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a b s t r a c t

The shift of the martensitic transformation temperatures has been measured in a Cu–Zn–Al alloy as a
function of the quenching temperature using different experimental techniques. Results from temper-
ature and stress induced transformations were compared. It was found that the spread of the results is
related to the geometry as also to the preparation time characteristic of each experimental method. The
evidence of Zn loss by volatilization during the high temperature anneals is also reported.
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. Introduction

About 30 years ago, Rapacioli and Ahlers observed that the
haracteristic temperatures of the martensitic transformation
n Cu–Zn–Al alloys were shifted down when the sample was
uenched from different temperatures TQ [1]. As the whole trans-
ormation cycle moved homogeneously, the description could be
one in terms of the martensite start temperature MS. These tem-
erature shifts (�MS) are shown as a function of TQ as full circles

n Fig. 1. The reference transition temperature for the calculation of
he shifts was taken from the MS value for the sample which was
lowly cooled from the annealing temperature down to room tem-
erature. The linear departure from zero at low TQ was related to an

ncreasing degree of L21 disorder in the high temperature � phase
1]. On the other hand, the behavior above 600 K is determined by
he high amount of vacancies that are quenched in, which allow a
ast promotion of the L21 order. A vacancy concentration of up to
0−4 has been determined after quenching from 600 K [2]. The rel-
tive maximum at around 800 K is related to a change in behavior
t the B2 ordering temperature [1].
These results were obtained from measurements of electrical
esistance as a function of the temperature. The transformation
ehavior as a function of TQ has also been determined by calorime-
ry [3,4], and these results are shown as crosses in Fig. 1. The
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martensitic transformation can also be induced by the application
of stresses, and its study as a function of TQ was performed in [5].
In the resolved stress vs. strain graph, a critical resolved transfor-
mation stress (�T) for the beginning of the transformation plateau
can be defined. This stress can be related to the MS temperature
because a linear relationship exists between �T and the difference
between the working temperature and MS [6]. In the present work a
slope of d�T/dT = 1.07 MPa/K has been taken from the mean value of
the data in [7]. The experimental points extracted in this way from
the stress induced transitions [5] are shown as triangles in Fig. 1.
The sets of results show a similar trend, but the complete picture
presents a big scatter, mainly at the highest quenching tempera-
tures. The samples used to construct Fig. 1 have different shapes
and also a spread of ordering temperatures which are presented
in Table 1 together with the corresponding MS. The former values
were obtained from an interpolation of precise determinations of
the ordering temperatures as a function of composition in [8]. The
MS are the experimental values except for the compositions in [5],
which were assessed from the ratio of the transformation enthalpy
and entropy as a function of composition, according to [9].

The aim of the present work is to analyze whether the scat-
ter observed in Fig. 1 arises from these different characteristic
temperatures or whether they are a consequence of the different
experimental techniques. In the latter case, the geometry of the
samples and/or the concomitant time for each measurement could

influence the results.

It is known that due to the high vapor pressure, Zn can vapor-
ize from Cu–Zn alloys when a high enough temperature is reached
[10,11]. It is usual to state that in Cu–Zn–Al alloys this loss is neg-
ligible due to a protecting aluminum oxide layer on the surface of
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Table 1
B2 and L21 ordering and reference martensitic transformation temperatures for the
samples from which figure 1 was constructed and for the present work.

# CZn CAl TB2 [K] TL21 [K] MS [K]

[1] 0.20 0.14 828 577 180
[3] 0.158 0.161 810 658 260
[4] 0.16 0.16 811 655 265
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[5] � 0.2809 0.0995 845 416 −49
[5] � 0.2526 0.1137 846 474 16
Present work 0.1873 0.1463 823 604 168

he samples. In fact, in [1] the change in MS has been found to be
ndependent of the number of the previous reheating and quench-
ng cycles. This will be another aspect analyzed in the present

ork.

