. 
. . 

H~wever, ·this · d~p-ertdency 'o£: · ·:' · 

because the diff~~en~e (baa) could ·not be resolved in diffraction patterns~ 
:;~ ·• -~- . -~· .·' -~\.,[; i ._ : ... .• :,: 0 • • ' • ~. 7' 1 ~ ., \.. · ... 

The lattice _mismatch between no
3 

~nd L21 phases for· aged specimens -; .. 

weie ttieasur~d fro'm. eliciron diffraction patterns.': {Fig. 27). '~dJ' x::.r·ay ·I;_('. ; ~ ·:· 

diffraction method (Fig .. 29). The electron diffracd.~n: patt~rns ;i~~

tdke~ -£ibm ··Jh~ p~r{"of s-~ecimen~ ·~2><Io4x2x.1o4~1o2 :=,.i4·xto10A ~~it~ ·t:h~ 
x.;.'ia}is ci:i.ffr~:ctfoti p:at-te'r~s ·is :from a. volume -1o2'1A ~which i'~~ff ::ord~·r 

. of magnitude larger •• 

·'' .· .... 

:-·::. 
.. , . •' .. ·- ... 

. · .. · 

.. , 

.\ 
! 

' ... ! 

.. · 

j 
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This comparison can explain the difference between the data 

calculated from electron diffraction patterns and X-ray diffraction 

patterns. Since the electron diffraction pattern are obtained over 

one or two particles, they measure particular differences rather than 

a statistical average of the difference in lattice parameters over 

large volumes. In order to have a good average data from electron 

11 diffraction patterns a very large number (~10 times) of electron 

diffraction patterns should be measured to have the same statistical 

results as X-ray results. 

From the theory discussed above it was expected that an increase 

in ~a (see Fig. 29), which results in an increase in strain, to be 

related to the increase of VHN but Fig. 30 shows that the change in 

Vickers hardness due to aging is not directly proportional to ~a. 

Consequently this theory does not appear to be applicable to this 

situation. However, this theory can be applied in the cases that the two 

decomposed phases are controlling the mechanical behavior, when the strain 

is caused by the difference in lattice parameters between the coherent 

binary and ternary phase, opposing the dislocation motion. In the present 

case it is believed that only the binary phase is responsible for hardness 

changes, and dislocation motion in the domains of the 110 phase control 

the hardness variations, it is expected that VH changes to be actually 

independent of ~a. 

The strengthening in the early stages of decomposition 

(Cu
3
Al and Cu

2
MnAl) can be related to the size of the ordered domains 

(See Fig. 6). 
26 . 27 

This point has been considered by Hanninketal Cottrell 
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and Stoloff and Davies in connection with Mg
3

Cd. 28 They found that the 

peak hardness occurs at an antiphase domain size of -6())\ 

diameter in Mg
3

Cd. However in the Cti-Mn-Al alloys, due to the slow 

quench the sizes of the antiphase domains are very large (0.5~), by 

comparison to 60A for Mg
3

Cd. Also after short aging times they grow to 

larger than 1 ~ dia (see Fig. 5). Thus the domain size effect in hardening 

is not appreciable. 

.. .. 
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V. SUMMARY 

1. Upon quenching, the alloy spinodally decomposed to cu
3

Al and 

cu2MnAl compositions. While a rapid quench yielded the smallest 

wavelength and higher temperature stable structure (D0
3

) in the 

binary rich phase, a slow quench resulted in larger wavelengths 

and the appearance of the 11
0 

structure which is the low temperature 

stable phase. 

2. The slower quenched specimens had a higher Vickers hardness than the 

rapidly quenched ones. This is associated with the presence of the 

11
0 

particles. 

3. After the early stages of the aging the volume fraction of 110 

particles in the binary phase decreased, due to transformation of 

11
0 

to no
3

. This suggests that a transition temperature of 110 

phase inside the spinodal. 

4. The rate of coarsening decreased with the presence of 11
0 

particles. 

