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Abstract.- The effect of post-quench heat treatments on the transformation 
characteristics and on the physical properties of a fine grained Cu-Al-Ni-Mn-Ti high 
temperature shape memory alloy are investigated by means of differential scanning 
calorimetry (DSC), X-ray powder diffraction, thermoelectric power (TEP) and 
hardness measurements. The changes during a posterior ageing in the martensite 
state, just below the As temperature, are described by three stages, and explained in 
terms of order and precipitation processes. 

1 .- Introduction 

Cu-Al-Ni shape memory alloys are known to exhibit a better thermal stability than Cu-Zn- 
A1 alloys 111. This characteristic makes them more prone to be used in applications above 373 
K, which is the limit for the Cu-Zn-Al alloys. 

Thermal stability of Cu-Al-Ni alloys has been investigated mostly during ageing in P- 
phase /2/-151, and the change in transformation temperatures has been mainly attributed to 
two kinds of processes: ordering and precipitation. The reported features are very dependent 
both on the alloy composition relative to the correspondent eutectoid composition and on the 
ageing temperature at which the experiment has been carried out. The lower the ageing 
temperature, below 500 K, and the nearer the alloy composition is to the eutectoid, the less 
prone is the alloy to precipitation an thus the less overlap with the ordering processes. 

The thermal stability of the martensite phase has been less studied 151, 161. In all the 
works the observed increase in the transformation temperatures during ageing has been 
attributed to ordering processes. In the present work, the stability of the martensite phase 
during ageing at 393 and 41 3 K is studied for a Cu-Al-Ni-Ti-Mn (CANTiM) alloy. 

2.- Experimental method and material 

Commercially hot rolled 1.1 mm thick sheet of composition 80.1 Cu- 11.9AI- 5Ni- 2Mn - 
1Ti (wt%) was provided by KOBE Steel Ltd (Japan). The composition of this alloy 
corresponds to an hypoeutectoid, and the as rolled material shows elongated grains with 
average dimensions of 240*200*130 pm3. 

For the Differential Scanning Calorimetry (DuPont 2100) technique, samples in the form 
of rectangular prisms (approx. 3.3.1.1 mm3 and mass of about 50 mg) were cut frorh the 
sheet and heat treated as will be explained further. A heating or cooling rate of 2'C per minute 
was used when details of the transformation peak shape were required, and at 10'C per 
minute otherwise, using a liquid N2 cooling device (LNCA). The cycling range was usually 
between 70 and 22O0C, and at least two consecutive cycles were always carried out for each 
sample. 
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X-Ra diffraction profiles were obtained at room temperature (martensite phase) from 
samples or21*9*1.1 mm3 by means of a Philips powder diffraction apparatus. Cu Ka radiation 
at 34 Kv and 20 mA were used. Generally, the range 28=20 to 100' was scanned using a 
28=0.02" step method, and a time of 2 sec per step. 

Thermoelectrical Power measurements (TEP) were realized on samples of 100.4*1.1 
mm3 which were placed between two Cu blocks, held at 15°C and 25°C respectively, which 
act as electrical and thermal contacts. 

Vickers Mierohardness tests were done on the samples after the X-ray scan. The load 
was 200 grand at least five indentations were realized at random on each sample. 

Phase identification and microstructure were studied using optical (Leitz Metalloplan) 
and Scanning Electronic Microscopy (SEM-Philips 515), including EDX analysis. The voltage 
used in the SEM was 20 KV and the spot size was between 20 and 100 nm 

Heat treatments 
Before any other specific heat treatment, all the material in this investigation was 

annealed at 700°C for 30 min plus subsequently water quenched to room temperature 
(treatment A). The martensitic transformation temperatures after this heat treatment are: 
Ms=125'C, Mf=1 OO'C, As=128'C, Af=143'C, and the microstructure consists of thin lamella of 
martensite, identified by Transmission Electron Microscopy as M I  8R, and precipitates of the 
so called X phase. 

Following, the samples were aged at 300'C (P phase) for 15, 30 or 60 min. respectively 
(AB, AC, AE), and subsequently water quenched to room temperature. With these treatments 
the As transformation temperature increases up to 140°C (AB), 150°C (AC) and 165°C (AE). 
These aged samples were further aged at 120'C or 150°C (martensite state) for different 
times up to several months. 

3.- Results, ageing at 150'C 

The results for the series AB and AC, aged at 1 20°C, are qualitatively similar to the ones 
at 150°C. Consequently only these last ones will be presented in detail here. 

Differential Scannina Calorimetry (DSC 
The effects of the ageing at 150.C u i  to 5 days are shown in fig. 1. The first curve 

corresponds to a sample not aged in martensite phase. The direct transformation 
temperatures remained unchanged in subsequent cycles. 

1) For ageing times lower than 2.5 hours (9)('): The first retransformation peak appears 
at lowers temperature and with a lower endothermal heat than the second retransformation 
peak [Q(lQ)=10.5 JIg and Q(2Q)=12.5 J/ 1. The first retransformation is more jerky and occurs 
over a broader range of temperatures a% compared to the second one. On the other hand, the 
exothermal heat during the forward transformation is almost constant for all direct 
transformations and equal to 12.5 Jig. 