. Experimental

A Cu–18.73 at% Zn–14.63 at% Al alloy was prepared inside a sealed fused silica
ube with an Ar atmosphere. This composition was selected in order to have an

S temperature accessible to our experimental systems, with low enough ordering
emperatures to enhance the disorder retained by the quench. The ordering tem-
eratures and the experimental MS are presented in Table 1. Two single crystals
ith a diameter of 6 mm and a length of nearly 10 cm (denoted as crystals 1 and 2)
ere grown by the Bridgman method, also in sealed fused silica capsules with an
r atmosphere. They had an orientation near [1 4 28]� for crystal 1 and [0 2 5]� for
rystal 2.

The effect of the long range order on MS was evaluated in the following way. The
egree of long range order was modified by quenching samples from temperatures
Q between 373 and 1073 K. The MS temperatures were then determined by three
ifferent techniques: stress–strain measurements, differential scanning calorimetry
nd electrical resistance as a function of the temperature.

A cylindrical sample was spark machined from each single crystal for the
tress–strain experiments in tension. They were denoted as S1 and S2 (the num-
er indicates the single crystal used for its preparation). They had Schmid factors of
.497 and 0.485, respectively, which will be used to calculate the critical resolved
ransformation stresses. The tensile specimens had a central part of 3 mm diameter,
gauge length of 15 mm and thicker shoulders at the ends, appropriate to insert

hem into the grips of an Instron 5567 deformation machine. The strain was applied
sing a cross head speed of 1 mm/min, working at 253 K in an Instron 3119-005
emperature chamber. A time of 7 min was permitted to pass between the place-

ent of the sample in the chamber and the application of the load, to assure that
he specimen had reached the working temperature.

For differential scanning calorimetry, a disc shaped sample was cut from each
ingle crystal. They were denoted as C1 and C2, having a diameter of 6 mm and a

hickness of 0.75 and 0.34 mm, respectively. A Cu disc of similar shape was used
s the reference sample. Their surfaces were mechanically polished with silicon
arbide paper of grit 600. The non-commercial calorimeter has been described in
etail elsewhere [12]. Cooling was provided by a Dewar containing liquid nitrogen.
ypical cooling rates were around 2–3 K/min.

ig. 1. Shift of the martensitic transformation temperature as a function of the
uenching temperature. Data from electrical resistance [1], calorimetry [3,4] and
tress–strain [5] measurements. The lines are a guide to the eye.
Fig. 2. Variation of the critical resolved transformation stress as a function of the
number of the annealing cycles in the specimen. The data points belong to sample
S2 after a quench from 773 K.

The electrical resistance measurements were performed on a sample of 25 mm
length, 3 mm width and 1.5 mm thickness. It was identified as R1, because it was cut
from single crystal 1. The standard four probe method was used, with a direct current
of 150 mA. The four Cu wires were spot welded to the sample, as also the chromel
alumel thermocouple. Cooling was provided by a Dewar containing liquid nitrogen.
Typical cooling rates were around 6–10 K/min. The six cables were removed after
each measurement and the damaged surface was mechanically polished with silicon
carbide paper of grit 600, before the next heat treatment.

The general procedure was the following: the sample was first homogenized by
annealing it in an electrical furnace at 1073 K for 15 min. It was then cooled in air to
the desired TQ and quenched in water at room temperature. No sealed capsules were
used for this procedure and the temperature was monitored with a chromel alumel
thermocouple placed inside a hole in a brass block of 4 mm × 7 mm × 12 mm in good
contact with the specimen. After the quench, the sample was prepared and intro-
duced into the corresponding equipment and the martensitic transformation was
induced. This latter step required a mounting time which is dependent on the exper-
imental technique. In order to avoid further atomic rearrangements, it is important
to minimize the interval between the quench and the moment at which the sample
reaches a temperature below around 273 K, at which the diffusion processes can be
neglected. Typical mounting times were about 2 min for the tensile tests, 7 min for
calorimetry and around 25 min for electrical resistance measurements.