It is suggested that this is because of the competitivemodulations 

in ( 100) directions of the matrix (12
1

, D0
3

) and 11
0 

phase which 

produced strain. The strain in (201) 11 planes was detected by 
0 

streaks in diffraction patterns in [201] 11 directions. 
0 

5. For high aging temperatures the wavelength variations could be 

n represented by A a kt , and the values of n were close to the 

theoretical value for coarsening. But at low temperature aging, 

with higher volume fraction of 11
0

, the value of n was smaller than 

the theoretical value. 

','. 
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6. Changes in Vickers hardness do not appear to be controlled by 

variations in wavelength in the as quenched specimens and the 

inverse proportionality of VIU'l and >.. was observed only for specimens 

aged at 275°C from 20 min to 1000 min. Instead, the (small) changes 

in age hardening appear to depend mostly on 11
0
+no

3 
transformations 

within the binary rich cu
3
Al phase. 

7. Early stages of aging, with higher volume fraction of 11
0 

particles 

in the binary rich phase which produced substantial misfit stresses 

within the cubic matrix, was observed to have the highest Vickers 

hardness. In the intermediate stages of aging since the .size and 

the volume fraction of 110 particles were reducing, interparticles 

distances were increasing and the Vickers hardness was reduced. 

Finally, at the later stages of aging where binary phase had almost 

a continuous no3 structure, Vickers hardness had its smallest value. 
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FIGURE CAPTIONS 

Fig. 1. The ordering temperatures Tc (B2) and Tc (Do
3

..-L21 ) and the 

miscibility gap of the (Cu-Mn) 
3 

Al alloys. 

Fig. 2. The ordering reactions bcc+Bi+L2
1 

and isothermal decomposition 

to cu2MnAl and cu
3
Al, then generation of 110 structure from 

no
3 

structure. 

Fig. 3. Dimension of tensile specimens. 

Fig. 4. Bright field micrographs of specimen quenched in (a) iced brine, 

(b) oil, ·(c) air~ and (d) furnace.· 

Fig. 5. (100) diffraction pa-tterns of specimens quenched in: (a) iced 

brine, with no 110 precipitation reflection, (b) oil, with 

11
0 

reflection, sharper side bands and streaks iri 011 direction, 

(c) air, intensity of 110 spots increased and (d) furnace, 

satellite (side band) spacing decreased. 

Fig. 6. APB's in early stages of aging (llO orientation). (a) Bright 

field micrograph of the specimen aged at 225°C for 10 min. 

(b) Bright field micrograph of the specimen aged at 275 ,for 

2 min. (c) 111 dark field micrograph of the specimen aged at 

325 for 30 sec. (d) 111 dark field micrograph of the specimen 

aged at 325 for 2 min. These show large APB because of slow 

quench (oil quenched). 

Fig. 7 •. Log wavelength vs log quenching rate showing the increase of 

wavelength with decreasing quench rate, variation of hardness 

vs quenching rate and changes of wa'velengthwith hardness. 

- i 
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\ 

Fig. 8. Bright field micrographs of specimens aged at 275°C from 20 

to 180 min. 

Fig. 9. Bright field micrographs of specimens aged at 275°C from 400 to 

1000 min. 

Fig. 10. Bright field micrographs of specimens aged at 325 from 50 to 

3000 min. 

Fig. 11. (a) (110) matrix (121) diffraction pattern; one of the 11
0 

phase 

variants is indexed. (b) (001) matrix diffraction pattern; 

two variants of the 110 phase are indexed. (c) (00) matrix 

diffraction pattern with streaks in 110 (201) direction. 

Fig. 12. Bright field and dark fields of specimen aged at 275°C for 

12000 niin using (201), and (201) 2 reflection marked in Fig. llb 

showing two of the 110 varients. Particles are parallel to 

220 directions. It also shows that binary phase has mostly the 

11
0 

s true ture. 

