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Aging behavior in Cu—Al-Be shape memory alloy
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This article reports positron annihilation spectroscopy and calorimetric measurements of the aging
behavior in a Cu—Al-Be shape memory alloy. An excess of single vacancies is retained in the alloy
as a result of a quench. All vacancies in excess disappear after long aging time, and a migration
energykE), =1.0+0.1 eV for this process has been found to be larger than in other Cu-based shape
memory alloys. The good correlation found for the concentration of vacancies and the shift in the
martensitic transition temperature demonstrates that, in Cu—Al-Be, changes in the transition after a
quench are deeply related to the excess of vacanciesl999) American Institute of Physics.
[S0021-897609)02101-5

I. INTRODUCTION processed!%On the contrary, in the case of the Cu—Al-Be
alloy, only few works have been devoted to this problem
The martensitic transformation is a diffusionless struc-which still remains unclear. Notwithstanding, very recent
tural transition between crystalline phaseBue to the spon- neutron diffraction experimentshave undoubtedly demon-
taneous symmetry breaking at the transition, a single crystatrated that in this alloy the influence of aging on the mar-
of the high temperature phase splits into several twin-relate¢ensitic transition cannot be attributed to changes in long
domains which configure a complex heterophase. Manyange atomic order in the system. Moreover, it has been
characteristic features of martensites, including shapéound that the concentration of vacancies is strongly depen-
memory properties, are a direct consequence of the interplagent upon the quenching temperatlf@hese results suggest
between these domaiAsAmong the different materials dis- that aging effects in Cu—Al—Be could have their origin in the
playing these peculiar thermomechanical properties, the Cweffect of vacancies on the martensitic transition. The goal of
based alloys are receiving increasing attenfiémthe range this article is to provide experimental evidence in support of
of compositions of practical interest, in these systems thesuch a statement.
martensitic transition takes place from an ordered bcc phase Positron annihilation spectroscopy has been used for the
(or B phasé to an 18R structuréIn general, thed phase is  study of vacancies. This is acknowledged to be the most
the equilibrium phase at high temperature but it can be repowerful method for the study of point defects in metals and
tained as a metastable phase at low temperature by meansalfoys?® In the present work, the positron lifetime technique
a quencH. During the quench, Cu-based alloys get configu-is employed in order to characterize the properties of
rationally ordered; the order—disorder transitions have beefiluenched-in vacancies in Cu—Al-Be. In addition to the sig-
investigated in relation to the martensitic transition in a num-nificant interest in relation to the aging problem, the subject
ber of alloys?~® is also of fundamental importance since experimental infor-
Among Cu-based shape memory alloys, Cu—Al-Be igmation concerning vacancy migration energies grCu-
the one that has been developed more recently and is unigli@sed alloys is still scardé.™ On the other hand, the mar-
because of its adaptability for high as well as low temperatensitic transition has been studied by differential scanning
ture actuator applicatiorlsindeed, this potentiality is the re- calorimetry measurements. This technique has been widely
sult of the drastic effect of a small addition of Be to the used in the characterization of this kind of transitions in
Cu—Al system, which strongly reduces the martensitic transhape memory materials.
sition temperature and leaves practically unaltered the low
temperature limit of stability of th@ phaseeutectoid point,
as well as the order—disorder transition Ifive. II. EXPERIMENTAL PROCEDURE
Above room temperature, aging effects represent a seri-  The sample investigated was a single crystal of compo-
ous limitation on the actual applications of shape memonyiion cu-22.72 at % Al-3.5 at % Be, grown by the Bridgman

8
alloys” In several Cu-based alloys, such as the Cu-Zn-Al,athod. The order—disordeffrom a DO, space group

and Cu—Al-Ni systems, these effects have been extensively,am 10 a disordered phase, space group3m) and

studied and are well understood in terms of ordering,,minal martensitic transition temperatures are 793 and 145
K, respectively. Samples of 15 mm diameter and 1.5 mm
dElectronic mail: toni@ecm.ub.es thickness for both positron lifetime measurements and calo-

0021-8979/99/85(1)/130/4/$15.00 130 © 1999 American Institute of Physics

Downloaded 09 Jun 2010 to 161.116.168.169. Redistribution subject to AIP license or copyright; see http://jap.aip.org/jap/copyright.jsp



J. Appl. Phys., Vol. 85, No. 1, 1 January 1999 Somoza et al. 131

rimetry, were cut from the original rod using a low speedcases, depending on the aging time, a two terms decomposi-
diamond saw. The damaged surface was etched away withton was not appropriate and in these ca¢eshas been
solution of 50% HNQ in water. considered to be the lifetime component. This is consistent

