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1. Introduction

One way of strengthening the Cu-based shape memory
alloys (and approaching to the performances of Ni-Ti al-
loys) is through the introduction of y-phase precipitates in
the  phase matrix. The thermal treatments suitable to gen-
erate distributions of precipitates of different sizes and den-
sities are well known [1-4]. However, the presence of
precipitates produces changes in the martensitic transfor-
mation temperatures and the hysteresis accompanying the
forward and reverse transformations [1, 5-7]. A systematic
study on this subject has been carried out in the recent last
years, specially in Cu-Zn-Al single crystals with composi-
tions in the vicinity of 16%at Al -15%at Zn, having an elec-
tron-to-atom ratio of 1.48 [5-13]. The present paper will
show the most relevant results obtained.

2.  Generation of Precipitates

The first studies on y precipitation in single crystalline
Cu-Zn-Al shape memory alloys with e/a = 1.48 were per-
formed by Chandrasekaran, Rapacioli and Lovey [1-4].
Distributions of y-type precipitates are obtained in alloys
with more than 10 at% Al by means of a non-equilibrium
way consisting in quenching from temperatures in the
range 670 K - 920 K to a temperature below 350 K but still
in the B condition. The last requirement is essential, i.e.
when quenching directly to the martensitic phase, the pre-
cipitates are not observed. Along the present paper, we will
refer to this kind of quenching as treatment TTB (typically,
quenching from 770 K). The precipitates obtained in this
way are coherent with the 3 phase (Fig. 1) and range in size
from 10 to 100 nm, depending on the quenching tempera-
ture.

The precipitates obtained on quenching can be grown
by subsequent upquenching or flash heating to intermedi-
ate temperatures (typically 670 K). Examples of the distri-
butions obtained after short and long flash heating times are
shown in Fig. 2. During its growth, the precipitates lose the
coherency with the  matrix, becoming semicoherent. This
happens when they reach sizes of about 100 nm. The
semicoherent precipitates develop a network of interface
(misfit) dislocations on their faces, with <100> Burgers
vectors in the {100} faces and also 1/2<111> and <100>
Burgers vectors in the {110} faces [7, 14, 15] (Fig. 3).

Precipitates of y phase can also be nucleated and grown
by the flash heating treatment even in the absence of the
small precipitates mentioned above, i.e. in fully betatized
specimens, quenched from temperatures in the region of

Figure 1. (a) HREM image of a precipitate coherent with the §

matrix.

Figure 1. (b) Enlarged and Bragg-filtered image of the
framed region of (a), showing the perfect continuity of atomic
planes in the precipitate and the matrix.

stability (typically 1120 K), which will be called treatment
TTA. In such a case, the precipitate distributions obtained
are generally less dense than those obtained with the same
flash heating applied after a TTB treatment. Thus, a wide
range of precipitate distributions (with different densities
and precipitate sizes) can be generated in a controlable way
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by the combination of the first quenching (TTA or TTB)
and the subsequent flash heating.

b)

Figure 2. Distributions of precipitates obtained after a treatment
TTB and flash heating at 670 K for 20s (a) and 60 s (b)

3. Influence of Precipitates on the
Martensitic Transformation

3.1 Macroscopic results. Effects on the
transformation temperatures

The effects of precipitates can be assessed by compar-
ing with precipitate free samples of the same alloys, sub-
mitted to a reference thermal treatment (air cooling from
the B stability region, typically 1120 K). The main trends of
the observed effects are as follows [5-7]: when the precipi-
tates are small and coherent with the 3 matrix, the transfor-
mation temperatures are lowered and the hysteresis slightly
widened compared to the reference values. For instance, a
drop of Ms (and Af) by about 15 K is observed in samples
submitted to TTB and 20 s flash heating at 670 K. When
the precipitate size grow, the Ms and Mf values continue to
fall, but As and Af stop their falling and start to increase
(even at higher values than the reference ones), giving rise

b)

Figure 3. (a) Misfit dislocations in the {100} face observed under
two beam condition with g =[011] (b) Misfit dislocations in the
{110} face, g=[112]

to a considerable increase of transformation hysteresis. For
instance, in samples with TTB and 60 s at 670 K, the hys-
teresis (Af-Ms) is about 60 K, while the reference value is
about 5 K. When the semicoherent precipitates grow fur-
ther, the direct transformation temperatures also revert
their previous behaviour and start to increase. For very
large precipitate sizes (of the order of 1 um), as after a flash
heating of 180 s at 670 K, all transformation temperatures
except Mf are shifted to values higher than the reference
ones. The samples submitted to TTA treatment and flash
heating exhibit a similar behaviour.

Not only the size of precipitates is important, but also
the density of the precipitate distributions. In samples
treated in a special way (15 min. homogenization at 920 K
and cooling to room temperature at a controled rate of 50
K/s, treatment called TTC) and subsequently flash heated
at 670 K for different times (up to 100 s), distributions of
big precipitates (about 1 um size) are obtained already for
the shortest flash heating times, but with a much lower den-
sity compared to those with similar precipitate sizes ob-
tained after a TTB or TTA and flash heating treatment. In
the case of TTC as the first thermal treatment, all the trans-
formation temperatures are higher than the reference ones,
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but the hysteresis is only slightly raised (it is always less
than 10 K for flash heating times up to 100 s) [6,7].