3. Results and discussion

The values of the critical resolved transformation stress �T as a
function of the number of the annealing cycles performed on sam-
ple S2 are shown in Fig. 2. Only the data which correspond to a
quench from 773 K are presented. It can be seen that �T decreases
linearly 6 MPa after 18 thermal treatments. It is to be noted that
the present analysis takes into account only the time at 1073 K
and not the following cooling and quenching procedures. A lin-
ear fit of these data gives a variation rate of (−0.35 ± 0.02) MPa per
anneal, which has been used to refer all �T measurements to the
original one, i.e. before the first anneal. For sample S1 a variation
rate of (−0.49 ± 0.05) MPa per anneal has been found. Using the lin-
ear relationship between the critical resolved transformation stress
and the temperature mentioned in the introduction, these slopes
can be associated with a positive MS temperature shift of 0.33 and
0.46 K per anneal, respectively.

A similar determination was performed with the samples for
calorimetry and electrical resistance measurements. In agreement
with the previous results, an increase of the MS temperature with

the number of annealing cycles was found. The corresponding vari-
ation rates are 0.44, 1.1 and 0.45 K per anneal for samples C1, C2 and
R1, respectively. The greater value presented by sample C2 seems to
be related to its higher surface to volume ratio of around 6.6 mm−1.
The other samples have ratios between 1.3 and 3.3 mm−1, and scat-
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ig. 3. Shift of the martensitic transformation temperature as a function of the
uenching temperature. Data from electrical resistance (R1), calorimetric (C1 and
2) and stress–strain (S1 and S2) measurements. The lines are a guide to the eye.

er around a clearly lower value of the variation rate. Whether the
rientation of the crystal also plays a role cannot be deduced from
he present experiments. The origin of this MS increment has to be
elated to a loss of Zn during the anneal, since all other effects of the
hermal treatments are erased by the high temperatures. It is to be
oted that in the worst case of sample C2 the amount of volatilized
toms is only around 300 ppm per anneal. This is a good indication
f the sensitivity of the martensitic transformation on composition
n Cu–Zn–Al alloys.

From the previous results it was possible to calculate the orig-
nal MS for each specimen, being of 173, 174, 179, 182 and 185 K
or samples C1, R1, T1, T2 and C2 respectively. If again these tem-
erature shifts are attributed to Zn loss during the preparation of
he alloy and the growth of the single crystals, then a composition
f Cu–18.38 at% Zn–14.69 at% Al can be calculated for the highest
S. This loss of 0.75 at% Zn with respect to the original composition

mply an increase of 5 K and a decrease of 3 K in the L21 and B2
rdering temperatures, respectively. Experimentally, these shifts
n the ordering temperature can be considered negligible because
hey fall well within the scatter of the reproducibility of the quench-
ng temperature.

In Fig. 3 are shown the MS shifts as a function of TQ for the five
amples using the three different experimental techniques. All of
hem were corrected to take into account the Zn loss using the coef-
cients presented above. It can be seen that a similar spread of the
ata is obtained as in Fig. 1, although all the tested samples for
ig. 3 have the same ordering temperatures. Therefore, the scat-
er in Fig. 1 is mainly a consequence of the different experimental
echniques rather than of the spread of the ordering temperatures
f the samples compared there.

It can be seen from Fig. 3 that the samples tested mechanically
up and down triangles) follow the same trend, showing within
xperimental scatter a similar MS shift for each TQ. This can be taken
s an indication that the degree of disorder retained by the quench
oes not depend on the crystallographic orientation of the tensile
xis. Additionally, it can be observed that the electrical resistance
alues (full circles in Fig. 3) present in the majority of cases, the
mallest values of the MS shift. This result could also have been
xpected, since this sample spent the highest amount of time at

oom temperature in order to spot weld the six cables for the mea-
urement.