For positron annihilation spectroscopy measurementsyith the standard trapping model: when short-lived lifetimes
two identical samples were sandwiched with a ACi 7, are shorter than 40 ps amgor |, are less than 10%, the
22NaCl positron source evaporated onto a 1.14 mg/ap-  fitting procedure cannot resolve a two-decomposition
ton foil. The lifetime measurements were carried out using grocess! The extreme cases correspond to a near free-defect
fast—fast timing coincidence system with a time resolution ofannihilation regime I(;~1) and to a saturation defect trap-
255 ps in operating conditions. The lifetime spectra, eaclping regime (,~1).
containing at least fOcounts accumulated in a time interval In our experiments, in the whole range of the investi-
of 7200 s, were analyzed by tREsoLUTIONandPOSITRON-  gated aging temperatures and times, we have obtained,
FIT computer program¥ After subtracting background and within the experimental scatter, a constant value of the long-
source contribution(the source contributes to the spectralived lifetime 7,. By averaging data corresponding to
with only one component;s= 382 ps,l s=12.5%), all spec- constrain-free analysis we obtained=170*=1 ps. Conse-
tra could be fitted with one or two components, depending omuently, in all data analysis, the lifetime of the long-lived
the aging time. Prior to the measurements, the sample wasomponent has been fixed to this value. In all cases, the
maintained at 1073 K for 7200 s, and subsequently it wasverage lifetime value monotonously decreases with increas-
quenched into an ice—water mixture. This quenching teming aging timet,g,q from its initial value of about 170 ps.
perature was chosen both to retain a high vacancy concemfter long enough aging time, the original bulk lifetime;,
tration and to minimize the time, after quenching, during=119 ps, is recovered. Besides, we have observed that the
which the positron signal remains in the saturation regimehigher the aging temperature, the faster the decreage.of
(when all positrons are annihilated in vacantesAfter the  This behavior suggests that thermally induced point defects
guench, the sample was isothermally aged at 323, 333, 343re frozen-in by the quench, and they anneal-out completely
358, and 373 K for different aging timegg,g. In all cases after aging. Moreover, it is worth mentioning that no detect-
the positron measurements have been performed at rooable amount of precipitates of other phases within the
temperature. B-matrix phase after the thermal treatment has been found.

Calorimetric measurements have been carried out using Assuming that after a quench the retained defects are
a highly sensitive differential scanning calorimetétmme-  mainly single vacanciesrg=7,) and according to the well-
diately after the quench, the sample was mounted into thenown standard trapping modé¢BTM) (see Ref. 2P the
calorimeter, and a first calorimetric run was conducted. Theroduct of the defect concentrati@®), and the positron spe-
time elapsed between the quench and the beginning of thafic trapping rateu, can be determined from
cooling cycle was around 200 s. After this first run, the

nsi - 1 (1)1

sample was annealed inside the calorimeter at a temperature , c =—

v

of 323 K. Additional calorimetric runs were performed at Y T (7)) W
selected aging times. We have not studied different aging |, Fig. 1 the values of:,C, 7; are Shown Versugigin
temperatures because the experimental system was not pigsemilogarithmic plot for the five aging temperatures inves-
pared for working at higher annealing temperatures. In th?igated. Sinceu, and 7; can be considered to be constant,
cooling cycle, the calorimeter was cooled from 323 K downipege plots are equivalent @, Vs t,ging plots.

to liquid nitrogen temperature in less than 150 s. From this |, B Cu-based alloys, the vacancy formation energy is
temperature, it was heated uptd60 K at a rate~1 K/min,  agtimated to be about 0.5 eV or highér* therefore, the
and calorimetric data were acquired-al Hz. The run was  gquilibrium vacancy concentration for the aging tempera-
completed by heating the calorimeter as fast as pos@te  {yres of this study can be considered negligible. Conse-

erage rate 1 Kjsup to 323 K. Such an experimental proce- quently, the variation of vacancy concentration during aging
dure minimized the uncontrolled time spent by the sample atan pe described by

temperatures where thermally activated phenomena can oc-
cur, and hence it ensured that the measured aging time at 323 dC,/dt=—C, pvo exp( —Eu/KTaging )
K was comparable to that measured in positron annihilatio

: r\‘/\/herer is the single vacancy concentratior, is the vi-
experiments.