Fig. 13. Dark field micrographs of specimens aged at 275°C (a) for 400 

min (b) for 3000 min, using 110 (310) reflection marked in Fig. 14 

clearly shows that as the aging time was increased the volume 

fraction of the 110 phase was decreased. 

Fig. 14. (110)
12 

diffraction patterns of specimen aged 400 min 
1 

at 275°C. 

Fig. 15. Bright field and dark micrograph of specimen aged at 325°C for 

6000 min. The reflection marked M in Fig~ 14 was used to obtain 

the dark field. This reflection is believed ~o be a martensite 

reflection and in the micrograph the stacking-faults in martensite 

are normal to the 220 direction. 



-38-

Fig; 16. Bright field micrograph of specimen aged at 325°C for. 20 min 

shows the precipitation of Y particles and formation of small 

angle boundary. 

Fig. 17. (110) diffraction pattern. Extra reflections are indexed 

for Y particles. Specimen was aged 325°C for 20 min at 325°C. 

Fig. 18. Bright field micrograph of specimen aged at 325°C for 3000 min, 

shows the precipitation of Y particle in the .binary phase. 

Also shows the increase of volume fraction of the binary phase. 

Fig. 19. Stress-strain curve of tem3ile test specimens ~o.l as quenched, 

2, 3~ 4, 5 aged at 295°C for 20, 200, 5500, 8500 min respectively. 

Fig. 20. Bright field micrograph of as quenched compression specimen 

obtained 0.1 in. far from the fracture surface. Shows the very 

small density of dislocations. 

Fig. 21. Variation of Vicker's hardness vs log aging .time for samples 

quenched iri oil and aged at 225°C, 275°C and 325°C. 

Fig. 22. Log wavelength vs log aging time, for samples quenched in oil 

and aged at 225°C-275°C and 325°C. The wavelengths of oil. 

(35A) and ice quenched samples (25A) are also shown. 

Fig. 23. Bright field micrograph of specimen aged at 325°C for 400 min. 

Area marked S shows .the new small wavelength separating the 

particles with bigger wavelength. 

Fig. 24. Variation of hardness vs log wavelength for specimens aged at 

Fig. 25. Changes of lattice parameters of no
3 

and 121 phases vs log 

aging time measured from electron. diffraction patterns, for 

specimens aged at 275°C. 

; 
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< :· ••• 

aging. tim~~· trteasui'ed from electron diffraction p~tterns' for 

spec;;nens aged at 325°c, . ·· .. · ...... • . ·· . .•.. .....•. • ... • 

F:i,g •. i7,~ n'ifferendes iri lattice par~ete~s of the two decompqsed .. phas~s 
.. ·. ··:· ::. ·. 

·Vs log ag:l,ng ti.m~s, measured froll). electron·· diffr(lction patt~'rns:; 
. : . ·.• . .. . . . . . . : ·. ', ·. 0 ' . 

·for sp~c:!:me11s aged a~ 275 C and 325°C• 
. ; '', .. , .· .· ' . Aa ., 

Fig. 28. Changes of wavelength,.-.. -. (from . ·. . . . . .·· .. . a . ·.·. . ' 1 ' 
.electron di.ffracticm patterns) 

and Vicker's hardness vs log aging tin1e. 

fig. ·29 •. ' Changes pf lattice parameters of no3 a~d 121 phases.a~F· their 

differ~nce 6.a, measured from X-ray dfffractipns, for SP.e~imen~ 
,· :. 

.·,.· 

'e''.' 

Fig~ 3.0. (:}tan~e~ 'of wayelerigt}.l, 6.a {from X:--:rC1Y diffr~cdoir) ,and Vicker '~s 

hardness vs log aging time. 
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XBB 739-5600 

Fig. 4 
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XBB 743-1866 

Fig. 4 continued 
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XBB 743-1865 

Fig. 5 continued 
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Fig. 6 
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XBB 743-1863 

Fig. 11 
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· Fig. 12 
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Fig . 13 
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Fig. 15 
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XBB 742-1232 

Fig. 23 
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