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Abstract The isothermal treatment of the b phase in

some Cu-based alloys produces its decomposition by an

earlier precipitation of c phase. During their growth, by

means of a diffusion-controlled process, the precipitates

show evidences of morphological changes. In the first

stages and for a Cu–Zn–Al alloy, the morphology is

spherical and cuboidal, but develops more complex shapes

such as dendrites, owing to composition fields, interphase

overlapping, crystallography characteristics, and relative

orientation. In this work, a dendritic c precipitate charac-

terization is done and morphological theoretical predictions

are applied, for Cu–Zn–Al and Cu–Al–Be alloys.

Introduction

Cu-based alloys are Hume-Rothery materials for which the

stability of different phases, at different compositions and

temperatures depends, mainly, on the average number of

conduction electrons per atom, or electron to atom ratio

(e/a). At e/a & 1.5 and high temperature, these alloys

display a bcc structure (b phase). In general, at lower

temperatures the b phase is not stable and a decomposition

process to stable phases takes place. However, the b phase

can be retained below its stability limit by means of suit-

able thermal treatment, owing to that increasing the cooling

rate from high temperature the equilibrium phases can be

partially or totally suppressed.

During the cooling, the metastable b phase can suffer

one or two ordering transitions, to a B2, CsCl superlattice,

and/or DO3 or L21 (Cu2MnAl) superlattices. Besides,

depending on composition, these alloys are able to undergo

a diffusionless, first order, structural transition known as

martensitic transformation responsible for the shape-

memory properties exhibited by this material.

For the Cu–Zn–Al system the stability range of the b
phase decreases with decreasing temperature, and centers

around an electron concentration of &1.48. This metasta-

ble phase can undergo a diffusive decomposition to the

equilibrium phases, generally a and c, during cooling [1–5]

or by isothermal treatments at moderate temperatures,

between 473 and 773 K [6–8]. This fact leads to a degra-

dation of the shape-memory capacity and a change in

martensitic transformation temperatures [9–11].

The Cu–Al–Be alloy is, as Cu–Al–Ni, an alloy derived

from the Cu–Al one. For the Cu–Al the stable b-phase

domain exhibits an eutectoidal point around 24 at.% Al and

823 K. Below the range of stability of the b phase, the

equilibrium phases are the a (fcc structure) and c2 (Cu9Al4
structure) phases, with low and high Al content, respec-

tively. At lower temperature, it exhibits a martensite

transformation from the DO3 to an 18R close-packed

structure [5].

The morphology of the precipitated phases depends on

many factors such as composition, crystallography, thermal

treatment characteristics: temperature, time, cooling rate.

The morphology of the c phase is basically cuboidal but

in some cases the formation of solid-state dendrites

is observed. The formation of solid-state dendrites has

received little attention in the past, in spite of being a rare

phenomenon reported in few systems. Shewmon noted that

the dendritic morphologies are rarely observed in the solid–

solid systems [5, 12, 13]. Earlier it was reported that the c
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precipitates were formed in the dendritic shape when Cu–

Zn b-phase alloys were cooled from high temperatures.

Doherty discussed various factors that appear to explain the

shape instabilities in solid-state reactions [14].

Husain et al. [15] observed c precipitates formed in a

dendritic shape in the Cu–Al b-phase alloys. They analyzed

special characteristics of two alloy systems: Cu–Al and

Cu–Zn, in which such morphology has been observed in

the solid-state precipitation; and predicted other systems in

which such morphologies should occur.

In this work, we present observations of c precipitation

in the b phase of a Cu–Zn–Al and a Cu–Al–Be alloy. We

analyzed the dendritic morphology observed in terms of

recent theories of dendritic growth.

Experimental

Single crystals of nominal composition Cu–15.34 Zn–

16.33 Al and Cu–22.72 Al–3.55 Be (at.%) were used

(Table 1). Disc-shaped samples, having a diameter of

about 6 mm and a thickness of 1.5 mm, were cut using a

low-speed diamond saw. The aging treatments were carried

out in a resistance-heated furnace, with electronic tem-

perature control maintaining a constant temperature *1 K.

The specimens were heated to 1093 K, within the b-phase

field, for about 1 h, followed by an air cooling to room

temperature (RT) before isothermal aging at temperatures

between 473 and 773 K.

Optical micrographic observations (OM) and electron

microscopy (Hitachi S530 SEM, Hitachi H600 a 100 kV

TEM and JEOL 2011 HRTEM) were made after a careful

electropolishing and etching of the specimens with a sat-

urated solution of CrO3 in phosphoric acid and then, in a

FeCl3–HCl–H2O solution. For TEM/HRTEM the speci-

mens were double-jet electropolished at RT in an electro-

lyte containing 47% water, 24% orthophosphoric acid, 24%

ethanol and 5% propanol, and urea, at 8 V.