3.2 Microscopic observations. Interaction
between y precipitates and martensite

As commented above, the y precipitates are rather well
accommodated with the parent § phase: they are either
fully coherent or, at most, semicoherent, depending on the
precipitate size. This is due to the cubic-cubic orientation
relationship between the B and y phases and the small misfit
between the two cubic lattice parameters (¢ = 7.5 107
[14]). Nevertheless, when the matrix surrounding one pre-
cipitate is transformed to a single variant of martensite, the
hole left in the B matrix occupied by the precipitate is quite
severely deformed due to the intrinsic deformation accom-
panying the transformation [11], but the precipitate itself
maintains its shape (the y phase does not transform marten-
sitically). TEM observations show that the martensite
plates indeed absorb completely the small precipitates
(with sizes up to 300 nm) found during its growth. Thus,
strong stresses arise around the precipitates due to the
transformation shape change. The difficult accommodation
between martensite and precipitates requires an extra elas-
tic energy, which is responsible for the observed shift of the
transformation to lower temperatures. At this stage, the ef-
fects on the transformation temperatures increase with the
precipitate size, as the accommodation energy also in-
creases. In fact, the accommodation is not completely elas-
tic, but plastic deformation of the surrounding martensite
occurs, which is evidenced by the HREM observation of
dislocations in martensite around the precipitates [10]. The
same observations show the formation of martensite nano-
plates at the interface between the precipitate and the main
martensite plate. The nanoplates are self-accommodating
with the main plate (Fig. 4). The dislocations form in
martensite, but they remain in the 3 phase after the reverse
transformation takes place, due to the diffusionless charac-
ter of the martensitic transformation. When the thermal
transformation is repeated many times, dislocation arrays
around the precipitates and far from them can be observed
by conventional TEM (Fig. 5) [8]. In the case of stress-
induced transformations (single martensite variant), dislo-
cations loops encircling the precipitates can be observed by
the weak-beam dark field technique after a transforma-
tion-retransformation cycle (Fig 6). These loops are re-
sponsible for the changes observed in the c—¢ curves
[12,13] as well as for an easier induction of the two-way
shape memory effect in the samples containing coherent
precipitates [9].

When the precipitates attain a critical size of about 300
nm, they can not be completely absorbed by a single
martensite plate, because the deformation that it would be
necessary to accommodate around the precipitate becomes
too large. Instead, a complex array of small martensite
plates form in between the precipitates (Fig 7). This change
of martensite microstructure reduces the elastic energy re-
quired for the martensite-precipitate accommodation. The
elastic energy reduction, together with the chemical effects
of precipitates (the matrix around the precipitates is de-

Figure 4. (a) HREM image of the interface between a precipi-
tate (P) and martensite (M). A nanometric martensite plate (N) of
a variant self-accommodating with M is formed at the precipitate
interface. (b) Enlarged and Bragg-filtered image of the framed
region of (a). Note the presence of a dislocation in the nanoplate
N).

pleted in Al), account for the observed increase of transfor-
mation temperatures. The increase of hysteresis is also re-
lated with the change of martensite microstructure. In this
stage, the effects are not directly dependent on the precipi-
tate size, but mainly on the density of the precipitate distri-
bution, i.e. on the separation between precipitates, which
limitates the size of the martensite plates. This is evident
when comparing the results from the TTB or TTA with
those of TTC treatments. Again, the martensite/precipitates
accommodation is not completely elastic: big arrays of dis-
locations can be observed near the precipitates after repeat-
ing many times the thermal transformation (Fig. 8). Once
these dislocations are formed, they improve the martensite
accommodation for the subsequent cycles, which is re-
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Figure 5. Dislocations formed around the precipitates in samples with 10 thermal cycles. (a) sample with TTB;
(b) sample with TTB plus flash heating of 10 s at 670 K.

0.2 um

Figure 6. Weak-beam dark field image of the dislocation loops

formed around the precipitates
pseudoelastic cycles.

in a sample with 605

flected in a progressive shift of the direct transformation
temperatures towards the reference values during thermal
cycling [8].

4. Conclusions

A variety of distributions of y-phase precipitates in
Cu-Zn-Al single crystals with e/a=1.48, with different size,
shape, distribution density and nature (coherent or semi-
coherent) can be obtained by some suitable thermal treat-
ments. They bring about very different effects on the
martensitic transformation temperatures, which are mainly
related with the difficulties in the martensite/precipitate ac-
commodation due to the intrinsic deformation of the
martensitic transformation. The microstructural observa-
tions (mainly TEM and HREM) allow for a better under-
standing of the observed effects.

Figure 7. (a) TEM image of the small martensite plates formed
around a big precipitate, (b) detail of (a)
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Figure 8. Dislocations formed around a precipitate in a sample

1.

submitted to TTB + 60s at 670K and 10 thermal cycles 7.
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