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Abstract

Despite their favorable properties, brittle nature of the CuAlNi shape memory alloys limits their suitability. To increase their
ductility, Mn and Fe were added to the base CuAlNi alloy. To reveal the applicability of the developed CuAlNiMn and
CuAlNiMnFe alloys as functional materials, the effect of ageing on the thermoelastic martensitic transformation was
investigated. During the first heating of the aged samples the thermoelastic γ’ → β transformation occurred, which was
followed by a bainitic transformation. This transformation inhibited the further thermoelastic martensitic transformations.
The present paper covers heat flux DSC, SEM, and TEM investigations of the bainitic transformation. A feasible mechanism
of the bainitic transformation in these alloys is suggested based on the results of the examinations. 
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1. Introduction

CuAlNi based shape memory alloys (SMAs) have
favorable transformation characteristics (such as high
transformation temperatures) and low price compared
to TiNi and other compounds. The ageing effects in
the martensite and the austenite phases and the related
transitions are well described in many CuAlNi based
shape memory alloys [1-10]. However, the brittle
behavior of the CuAlNi alloys resulting from the
precipitation of the equilibrium γ2 phase and
intergranular cracking limit their use. To suppress the
eutectoid β1 → α + γ2 decomposition process, and
thus, to increase ductility, Mn is a well-known
alloying element of the CuAlNi systems. Some papers
report that a bainitic transformation occurred in the
austenite phase of the CuAlNiMnTi alloys during
heating. The “bainitic” term is used in these alloys as
well because the principal characteristics of the
reaction are similar to the bainitic reactions of steels
[11]. The bainitic reaction caused a shift in the
transformation temperatures of the thermoelastic γ’ ↔
β1 transformations during the subsequent
cooling/heating cycles [12-15]. These papers report
about the examinations of alloys with ~2 wt% Mn
content. 

The ductility of the subject alloys of our
investigation was increased by the addition of 4 wt%
Mn and 2 wt% Fe to produce CuAlNiMn and
CuAlNiMnFe alloys. The aim of our investigation is

to examine the solid state transformation processes in
the temperature range of applications of the developed
alloys and their effect on the thermoelastic γ’ ↔ β1
transformations. Our previous examinations revealed
that an exothermic process occurred in the first
heating scan of the betatized, quenched CuAlNiMn
and CuAlNiMnFe alloys above the austenite finish
(Af) temperature. There was no forward β1 → γ’
martensitic transformation in the subsequent cooling
scan.  Consequently, there was no reverse γ’ → β1
transformation during the second heating scan. It was
concluded that the observed exothermic process
destroyed the thermoelastic martensitic
transformation. Microstructure examinations revealed
that the exothermic process produced a fine plate-like
structure containing precipitates which is shown in the
CuAlNiMnFe alloy in Fig. 1. a and b [16]. The aim of
the present paper is to study the fine structure and the
phases produced by the exothermic process and to
identify the exothermic process based on our results. 

2. Experimental

Single crystal rods with diameter of 3 mm of the
CuAlNiMn (alloy A) and CuAlNiMnFe (alloy B)
alloys were produced by Bridgeman method at the
University of Leuven, Belgium. The compositions of
the alloys were determined using ICP (Inductively
Coupled Plasma) method.  The compositions of alloys
A and B are given in Table 1.



Slices with ~1.5 mm thickness were spark cut
from the rods. The samples were betatized
(homogenized) at 1173 K for one hour in an air
furnace, then quenched in room temperature water to
obtain the γ’ martensitic phase. The quenched samples
were then heated to 623 K with 10 K/min in a Netzsch
204 heat flux DSC (Differential Scanning
Calorimeter) then subsequently cooled to room
temperature with 10 K/min. Ar purge gas was used
during the DSC examination. The DSC scans of the
first and second heating and cooling runs of alloy B
are shown in Fig. 2. The samples were mechanically
polished then prepared using ion beam milling for the
TEM (Transmission Electron Microscope)

examinations. TEM investigations were performed by
a FEI Tecnai G2 device equipped with EDS (Energy
Dispersive Spectroscopy) microprobe. 

3. Results

Alloys A and B gave similar results during our
previous and the present examinations. The only
differences between the two alloys were slight
differences in the start and finish temperatures of their
thermoelastic 2H γ’ ↔ bcc β1 transformations. The
start and finish temperatures are known to be very
sensitive on the alloy composition and these
differences were irrelevant in the characterization of
the exothermic process. This suggests that the same
process occurs in both alloys. The present paper
focuses only on the results of alloy B. Fig. 2. shows
the first and second heating and cooling DSC runs of
the betatized sample of alloy B. The upper scans
correspond to the heating runs while the lower scans
correspond to the cooling runs. The black scans
correspond to the runs of the first cycle, while the grey
scans correspond to the runs of the second cycle. 
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Figure 1. a) SEM image of the plate-like matrix of the CuAlNiMnFe alloy after the exothermic process. b) precipitates in
the matrix [16]

Figure 2. DSC runs of the homogenized sample of alloy B

Table 1. Compositions of the examined alloys

Cu
[w/w%]

Al 
[w/w%]

Ni 
[w/w%]

Mn
[w/w%]

Fe
[w/w%]

Alloy A rest 10,20 4,92 4,12 0

Alloy B rest 9,90 4,85 4,16 1,92



The direction of the exothermic reaction is also
indicated.

