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In this work, the thermal stability of two samples of Cu-11.8 wt%Al obtained by different milling pro-
cesses is analyzed. Several TEM techniques were used and HT-XRD experiments performed to determine
the crystal structure and the morphological microstructure of the samples obtained during different heat
treatments. The heat treatments were: quenching from 850 �C to room temperature and two consecutive
calorimetric runs at 5 �C/min. After the quenching,a2 is the major phase observed, reaching 95 mass%.
The remaining 5 mass% consisted of martensitic phases: one sample had c0, a hexagonal structure, and
the other b10 , a rhombohedral structure. During the first calorimetric run, the sample containing the c0

phase exhibited a calorimetric event and the sample containing the b10 phase did not. The calorimetric
event is attributed to the austenitic transformation c0 ? b1. The lack of calorimetric event in the sample
containing the b10 is associated with the inhibition of the transformation b10 ? b1 because of the precip-
itation of the c2 phase. Finally, the absence of a calorimetric event in the second run with the first sample
is associated with the retransformation to b10 instead to c0 phase during cooling of the first calorimetric
run. These studies determined that the first sample is a better candidate than the second sample to pro-
duce a shape memory alloy after thermo-mechanical treatments of the milled powders.
� 2017 The Society of Powder Technology Japan. Published by Elsevier B.V. and The Society of Powder

Technology Japan. All rights reserved.
1. Introduction

Shape memory alloys are smart materials that change their
shape due to a diffusionless martensitic transformation between
two phases at a given temperature. Among all Cu-based shape
memory alloys, the ones containing Al are the most interesting
due to their high transformation temperature (Ms), which is over
200 �C [1]. The martensitic transformation is reversible and takes
place between solid state phases. The high-temperature phase is
called austenite and the low-temperature phase martensite [2,3].
In Cu-Al alloys, the transformation occurs between the high-
temperature b phase and the low-temperature b0

1 or c0 phases
[4,5]. In these alloys, both the structure of the martensite phase
and the temperature of the martensitic transition depend on the
Al content of the sample. In the Cu-Al system, the martensitic
transformation could also be hindered by either a or c2 phase pre-
cipitation [6–8]. It is important to briefly describe the conventional
Cu-Al phase diagram in order to understand the role of the temper-
ature for different Al concentrations in these alloys. A selected sec-
tion of this binary phase diagram is shown in Fig. 1 [7]. At the
highest temperature analyzed, 550 �C, the b phase has a eutectoid
at 11.8 wt%Al. This phase has a disordered bcc-based structure
[9,10]. For compositions near 11.8 wt%Al and temperatures less
than the eutectoid, the b phase shows an order transition to a first
order neighbor. The resultant phase, b1, is ordered [9]. This phase
can transform martensitically to the c0 phase when the Al content
is larger than 13 wt%Al. The c0 phase has a hexagonal structure that
can be also described as an AB stacking sequence [9]. The b1 phase
transforms to the b0

1 for Al contents lower than 13 wt%Al. This
phase has a rhombohedral structure that can also be described as
a monoclinic structure with an ABCBCACAB stacking sequence
[11,12]. It is relevant to mention that the precipitation of the c2
phase at 200 �C can occur even from martensites with a 12 wt%Al
content [6]. The c2 phase has a cubic structure with 52 atoms
and 2 structural vacancies [13]. The decomposition of b might
occur to both c2 and a phases [7,14]. The a phase has a fcc struc-
ture that can also be described as a solid solution of aluminum in
vanced
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Fig. 1. A selected section of the Cu-Al alloy binary phase diagram (continuous
lines). The Ms temperatures and stable regions for the different martensitic phases
are shown. Red arrows indicate the composition used in this work [9]. (For
interpretation of the references to colour in this figure legend, the reader is referred
to the web version of this article.)
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copper [1,15]. The a phase can also transform into the a2-compact
tetragonal phase at temperatures less than 340 �C [7,11].

