
.I PHYS. N FRANCE 7 (1 997) 
Colloque C5, SupplCment au Journal de Physique I11 de novembre 1997 

Influence of Composition and Thermal Treatments on the Martensitic 
Transition of Cu-AI-Mn Alloys 

E. Obradb, L. Mafiosa and A. Planes 

Departament dJEstructura i Constituents de la Matkria, Facultat de Fisica, Universitpt de Barcelona, 
Diagonal 647, 08028 Barcelona, Catalonia, Spain 

Abstract: We have studied the martensitic transformation and the order-disorder transitions in 
two families of composition related Cu-Al-Mn crystals. X-ray diffraction and calorimetric mea- 
surements have been performed to characterize order-disorder transitions. The entropy change at 
the martensitic transition has been computed from calorimetric measurements. Results show that 
its magnitude depends only on the martensite structure which, in turn, depends on the electronic 
concentration e/a. We have obtained AS = 1.51 * 0.05 J mol-l K-l for a transition to a 2H phase 
and AS = 1.26 f 0.06 J mol-I K-I for a transition to a 18R structure. We discuss the possibility 
of a magnetic contribution to AS. Finally it is found that quenching has a marked influence on 
the martensitic transition temperature, but it does not affect the entropy change. 

1. INTRODUCTION 

The stability of the bcc phase exhibited at high temperature by numerous metals and alloys stems 
from the excess of vibrational entropy of this phase in relation to the close-packed structures that 
would be the stable phases from purely energetic considerations [I]. At low temperature, when the 
entropic term in the free energy is compensated by the energetic one, most of these systems undergo 
a martensitic transition to a close-packed structure 121. Among the different systems undergoing 
a martensitic transition, a technologically interesting family is the one formed by Cu-based alloys. 
They belong to the Bume-Rothery class of materials for which the phase,stability is dominated by 
the average number of valence electrons per atom ratio (e/a) [3]. In this family, commonly the 
bcc phase is only stable at high temperature but it can be retained at low temperature by means 
of a suitable cooling. For certain compositions this metastable bcc phase undergoes a martensitic 
transition. In addition, during cooling, these systems get configurationally ordered, and the degree of 
order achieved by the samples depends on the cooling rate; this is an important result since ordering 
can modify the relative stability between bcc and martensitic phases [4]. 

In this work we study the Cu-Al-Mn alloy system. In many respects, this alloy behaves very 
similarly to standard Cu-based alloys like Cu-Zn-A1 or Cu-AI-Ni, but a significant difference is that 
Cu-Al-Mn is paramagnetic while other Cu-based alloys are diamagnetic. Hence, short range magnetic 
order could have an influence on the phase stability of Cu-Al-Mn. We have first characterized the 
(metastable) phase diagram and we have measured entropy changes during martensitic transition in 
two families of composition related Cu-Al-Mn crystals. Finally we have also analyzed the influence 
of quenches from above and below the ordering temperatures on the martensitic transition. 
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Table 1: Composition, e/a, martensitic transition temperature (M,), latent heat (on cooling; LC, and 
on heating, Lh) and entropy change (AS) of the different alloys investigated. The first set of alloys - .  . 
belongs t o  the'cus~l-Mn line and the second one to the C U ~ A ~ - C U ~ M ~ ~  line. 

Alloy ) at.% Al at.% Mn I e / a  ( M, (K) I LC (J/mol) Lh (J/mol) I AS (Jim01 K) ' 
Cu3A1 I 24.7 0.0 1 1.494 1 600 1 I 

i 

2. EXPERIMENTAL 

Samples belonging to the two composition related alloy families, (C~o..raAlo.zs)l-~Mn (0 5 x 5 0.09) 
and Cu3A11-,Mnzx (0 5 x 5 0.22), have been used in the experiments. Their specific con~positions 
are given in table 1. Polycrystalline cylindrical shaped ingots (5 mm diameter) were obtained by 
melting pure elements (purity 99.99%). From them, slices (2 mm thick) have been cut using a low 
speed diamond saw. The damaged surface has been etched away in a 40 % H N 0 3  solution. 