brational frequencyyp is the atomic concentration of vacancy
sinks, andgy,, an activation energy. When the atomic con-
IIl. RESULTS AND DISCUSSION centraFion of vacancy sinks is assume(_j to be constant i_n Eq.
(2), a linear behavior of Ig,) as a function of aging time is
Positron annihilation results have been analyzed accorcexpected for each constahyy,q. All curves in Fig. 1 show
ing to the procedure followed in previous studté$®-2°  an initial fast decay followed by a crossover to a very slow
First of all, we have obtained the aging time variation of theregime. As can be observed in Fig. 1, a linear fit in the time
average positron lifetimér) for different moderate aging interval in which the vacancy concentration falls, at least two
temperatured ,ging. In general(7)=1,7,+1,7,, wherel;  orders of magnitude is quite satisfactory in all casese
+1,=1, 1, andl, are the intensities of the first and secondsolid lines. In this case, it is important to point out that for
lifetime components, and; and 75, the short- and long- all aging temperatures the first experimental points of
lived lifetimes, respectively. As mentioned above, in someuw,C,7; corresponding to the almost saturation defect-
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- 10 It is acknowledged that successive cycling of a shape
O‘L memory alloy through the martensitic transition can result in
I . a modification of the martensitic transition characteristics.
L}

e, L, Therefore, the temperature shift of the thermograms at dif-
: ferent aging times can be affected by this phenomenon. In
order to account for this effect, we have investigated the
influence of thermal cycling in the same sample, after being
FIG. 1. Evolution of the vacancy concentrati6y in semilogarithmic scale  quenched and annealed for a period of long enough ¢irie
as a function of aging time at 323 squares 333 K (filled circles, 343K weeK to reach the equilibrium state. The recorded thermo-
(open circle, 358 K (filled triangles, and 373 K(open triangles The solid o5 mq are shown in Fig.(B). A slight shift in the transition
line is a fit to the experimental data corresponding to short aging time. . .
temperature towards lower values on increasing the number
of cycles is found. We have corrected the measured values of
T, at each aging time, by the shift associated with the cor-
trapping regime, are affected by a significant error associatecesponding number of cycle. In Fig. 4, we have plotted these
with the use of Eq(1); however, the extrapolation of the corrected values df , and the concentration of vacancies as
solid lines corresponding to the linear fit in the region of thea function of aging time. We have used the value of the
fast decrease of the experimental data, is in good agreement
with the initial vacancy concentration data obtained for each
aging temperature.
For this region of fast decrease shown in Fig. 1, the
evolution of the vacancy concentration with the aging time
can be described by

005 Zox10°  aoxi0°
b aging$)

125

C,cexpl —taging/ 0), 3

dQ/dT (MJ/K)

whered is an average relaxation time characterizing the time

scale of the evolution towards equilibrium. We assume that 020 130 140 150 160 170
is proportional to ex,y, /kT), whereEy, is an effective mi- T(K)

gration energy of vacancies. The logarithméof* as a func- 125

tion of 1/T, is for all aging temperatures represented in Fig. 100t (b)

2. From the slope of a least-square straight line fitg1h
=26.47-11766/T) the migration energy is obtained. The re-
sult of this calculation i€y, = (1.0=0.1)eV. It is worth not-
ing that, in spite of the experimental scatter, the preggnt
value is considerably higher than that obtained foCu—
Zn-Al, E,=(0.65-0.03eV)* and for B Cu-2Zn,
Ey=(0.61eV)® 920130 140 150 160 170
The thermal curves recorded during the reverse marten- T(K)
sitic transition at different aging times are shown in Fig)3 FIG. 3. Thermal curves recorded during the reverse martensitic transforma-

|F is apparent fr_o_m the_figure that upon increasing the agingn: (q) at different aging timesTaging= 323 K), and(b) during successive
time, the transition shifts towards lower temperatures. Wehermal cycling of a long time aged sample.

dQ/AT(mJ/K)
8 3
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100 1 v ' 10 The migration energy of vacancie&;=1.0+0.1eV) has
been found to be higher than in other Cu-based alloys. In
addition, the correlation found for the concentration of va-
cancies and the shifts in the transition temperatures, is an
experimental evidence that the concentration of vacancies
. has an important contribution in determining the evolution of
the martensitic transition characteristics during the post-
guench aging of Cu—Al-Be. This result shows that the
Tr " ] physical origin of the aging phenomena observed in Cu—
a . 1 Al-Be is completely different from that in other Cu-based
L shape—memory alloys.
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