It has been reported that novel synthesis methods for Cu-Al
based intermetallics produce a decrement in the grain size that
increases the average value of fracture stress in these materials
[16]. These methods involve the sintering of micrometric powders
with irregular particle boundaries. Reactive milling is used to con-
trol particle size and to obtain irregular particles boundaries,
which favor powder cohesion [17–19]. Intermetallics in Cu based
systems are produced by different types of milling [20–22]. How-
ever, the intermetallics obtained at the completion stage of the
milling do not match the thermodynamic equilibria of the conven-
tional phase diagram. This behavior has been previously reported
for this system and others [21–24]. Moreover, Cu-11.8 wt%Al has
a mixture of a and c2 phases after the final stage of milling [22].
The amount of each phase depends on the type of milling. All pow-
der sintering techniques of the powders involve thermo-
mechanical treatments [17–19]. For this reason, it is important to
know the thermal stability of powders to be processed. The novel-
ties presented in this work involve the synthesis and heat treat-
ment of powder samples obtained by two different milling
processes. These processes lead to different powder characteristics
which, in turn, due to the differences in the energy accumulated
affects the formation of the desired martensite. The austenitic
transformation c0 ? b1 or b10 ? b1 was fully characterized in bulk
materials. However, the characteristic of this transformation or
inhibition by the precipitation of c2 phase was never studied so
deeply in powders. Moreover, most of the information available
about powder process characterized the powder already com-
pacted [16,17], without a careful study of the modification of the
powder in each step of the compact process.
Please cite this article in press as: N.N. Sanchez Pascal et al., Thermal stability
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Thus, the aim of this work was to examine the phase stability of
two powder samples with the same nominal composition obtained
by different milling processes [22]. The results should show which
milling process yields the best powder that can be sintered into a
high quality shape memory alloy.
2. Materials and methods

2.1. Sample treatment

The thermal stability of the phases present in the samples was
studied after and/or during three consecutive heat treatments. The
details of each of the treatments are discussed in following sections
and shown schematically in Fig. 2. In order to clarify the following
text, the samples were renamed after each heat treatment.

2.2. Synthesis and characterization of samples P50 and H100

The starting samples were Cu-Al mixtures with a nominal com-
position of Cu-11.8 wt%Al obtained by mixing elemental Cu
(99.999% purity) and Al (99.5% purity) powders. Mixtures were
milled by two different milling processes. The first one was carried
out for 50 h in a Fritsch Pulverissette 6 planetary-motion mill with
conditions selected to fullfill medium-energy milling, that sample
is labelled P50. The second sample was prepared in a Australian
Instrument Uniball Mill II horizontal mill with conditions selected
to reach low-energy milling for 100 h. Sample obtained is denom-
inated H100. Synthesis details for samples P50 and H100 are pub-
lished elsewhere [22]. It is worth mentioning that the milling
conditions used for samples P50 and H100 were selected consider-
ing milling stages. Since composition in both cases do not change
after reaching completion stage, the milling times in each case
were selected to assure that both samples reached this stage
[22,23]. It means that P50 reached final stage at milling
times < 50 h and H100 reached this stage at 100 h. The structure
and microstructure of these sample were analized by transmission
electron microscopy (TEM) and X-ray diffraction (XRD). The TEM
characterization was performed using both a FEI TECNAI F20 G2
field emission and a FEI CM200 UT microscopes operated at
200 keV. The phase studies were carried out at room temperature
by XRD on a PANalytical Empyrean diffractometer with Cu Ka radi-
ation. High statistic XRD profiles were analyzed with the Rietveld
method using the Fullprof software [25,26].

2.3. Synthesis and characterization of samples QP50 and QH100

Samples P50 and H100 were heat treated by sealing them in
quartz capsules under an Ar atmosphere and annealing in an ad-
hoc designed laboratory oven. The heat treatment consists of
annealing at 850 �C for 48 h followed by water quenching. From
now on, this annealing and quenched is called the first heat treat-
ment. Samples heated and water-quenched are labeled as QP50
and QH100, respectively. TEM and XRD analysis of samples QP50
and QP100 were performed in the same equipment as for samples
P50 and P100.

2.4. Synthesis and characterization of samples QRP50 and QRH100

Thermal stability of the annealed and water-quenched powders
(samples QP50 and QH100) was studied by differential scanning
calorimetry (DSC 2910, TA Instruments). Measurements were
taken between room temperature and 500 �C in a purified Ar
(99.999%) atmosphere at a heating rate of 5 �C min�1. The phase
stability of samples QP50 and QH100 was also studied by in-situ
high-temperature XRD using an Anton Paar HTK 1200 N chamber
analysis of Cu-11.8 wt%Al milled samples by TEM and HT-XRD, Advanced
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Fig. 2. Schematic representation of the heat treatments given to each sample.

Fig. 3. (a) TEM dark field image of sample H100. (b) A bright field image of sample
QH100. (c) and (d) Dark field images showing in detail the different microstructures
found in the particle shown in image (b).