Calorimetric measurements between 100 K and room temperature have been performed using 
a microcalorimeter specifically designed to investigate solid-solid phase transitions (details of this 
instrument can be found in [5]). A differential scanning calorimeter from TA Instruments has been 
used for the range 300-850 K and, for temperatures above 850 K, phase transitions have been detected 
using a high temperature differential thermal analysis cell. In all cases, the studied sample has been 
first heat treated for 900 s at 1080 K, air cooled to a temperature T, and quenched in a mixture of 
ice and water. The reference heat treatment consisted of a direct quench from 1080 K followed by a 
three-day room temperature ageing. 

3. RESULTS 

3.1 Phase Diagram 
In this section we present the (metastable) phase diagram corresponding to the two studied compo- 
sition lines. Results have been obtained with samples that have followed a reference heat treatment. 
The order-disorder transitions have been characterized by means of x-ray diffraction and calorimetric 
measurements. Except in Cu3A1, all studied samples display two order-disorder transitions at high 
temperature and a martensitic transition at a lower temperature. In Cu-Al-Mn samples, it has been 
found that the order-disorder transitions are continuous from A2 to B2 and B2 to L21 structures. 
In fig. 1 we present typical x-ray results together with the recorded thermogram. In contrast with 
these results, Cu3A1 undergoes a unique order-disorder transition from a disordered (A2) to a DO3 
ordered structure. 

The metastable pliase diagrams for the two studied composition lines, showing the ordering tem- 



Figure 1: Relative integrated intensities of the x-ray (1 11) L21 superstructure peak (+) and (20 0) B2 
superstructure peak (m) obtained on heating powders of the A4 d y ,  and thermogram recorded on heating 
a sample of the same composition. Dotted lines are guides to the eye. 

peratures and martensitic M, temperatures as a function of Mn concentration are given in fig. 2a 
and 2b. 

Regarding the martensitic transition, it is worth noting that the martensitic structure depends 
on e/a. The resulting structute has been identified by means of x-ray diffraction and it has been 
found that for e/a 5 1.46 the martensitic structure is 18R while for e/a 2 1.46 it is 2H [6]. The e/a 
values of the studied alloys have been calculated from their composition assuming that each Cu atom 
contributes with 1 electron, each A1 atom, with 3 and each Mn atom, with 1 [7]. It is remarkable 
that we have detected the change from the 18R to the 2H martensite at an e/a value quite coincident 
with the e/a value at which the two phase boundaries of the high temperature bcc stability region 
in the equilibrium phase diagram [8] meet each other (eutectoid point). 

Figure 2: Metastable phase diagram of (a) the Cu3Al-Mn line, and (b) the Cu3Al-Cu3Mnz line. *: B2-A2 
transition temperatures. a: L21-B2 transition temperatures. m: M, temperatures. Solid symbols: present 
measurements. Open symbols: values taken from the literature. Lines are fits to the experimental data. 
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3.2 Martensitic Transition 
The entropy (AS) and the enthalpy (latent heat, L) changes at the martensitic transition have been 
obtained from calorimetric measurements after a proper correction of the calorimetric baseline as 
described in [9]. Within experimental uncertainties (evaluated to be less than 5%) no systematic 
differences between the AS values for forward (cooling) and reverse (heating) transitions have been 
detected. Therefore, we have computed the entropy difference between /3 and martensitic phases as 
an average of these two absolute values [6]. 

Since the martensitic structure depends on e/a, AS is lilcely to depend dso  on this parameter. 
In fig. 3 we have plotted AS as a function of e/a for all the investigated samples. The data ex- 
hibit 'a jump from a constant value AS = 1.264 0.06 J / K mol for e/a<1.46 up to a constant value 
AS = 1.51f 0.05 J /Kmol  for e/a>1.46. Such a discontinuity occurs at an e/a value coincident with 

Figure 3: Entropy change at the martensitic transition in Cu-Al-Mn, from present experiments (+: Cu3A1- 
Mn line, +: Cu3Al-Cu3Mnz line) and from M.O. Prado, P.M. Decorte and F. Lovey, Scripta Metall. Mater. 
33, 877 (1995) (m). Horizontal lines: average values for ela11.45 (18R martensite) and for ela21.47 (2H 
martensite). 