In the case of the calorimetric samples (crosses in Fig. 3), the
S shift is different for each sample. In a first approximation it can

e assumed that this is not due to the crystal orientation, as sug-
Fig. 4. Shift of the martensitic transformation temperature as a function of the pre-
vious ageing time at room temperature. Stress–strain measurements performed on
S1 and S2 after a quench from 573 and 773 K, respectively.

gested by the results of the mechanical tests. Instead, it has to be
attributed to their different sizes, in particular the thickness. It can
be seen that the sample with the smaller thickness presents the
more pronounced shifts in MS, which as explained in the introduc-
tion is related to a lower degree of L21 order. In � phase Cu–Zn–Al
alloys the diffusion processes are controlled by vacancies. There-
fore, it can be suggested that for a thinner sample the vacancies
reach faster the sample surface, leaving the material without the
possibility of increasing the degree of long range order. A simple
argument will be given that supports this hypothesis. As presented
in [13], the average distance d that a vacancy migrates until it is
annihilated at a sink is given by

d =
√

3
4

a
√

N (1)

where a is the lattice constant and N is the number of its jumps. N is
related to the vacancy migration energy Em and to the temperature
T, according to [13]

N = z��0 exp
(

−Em

kT

)
(2)

being z the coordination number, � the average relaxation time, �0
the Debye frequency and k the Boltzmann constant. In the present
case, for each quenching temperature all variables in Eqs. (1) and
(2) are constants, and therefore, the ratio of the relaxation times
(�1 and �2) for the two thicknesses (h1 and h2) is given by

�1

�2
=

(
h1

h2

)2

∼5

Thus, the sample with the smaller thickness stops the ordering
process five times faster and the MS shifts should resemble those
of samples measured at shorter times after the thermal treatment.
This is the reason for a behavior of C2 similar to that of S1 and S2,
which had reached low temperatures very fast in the measuring
chamber. In spite of the results for the tensile specimens, it can-
not be excluded from the present results that they depend also on
the crystallographic orientation of the sample. In the stress sam-
ples, the cylindrical surface assures a quite similar distribution of
diffusion paths for both samples. On the other hand, the two circu-

lar surfaces are predominant in the calorimetric samples and the
effectiveness of each vacancy jump could depend on the crystal
orientation.

It can be seen from Fig. 4 that the shift in MS is reduced by ageing
at room temperature previous to the stress induced transformation.
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[
[13] W. Salgueiro, R. Romero, A. Somoza, M. Ahlers, Phys. Status Solidi (a) 138 (1993)

111–118.
[14] J.L. Pelegrina, L.M. Fabietti, A.M. Condó, G. Pozo López, S.E. Urreta, The influence
F.G. Sesma et al. / Journal of Alloy

he squares correspond to sample S1 after a quench from 573 K,
hereas the circles belong to sample S2 after a quench from 773 K.

t has to be noted that after each transformation the sample was
nnealed again, quenched and aged. The data were corrected for
he loss of Zn. The behavior can be described with one exponential
ime constant of 1000 s, reaching an asymptotic value of −22 K for
ample S1, and 260 s and −13 K respectively for S2. It can be seen
rom this figure how important is to minimize the time between the
hermal treatment and the measurement to detect the MS shifts. In
his context mechanical testing appears to be the more suitable
echnique.

A similar MS difference of 13 K has been measured in Cu–Zn–Al
elt spun ribbons between a slowly cooled sample and another

ne quenched from above the ordering temperature [14]. This dif-
erence has been rationalized in terms of the energy changes which
ntroduce the presence of L21 antiphase boundaries on each phase.
owever, the higher asymptotic value of this sample S1 cannot be
scribed to the antiphase boundaries, because a smaller density
f antiphases is obtained after a quench from below the order-
ng temperature [15]. Therefore, in this latter case, the MS shift
s probably due to a higher remaining L21 disorder of the struc-
ure, which a lower concentration of vacancies was not able to
liminate.

. Conclusion

The shift of the martensitic transformation temperatures as a
unction of the quenching temperatures in a Cu–Zn–Al alloy has
een studied by three experimental techniques. From the present

esults it can be concluded that:

. The spread of the data presented in the literature mainly arises
from the specimen geometry and the characteristic preparation
times concomitant to each measuring method.

[
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2. The spread is slightly influenced by the location of the ordering
temperatures. The principal requirement is the L21 order tem-
perature to be low enough to allow the retention of some degree
of disorder by a quench.

3. Zn is lost during the high temperature anneals.
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