It can be seen, that the endothermic peak of the
reverse γ’ ↔ β transformation appeared during the
first heating run, which was followed by a flat
exothermic peak indicating the β → β1 ordering
process. There was an exothermic process starting at
around 550 K (277°C). There is no forward β1 → γ’
transformation during cooling, furthermore, no
transformation was observed during the second cycle.
This means that the thermoelastic transformation was
killed by the exothermic process. On the other hand,
the lack of any heat effect during the first cooling run
also means that the structure produced by the
exothermic process is preserved after the DSC
examination. 

The next step was the examination of the fine
structure and the phases produced by the exothermic
process. The Bright Field (BF) TEM image and the
diffraction patterns of the present phases of alloy B
are shown in Fig. 3. The locations of the diffraction
examinations are also shown. 

It can be seen in fig. 3 that the structure produced
by the exothermic process consist of a fine plate-like
matrix with a few 100 μm in width and fine
precipitates with the size of  around a few 10 μm. The
precipitates are present inside the plates in their
centerlines and between the neighboring plates as
well. The precipitates in the centerlines are separate
and they are following each other in rows. The
precipitates at the sides of the plates are grown into
each other producing a continuous band.
Consequently, the sides of the plates are not straight,
they are wavy. 

According to the results of the electron diffraction
examinations (lattice structure and cell parameter

examinations) the plates are the fcc α (Cu solid
solution) phase, while the precipitates are identified as
the Al1Ni1 (58037), or Al1Mn0,5Ni0,5 (57978), or
Al1Fe0,5Ni0,5 (57809) intermetallic phases according to
the ICSD (Inorganic Crystal Structure Database) with
Pm3-m lattice structure. The Al1Ni1, Al1Mn0,5Ni0,5,
and Al1Fe0,5Ni0,5 phases are actually the same
intermetallic phase where some of the Ni atoms in the
lattice can be replaced by Mn or Fe atoms, or both. 

The composition examinations were carried out at
the same locations where the diffraction patterns were
taken. The results of the composition examinations
are summarized in table 2. 

The result of the composition examination of the
plate (area a) confirmed that the plate is the α phase,
that is, Cu solid solution with some content of the
alloying elements. The measured composition of the
precipitate in the centerline (area b) suggests that the
precipitate contains a notable amount of Cu. The Cu
content appears in the result of this measurement
because the plate surrounding the precipitate was
involved in this composition measurement. This
disturbing effect could not be eliminated because of
the small size of the precipitates. The same effect
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Figure 3. Bright Field (BF) TEM image and diffraction patterns of the present phases of alloy B after the exothermic
process

a b c
Element wt % at % wt % at % wt % at %

Cu 88.48 81.16 59.04 49.58 23.91 18.47
Al 6.11 13.21 11.7 23.14 17.24 31.38
Ni 1.22 1.21 15.89 14.44 39.67 33.19
Mn 3.04 3.23 3.94 3.83 6.36 5.69
Fe 1.12 1.17 9.41 8.99 12.79 11.25

Table 2. The results of the compositions examinations



occurred during the measurement of a precipitate at
the side of the plate (area c). 

4. Discussion

The fine structure examinations revealed that the
exothermic process observed during the first DSC
heating run produced a structure consisting of fine α
phase plates and (AlNiMnFe) precipitates. It is known
that the phase prior to this process is the homogenous
β1 phase. This means that the exothermic peak is the
overall heat effect of a phase transformation and a
precipitation process. The two processes cannot be
distinguished from each other on the DSC scan. This
suggests that the kinetics of the two processes are
strongly connected. The results yield that the
exothermic process is a bainitic reaction. Bainitic
reactions were reported in CuZnAl SMAs as well
where the different mechanisms of the bainitic
reactions were discussed depending on the alloys
composition [17-19]. 

Let us now discuss the mechanism of this bainitic
reaction. The Cu-Al equilibrium phase diagram (fig.
4.) will be used to deduce the probable mechanism. It
is true that the binary phase diagram does not deal
with the other alloying elements, but Ni, Mn and Fe
are concluded to be in solute in the phases (β1, α, and
γ’ or β’) of our interest. Furthermore, the binary
diagram is used only to understand the mechanism of
the observed bainitic reaction. The observed
(AlNiMnFe) intermetallic was found to have high Al,
Ni, Mn and Fe content compared to the initial
composition. The formation of the (AlNiMnFe)
intermetallic is not surprising, since one of the stable
phases of the Cu-Al system in the composition range
of our interest is an intermetallic phase, the γ2 phase
(besides the α phase). The tendency for the
precipitation of the intemetallic phases of the Cu-Al
and Cu-Zn based systems was referred and observed
in many papers aiming the examination of the
precipitation hardening mechanisms of the Cu-Al and
Cu-Zn based systems [20]. While the formation of the
γ2 is suppressed by the Ni content in CuAlNi systems
[21, 22], the relatively large amount of the Mn (4 wt
%) and Fe (2 wt %) addition evidently aided the
formation of the (AlNiMnFe) intermetallic phase.
This is confirmed by the fact that using moderate
heating rates or annealing temperatures and time the
bainitic reaction in the CuAlNiMnFe alloy with ~4
wt% Mn occurred in the whole volume of the sample
and the thermoelastic martensitic transformation was
completely destroyed, while this reaction occurred
only in some regions of the sample in CuAlNiMnTi
alloys with ~2 wt% Mn content causing only a shift in
the transformation temperatures [12-15]. 