Figure 4: Entropy changes for Cu-Zn-A1 (o), Cu-Zn (o), Cu-Al-Ni (A), Cu-Al-Be (+) and Cu-Al-Mn (*), 
as a function of a =e/a-(e/a),,. Data are collected from a large number of papers, and include present 
results for Cu-Al-Mn. Continuous lines are averages for a 5-0.01 and a. 20.01, and dashed lines indicate in 
each case the corresponding standard deviation. 



that where the martensitic structure has been reported to change from 18R to 2H and, as previously 
mentioned, this is very close to the eutectoid point of the equilibrium phase diagram. In order to 
check whether this result can be extended to other Cu-based alloys, we have collected a large number 
of data from the literature for different Cu-based systems. These data are plotted (including present 
values for Cu-Al-Mn) in fig. 4 as a function of a =e/a-(e/a),,, where (e/a),, corresponds to the 
eutectoid point. It is clear from the figure that AS values collapse onto a single step function that 
changes from 1.31f 0.10 J / K mol to 1.60f 0.10 J / K mol at a =O. Present results render an entropy 
difference of -0.3 J / K mol between the 2H and 18R martensitic phases, independent of the alloy 
system. This value is in good agreement with the values reported from stress-strain measurements 
[lo-121. 

The fact that AS values for Cu-Al-Mn coincide (within the experimental errors) with those for 
other Cu-based nonmagnetic alloys, enables us to establish that a possible magnetic contribution to 
the whole measured entropy change should be very small. Hence, we conclude that for Cu-based 
alloys,. the entropy excess of the P phase mostly stems from the vibrational degrees of freedom. 

The enthalpy changes conlputed at the forward (cooling) and reverse (heating) martensitic tran- 
sitions are shown in table 1. Their composition dependence ,shows a behavior similar to the one 
exhibited by the martensitic transition temperature. This is due to the fact that there-are no signifi- 
cant differences among the entropy changes of the different samples. As is usual, the enthalpy change 
value obtained at the reverse transition is higher than that obtained at the forward transition, since 
the reverse transformation occurs at a higher temperature [9]. 

3.3 Quenching effects 
The effect of quenches from different temperatures T, up to 1080 K has been investigated in an A2 
sample. In order to quantify the change in the transition temperature with T,, we have plotted in 
fig. 5 the temperature where the relative amount of martensite formed in the sample is 0.5 [13], T0.5, 
as a function of the quenching temperature T,. There is a marked decrease in Tq.5 on increasing 
T,. The entropy change AS is, within the experimental error, independent of T,. A decrease of 
the martensitic transition temperature with T, h a  also been reported for Cu-Zn-A1 [14], while an 
increase is observed for Cu-AI-Be [15]. However, in the case of Cu-Al-Mn the dependence of To, with 
T, is monotonous in the whole temperature range investigated, and the extrema observed for Cu- 
Zn-A1 and Cu-Al-Be around the order-disorder .transition temperature have not been detected here. 

Figure 5: Martensitic transition temperature dependence on the quenching temperature for .the A2 Cu- 
A1-Mn aJloy.8: forward transition; e: reverse transition. Open symbols: measured immediately after the 
quench. Solid symbols: after a 23-hour ageing at room temperature ( P  phase). 
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This Seems to be an indication that the mechanism which modifies the martensitic transition tem- 
perature in Cu-Al-Mn is different from the mechanism in other Cu-based alloys. 

4. CONCLUDING REMARKS 

The metastable phase diagram of P-Cu-A1-Mn has been obtained. Two continuous order-disorder 
transitions, from A2 to B2 and from B2 to L21 structures, have been detected. A martensitic 
transition occurs to a 2H structure for an e/a value higher than that of the eutectoid point and to a 
18R structure for e / a  less than this value. This is the general behavior for Cu-based shape-memory 
alloys. 

The entropy and enthalpy changes at the martensitic transition have been measured. It has been 
found that the entropy change is a constant value that depends on the martensitic structure formed, 
and that there is an entropy difference of 0.3 J / K mol between the 2H and the 18R phases. It has 
been shown that these entropy change values are the same for all Cu-based shape-memory alloys 
Then, it has been established that there is no significant magnetic contribution to this entropy change 
in Cu-Al-Mn. 

Finally, the effect of quenches from different temperatures over the martensitic transition has 
been studied. Though they do not affect the transition entropy change, it has been observed that 
increasing the quench temperatures reduces considerably the martensitic transition temperature. It 
has been shown that this behavior is different from the one obta.ined in other Cu-based alloys. 
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