Results and discussion

Microstructural observations

In general, isothermal treatments at moderate temperatures,

between 473 and 773 K, in Cu-based SM alloys with an

electron atom ratio e/a near the eutectoid one (1.50) pro-

duce the b-phase decomposition into the equilibrium a and

c phases [6–8, 16, 17]. The original structure of the alloys

after air cooling from 1093 K and prior to the aging

treatment is that of the ordered b phase (L21 for the Cu–

Zn–Al alloy and DO3 for de Cu–Al–Be one). In the studied

cases, the first particles observed were precipitates of c
phase, followed by precipitates of a phase. Both alloys are

situated near the eutectoid position, then after prolonged

isothermal aging a final eutectoid structure is observed. The

morphological evolution of the precipitates of c and a
phases until they reach this final structure depends on the

aging temperatures.

As can be seen in Fig. 1a–d, for the Cu–Zn–Al alloy, the

dendritic shape of the c precipitates is observed for dif-

ferent temperatures during the treatments. In the first stages

the precipitates have a circular/polyhedral shape (Fig. 2a),

increasing the thermal treatment time, they take a cuboidal

shape and develop dendritic characteristics but conserving

the cuboidal aspect, for temperatures lower than 573. For

higher ones, the dendritic morphology develops earlier in

the thermal process, and the arms are more marked.

Likewise, it is observed that the principal dendrites and

secondary arms are oriented in preferential directions. For

temperature near and higher 770 K, the c phase particles

showed a polyhedrical morphology with a tendency to

spherical shape (Fig. 2b).

In the case of the Cu–Al–Be alloy, the Fig. 3 shows c
precipitates for different times in the temperature range

623–723 K. They present different shapes between globu-

lar–cuboidal and regular–irregular; but for temperatures

higher than 773 K, the c precipitates showed a dendritic

shape, with main arms in perpendicular directions (Fig. 4).

The particle shape in the solid–solid precipitation could

be influenced by various factors such as the rate of diffu-

sion, kinetics of the interfacial reaction, interfacial energy,

anisotropy of the parent phase, and the crystallographic

features of the precipitates and the parent phase. According

to Shewmon [12] if solute diffusion alone determines the

growth rate of a precipitate growing from the supersatu-

rated parent phase, the precipitate shape will have char-

acteristics of dendrites found in solidification. However,

this shape is rarely observed in the solid-state precipitation

reactions because other stabilizing factors keep the inter-

face smooth. The kinetics of addition of atoms to the

growing interface plays an important role in determining

the morphology of the growing phase. The dendritic mor-

phology is favored when this kinetics is fast, and this

happens when the structures of the phases involved are

similar, so the crystallographic similarities between the

precipitate and the parent phase would be favorable. This

includes similarities in the crystal structure, low mismatch

in the lattice parameters, and favorable orientation

Table 1 Nominal composition of the alloys (at.%)

Cu Al Zn Be

CAZ 68.33 16.33 15.34

CAB 73.73 22.72 3.55
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relationships. So, the crystallographic similarities between

the parent phase and the precipitate are a dominant factor

giving rise to the dendritic morphology of the precipitates

[15].

Pons and Portier [1, 2] had observed a perfect continuity

of the atomic planes in the b matrix and the c precipitates

in CZA alloys by HRTEM images, similar to the one in

Fig. 2a. This is a consequence of the cube–cube type ori-

entation relationships and the very small misfit between

both structures (near 0.7%). The precipitates are well-

allocated inside the parent phase, i.e., the elastic and

interfacial energies are relatively low. The coherency of the

precipitates is lost when they reach sizes of about 50 nm,

and misfit dislocations form at the interfaces [1].

In the present case, the high-temperature b phase has a

bcc structure. The c phases have a complex bcc structure

and are usually ordered. The precise form of order varies

with the ratio of solvent to solute atoms between D81 and

D83 type [18]. In the Cu–Al systems it has D83 structure

while in the Cu–Zn one it is D82. Both D82 and D83 are

Fig. 1 Scanning electron

micrograph for CZA alloy, with

the following isothermal

treatment: a 380 h at 473 K,

b 7 h at 520 K, c 1320 min at

600 K, d 10 min at 650 K

Fig. 2 Gamma precipitates in

CZA alloy: a HRTEM

micrograph formed during

aging at 600 K; b SEM

micrograph after 5-h treatment

at 770 K

J Mater Sci (2009) 44:5829–5835 5831

123



superlattices containing 52 atoms per unit cell. These lat-

tices are basically formed by 3 9 3 9 3 bcc unit cells. The

lattice parameters are also closely related; the lattice

parameter of the precipitate is almost 3 times the lattice

parameter of the parent phase. The b and c lattices are

almost identical; there exists a three-dimensional lattice

matching in these alloy systems [19, 20]. Hence during the

precipitation process, the diffusing atoms do not face any

Fig. 3 Optical micrograph for

CAB alloy with the following

isothermal treatment: a 290 h at

620 K, b 124 h at 663 K, c 19 h

at 740 K, e 5 h at 780 K

Fig. 4 Optical micrograph for

CAB alloy with isothermal

treatment at 790 K for: a 2 h,

b 5 h, c 21 h, d 42 h
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difficulty in attaching themselves to the growing interface,

giving form to a dendritic shape. Furthermore, fast bulk

diffusion is necessary for the dendritic morphology occurs;

but diffusion is very rapid in b phases in both Cu–Al and

Cu–Zn systems.