2) As the ageing time increases the first retransformation peak becomes narrower. Two 
consecutive stages may be observed: for ageing times lower than about 7 min (6) the 
narrowing is due to a shift of the Af temperature with As nearly constant. For longer times the 
main contribution to the narrowing process is the shift of As to higher temperatures. 

3) Initially, the second retransformation peak shifts to lower temperatures and becomes 
narrower with increasing ageing, but however stabilises with further ageing. 

4) For longer ageing times, the first retransformation peak shifts towards higher 
transformation temperatures. Two consecutive stages may be observed: For ageing times 
larger than 2.5 hours (9) and up to 2 days (12), the shift of the first peak, with a width approx. 
constant, is accompanied by an increase of its endothermal heat in respect to the consecutive 
transformations, whose value remains constant. For ageing times longer than 2 days (12), 

(1) The number between brackets after a time value is the neperian logarithm of the time expressed in 
seconds. 



apart from the important increment in the transformation temperatures, it is observed that the 
endothermic heat of the first retransformation peak only increase very slightly. 
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Thermoelectric Power (TEP) 
The results of the Thermoelectric Power measurements. fia. 2. can be divided into three 

stages: For short ageing times, less than 2.5 min (S), TEP i s ~ a l ~ o s l  constant and the value is 
smaller than that for an unaged in martensite state sample. For ageing times between 2.5 min 
(5) and till about 2 days (12), an S-shape increment is observed. For longer ageing times 
there is a steeD increase in the TEP. 

X-Rav ~ i h  raction 
Apart from the martensite and X-phase peaks, no extra peaks were detected in the X- 

Ray diffraction profiles, even after long ageing times. The (040) and (320) martensite peaks 
were used in determining the monoclinic distortion of the martensite lattice &=sin28(040)- 
sin2e(320) l7l. In the present study the p2 parameter, fig. 3, decreases slowly with increasing 
ageing times up to 2 days (12), for longer ageing there is a ste in . The distortion which 
corresponds to the peaks (122) and (202), pl=sin2e(122)-sin81(20!$, was calculated and 
related to the measured transformation temperatures. The result is shown in fin. 4. - 

Hardness 
The results of the microhardness experiments are presented in fig. 5. No change is 

observed. 
Scannina electron and liaht o~tical microsco~v 
Self accommodatinn martensite and X-phase  articles are observed, but not evolution of 

the microstructure durinfthe ageing treatments in martensite phase. 
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Consequently, the process of stabilisation at 150°C can be divided into three 
consecutive stages: 

1.- This first stage, short ageing times, till approx. 7 min (6), is characterised by a near 
constant value of the Thermoelectric Power. The temperatures Af and Ap(*) of the jerky first 
retransformation peak, shift towards lower temperatures, the transformation interval Af-As 
decreases, and the Ap corresponding to the second cycle also shifts to lower temperatures. 
The endothermic heat of the first retransformation is smaller than the corresponding values in 
the following cycles. This is accompanied by a decrease of the lattice distortion what is related 
to a more hexagonal disposition of the atoms in the basal plane. 

2.- The second stage, at intermediate ageing times, between 7 minutes (62 and about 2 
days (12), is characterised by an S-shape increase in TEP, increments in As(1 ), Ap(lQ) and 
constant transformation temperatures for the second and consecutive cycles. The Af-As 
transformation interval remains constant and the Q(lQ cycle) increases till it attains the value 
of Q(2Q c cle) for 2 days of ageing. In this stage, a linear relationship between the mean 
calculate c l  lattice distortion parameter and the As(1 Q, temperatures is observed. 

3.- In the final stage, corresponding to ageing times longer than 2 days (12), there is an 
important increment in the TEP value. The experimental lattice distortion drops to lower 
values although the calculated one is approximately constant. The Af-As transformation 
interval increases. 
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fig.4 Relation between the As temperature and 
the p1 calculated distortion, ageing at 150°C. figs Evolution of the Vickers Hardness (200 gr) 
The serrated line stands for the Ms-pl relation during ageing at 150'C 
as given in /18/ for changes in composition in 
the Cu-Zn-Al system. The doted line 
corresponds to the Aspl relation in I41 for a Cu- AI-Ni alloy. 
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4.- Discussion 

Due to the quenching from 700'C the initial material is not in equilibrium: Rapacioli et a1 
described this state as short range disorder in a long range ordered matrix 181. The material is 
also characterised by the presence of antiphase domains, and high vacancy concentration. 

In the Cu-Al-Ni system, a decrement of the transformation temperatures with increasing 
quenching rate is observed. This indicates that a better DO3 order corresponds with a higher 
transformation temperature 191. In the present work, after quenching, the material was aged at 
300°C which is below the DO3 ordering temperature for this alloy. Accordingly a better DQ 
order is expected, along with an increment in the transformation temperatures, as it is indeed 
observed 11 01. Thus, the material, before aged in martensite state, is supposed to have a DQ 
order that is more complete for longer ageing time in P phase (serie AE). 