The plates around the precipitates were found to
contain less of the solutes compared to the initial

composition. This is a proof of the depletion of the
matrix in solutes. The plates were identified as the
equilibrium α phase of the Cu-Al system. However, a
relief formation was observed during the bainitic
reaction in the CuAlNiMn and CuAlNiMnFe alloys in
a previous work of the authors [16]. The relief
formation is an evidence of that a martensitic type
transformation occurred during the bainitic reaction.
If one takes a look at the Cu-Al equilibrium phase
diagram it can be concluded that the Ms (Martensite
start) temperature is the first to be crossed as the
solute concentration of the matrix decreases. The
solvus line of the equilibrium α phase is crossed only
at lower concentrations. This means that as the growth
of the precipitations depleted the β1 matrix, it must
have transformed to a martensite (M) first (M is either
18 R β’ or 2H γ’). This can be further confirmed if one
considers that the martensitic transformations occur
easily in SMAs while the β1 → α transformation
involves classical solid state nucleation and growth. 

Figure 4. The Cu-Al equilibrium phase diagram 

Accordingly, the observed α phase was developed
from the M by the rapid M → α transition process.
The M → α transition is known to occur rapidly at
moderate temperatures. The rapid nature of this
transitions yield from that the atomic planes packed
on each other in the 18R β’ or 2H γ’ structures are the
close packed planes and so are the {111} planes of the
fcc α phase. This transition takes place by a
rearrangement of the close packed planes thus the
elimination of the periodic stacking faults (twin
boundaries) from the 18R β’ or 2H γ’ plates resulting
the fcc α phase [18]. After this transition took place,
the plane sides of the M plates started to become wavy
due to their coarsening. Considering the rapid nature
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of the the M → α transition it is clear why the α phase
was observed instead of the β’ or γ’ phases around the
precipitates. 

After all, there is no evident proof that the β1 → M
transformation occurred first due to the depletion.
However, a similar model was suggested for the
bainitic reaction in CuZnAl SMAs earlier [18]. 

It can be easily concluded that the formation of the
M plates was driven by the nucleation of the
precipitates in the suggested model. The growth of the
M plates required the decrease of the solute content in
the neighboring β1 matrix. This means that the growth
of the martensite plates was driven by the growth of
the precipitates. Since the formation and growth of the
precipitations involve diffusion, the growth of the
martensite plates and thus the whole bainitic reaction
was controlled by the diffusion. This conclusion is in
agreement with results on other Cu-based SMAs
exhibiting bainitic reactions [12-14, 17-19].

It was also observed that the rows of the
precipitates are parallel with the sides of the plates.
The strong directional distribution of the precipitates
suggests that the formation of the precipitates was
favoured on certain crystallographic planes.
Furthermore, the precipitates were also found on the
sides of the plates. This suggests that the favoured
crystallographic planes are parallel with the habit
planes of M. Of course, this suggestion needs further
examinations to confirm or confute. 

The results of our examinations suggest that the
mechanism of the observed bainitic reaction was as
follows. Small precipitates of the intermetallic
(AlNiMnFe) phase formed in the β1 phase during
heating. The formation and growth of the precipitates
depleted the surrounding areas of the β1 matrix which
caused the β1 to transform to a martensite (M). The
newly formed β’ or γ’ martensite plates transformed to
the α phase by a rapid transition process. 

5. Conclusions

After the thermoelastic reverse γ’ → β
transformation and the β → β1 ordering process took
place, a bainitic β1 → (AlNiMnFe) + M reaction was
observed during the first DSC heating run in the
examined Cu-9.90Al-4.85Ni-4.16Mn-1.92Fe alloy.
The bainitic reaction is suggested to have been
controlled by the diffusion. After the bainitic β1 →
(AlNiMnFe) + M reaction the M → α transition took
place. 

Due to the β1 → (AlNiMnFe) + M bainitic reaction
the CuAlNiMn and CuAlNiMnFe alloys lost their
ability for the thermoelastic martensitic
transformation. The process started at around 550-600
K depending on the applied scanning rate. The
diffusion controlled nature of the process suggests

that this process may occur even at lower
temperatures. The high Mn and Fe content resulted an
alloy that can not be used as SMA. The effect of Mn
and Fe must be taken into account when developing
CuAlNi based SMAs. 
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