In the present Cu–Zn–Al alloy, with intermediate com-

position between Cu–Zn and Cu–Al, dendritic precipitates

are observed at low temperatures where the b phase has

L21 order. If we compare this behavior with the one

observed by Hussains et al. [15] for Cu–Sn alloys, we will

infer that the c precipitates in our alloy have D81–3

structure.

As could be seen in Figs. 1, 2, 3, and 4, the dendritic

precipitate arms grow in well-defined directions. It was

possible to determine the angle between primary arms (h)

in the range of 67�–72�; while these arms are perpendicular

in the case of the Cu–Al–Be alloy. The secondary arms,

when observed, are in direction close parallel to the others

primary ones (Fig. 5). The measured relationship between

the secondary arms distance (k2) and the curvature ratio of

the tip (q) is

q ¼ 0:5k2;

which is a similar condition to the one observed during

crystal growth in undercooled liquids [21, 22]. Typical

values obtained in precipitates like the one showed in

Fig. 5 are listed in Table 2.

Simulations

Taking into account that dendritic growth of the precipi-

tates is a consequence of an anisotropic interfacial energy,

and of the characteristic orientation of their primary and

secondary arms, it is possible to consider that the pertur-

bations belong such orientations are a consequence of

crystallographic orientation. Following the treatment pro-

posed originally by Mullins and Sekerka [23, 24] we

induce periodic perturbations over an originally spherical

surface, in such a way that, at whatever time, the interface

is described by

r ¼ p h;/; tð Þ ¼ r0 þ d tð ÞYlm h;/ð Þ ð1Þ

where r0 is the initial radius of the precipitate, d(t) and

Ylm(h,u) are, respectively, the temporal and the spatial

contribution to the surface perturbation. The full solution

Fig. 5 Dendritic precipitation

observed after a1320 s at 600 K

in a CZA alloy (SEM); b 2 h at

790 K in the CAB alloy (OM)

Table 2 Morphological parameters of the dendritic precipitates (lm)

Primary arm length k2 q

CAZ 1.8 0.32 0.15

CAB 87 5 2.33

Fig. 6 First stages schematic draw of periodic perturbations over an

initially spherical precipitate
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includes the solution of temporal term for each possible

harmonic. We assume that this solution exists, is real and

positive, and focus in the spatial term, particularly to the

spherical harmonics of the type Y4n, which describes

cubic symmetries. In these cases, the precipitates, which

originally are close to a spherical geometry, assume a

cubic morphology (Fig. 6), and next, promote the appa-

rition of the small primary arms, in the same way as is

experimentally observed. This distortion could follow a

characteristic direction if the perturbation continues

growing, but the equations shown before only describe the

start of primary arms for small distortions. Under this

model, given by a symmetry of Y43, an sphere can

develop six arms. In the Fig. 7 it is possible to observe

four of them; the other two are located on top and below

the figure plane. Please note that these arms are not

normal to the figure plane. By other side, as can be seen

in Fig. 8, the Y42 family perturbation let us to observe the

normal primary arms. Figure 9 suggests the time evolu-

tion of an initially spherical precipitate, being disturbed

by a wave function Y42.

In all the cases described, the model qualitatively

schematizes the directions where the amplitude p(t) has a

greater variation, under the supposition that it was origi-

nally spherical and unstable.

Conclusions

By isothermal treatments at moderate temperatures,

between 473 and 773 K, c precipitation in the b phase of a

Cu–Zn–Al and a Cu–Al–Be is observed. These precipitates

developed a dendritic morphology with arms growing in

well-defined directions and a relationship between the

secondary arms distance and the curvature ratio of the tip

similar to the one observed during crystal growth in

undercooled liquids.

In the Cu–Al–Be alloy this morphology is observed for

temperatures higher than 773 K, while for the Cu–Zn–Al

one, the c precipitates showed a dendritic shape at lower

temperatures where the b phase has L21 order.

The application of a simple model consisted in inducing

periodic perturbations over an originally spherical surface,

describes quite well the experimental morphologies

observed.

Fig. 7 Schematic draw of an initially spherical surface distorted with

Y43 symmetry

Fig. 8 Schematic draw of an initially spherical surface distorted with

Y42 symmetry

Fig. 9 Suggested evolution of an initially spherical precipitate disturbed by a wave function Y42
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