When comparing the results of DSC for samples aged for different times in the P phase it 
is observed that the jerkiness of the retransformation peaks decreases with the ageing time in 
J3 phase. This irregular heat flow is explained by Dunne et al l1 11,1121 as Mn-vacancy barriers 
which oppose the first retransformation. The jerkiness disappears after a reversion to P phase, 
and thus the barriers are removed according to these authors. In the present case it is 
observed that the second retransformation peak is also jerky, especially for the lowest ageing 
times in p phase. The difference can be due to the smaller DSC scan speed used in the 
present experiment, which allows a better resolution of individual events. 

The remaining fluctuations in heat flow at temperatures approaching Af, in the second 
retransformation, are explained by the same authors I1 11 as due to interface pinning by Xs 
particles which oppose the retransformation. The presence of Xs particles is reported to be 
more notable in samples quenched from intermediate temperatures, as in the present work 
/12/. Another explanation of the irregular heat flow, also observed in Cu-Al-Ni alloys, is the 
formation and reversion of individual plates or plate pairs I1 31,1141. 

"Accommodation" of the martensite would be helped by the quenched stresses and the 
quenched-in vacancies, and would have the effect of raise the Af transformation temperature 
for the first retransformation cycle. 

First staqe: short aaeina times in the martensite ~hase.- This could be considered as an 
"incubation" time. After an initial slight drop of the TEP value after very short ageing times at 
150°C the TEP value remains constant, as well as the As transformation temperature. 

The presence of the second retransformation peak at higher temperatures could be 
explained as a recovery of order in the P phase. The posterior shift to lower temperatures and 
stability of this second peak can be explained taking into account that this recovery process in 
p phase is a diffusion process. As such, it is aided, along with longer times and higher 
temperatures, by the presence of vacancies. The annealing of vacancies during long agein 
times in martensite state would slow down the kinetics of the recovery, and so a smaller 1 
order would be inherited by the martensite. 

The start of the next stage seems to be postponed till the vacancies annihilation process 
has progressed to a final state. The process seems to be depending on the ageing 
temperature and not so much dependent of the degree of DQ order. 

Still another effect to be taken into account would be the elastic energy stored in the 
material during the first transformation. This energy would help the first retransformation to 
begin at lower temperatures. It could be that during retransformation to P phase the origin of 
this elastic energy would disappear (possible lost by coherency of precipitates?) and thus the 
second retransformation temperatures would be higher those of the first heating. In this line of 
thinking, the lower endothermic heat observed in the first cycle than in the second is explained 
by Ortin et al I151 as a larger contribution of the elastic strains in the process. 

Second staae: intermediate aaeina times in the martensite Dhase.- The S-shaped 
increase in the Thermoelectric Power measurements is similar to the one observed by other 
authors 1161, and can be attributed to a increasing short range disorder process. This is also 
the interpretation that has been given by the authors that have studied ageing processes in 
martensite phase in Cu-Al-Ni alloys 161, 151. In the present results one observes an increase of 
the As and Ap corresponding to the first retransformation transformation while the Af-As value 
remains constant. These observations agree with changes in order [84Sca]. They are also in 
agreement with the linear relationship observed between the lattice distortion and the As(1") 
temperatures for the Cu-Zn-Al system 1181 and for a Cu-Al-Ni alloy after different heat 
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treatments 141. A higher hexagonality and a lower monoclinic distortion was also pointed out 
by Delaey et al/19/ for the ageing process in martensite state of a Cu-Zn-Al alloy. 

Third staae: lona aaeina times -in the martensite ~ i p 3 ~ 3  - In this stage, precipitation of 
equilibrium phases might start, although X-Ray diffraction? ed3 i16t indicate such'a formation of 
any additional phase. It is therefore difficult to conclude that the observed increase in 
transformation temperatures is due either to a matrix depletion of solute or to a pinning 
process. Wu and Wayman I201 analysing the results on ageing martensite in a Cu-Zn-Al alloy, 
speculate that Al rich clustering may occur in defects at a much earlier stage before being 
physically significant enough to be detected. 

Any coherent formation of precipitates in the martensite would have the effect of an 
increase of the Af-As temperature interval and endothermic values of the first 
retransformation. Clearly one observes an increase of the Af-As temperature interval from 
10'C for 17 hours of ageing (2' stage) to 20°C for 1 month. The increase in the Q(1') value is 
very small, but could be covered by the decrease due to less transformed material. 
Nevertheless Q(l ')>Q(2') in this third stage. 

The clear increase of the TEP value also sustains the hypothesis of the beginning of a 
precipitation process. For the second retransformation transformation the temperatures 
remain constant. Irregularities in the heat flow, even observed at 10'C per minute of scan rate 
in DSC, support the idea of some kind of opposition to the martensite interface movement. 
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