Fig. 4. (a) A TEM dark field image of sample QP50. (b) Microdiffraction pattern
indexed as [3 �1 �1]c0 zone axis of a band contrast grain in image (a). (c) HRTEM
image of sample QH100. The inset presents a magnified micrograph of the
rectangular area showing an ABCBCACAB stacking sequence. (d) Selected area
diffraction of the grains with flat contrast from sample QP50.
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with an automatic high-Z correction connected to a PANalytical
Empyrean diffractometer with a PixCel 3D detector. Isothermal
measurements at selected temperatures were performed with a
heating program from room temperature to 700 �C using a 10 �-
C min�1 heating ramp under a He (purity 99,999%) flow of
100 ml.min�1. During heating, different temperatures were
selected to obtain isothermal profiles (25 �C, 200 �C, 260 �C,
280 �C, 350 �C, 450 �C, 500 �C, 550 �C, 600 �C, 650 �C, 700 �C). The
time spent during each measurement for the different tempera-
tures was one hour. From now on, the heating of the samples dur-
ing the first run of DSC measurements is called the second heat
treatment. After the DSC run or HT-XRD, the QP50 and QH100 sam-
ples were renamed QRP50 and QRH100, respectively. Structure and
microstructure of these samples were analized by TEM and XRD in
the same equipment described in Section 2.2.

2.5. Final heat treatment of samples QRP50 and QRH100

Finally, the thermal stability of samples QRP50 and QRPH100
was studied by DSC in the DSC 2910, TA Instruments. This third
heat treatment was performed under the same conditions as sam-
ples QP50 and QH100, described in the previous section.

3. Results and discussion

3.1. Microstructure changes after the first heat treatment

Fig. 3 shows the variation in microstructure of sample H100 due
to the application of the first heat treatment (annealing at 850 �C
and quenching). Here, there is a clear microstructural change in
the sample before (H100) and after (QH100) the first heat treat-
ment. There is an observed increment in the grain size and a
change of shape in the inner microstructure of some grains as
clearly observed by comparing dark field images shown in
Fig. 3a–d. The same characteristic and changes in microstructure
are observed in samples P50 and QP50 (data not shown). The dark
field images of the QH100 sample show some grains with a flat
contrast and the others with bands. The bands turn on and off
for different selected diffraction spots. Microstructures similar to
those shown in Fig. 3c or Fig. 4a were previously reported in
martensites structures with twins [27,28].

Other TEM techniques corroborate the presence of martensite
structures in the contrasting bands within grains and the presence
of a2 structure in the grains having a flat contrast. As an example,
Fig. 4b shows the microdiffraction of a grain with contrasting
Please cite this article in press as: N.N. Sanchez Pascal et al., Thermal stability analysis of Cu-11.8 wt%Al milled samples by TEM and HT-XRD, Advanced
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bands in sample QP50. This pattern can be indexed as c0 marten-
site. Fig. 4c shows the HRTEM image of sample QH100. The image
also displays a stacking sequence that can be associated with b10.
Fig. 4d shows the selected area diffraction of grains with flat con-
trast. All the ring diffraction patterns are indexed as the a2 phase.
Although both samples, QH100 and QP50, show the same type of
diffraction pattern of plain contrast grains, the martensite struc-
ture in sample QP50 is consistent with the presence of c0, while
the martensite structure in sample QH100 is associated with the
presence of b10.

The mean diameter of the grains with flat contrast is two times
larger than the grains before the quenching. However, the grains
that exhibit a martensite microstructure seem to grow one order
of magnitude as shown in Table 1. This behavior can be attributed
to an abrupt change of microstructure occurring when either the b
or b1 phase transforms martensitically during the quenching pro-
cess. The difference between phase transformations could explain
the differences in the grain growth. Both a and c2 phases nucleate
and growth inside the b or b1 phase while the martensites trans-
form the whole microstructure of the grain at the same time.
Fig. 5. X-ray diffractograms of samples (a) P50 and QP50, (b) H100 and QH100.
3.2. Structure changes after the first heat treatment

Diffractograms of samples P50 and H100 are shown with con-
tinuous blue lines in Fig. 5a and b, respectively. In both cases, a
and c2 phases were indexed. No other phase was observed within
the detection limit of this technique. After the first heat treatment,
different profiles were presented in each sample, since new peaks
appear. Diffractograms of samples QP50 and QH100 are shown in
red shading in Fig. 5a and b, respectively. The peaks indexed as
phases a2 and c0 in sample QP50 while phases a2 and b10 were
indexed in sample QH100. These results are consistent with TEM
analysis of the quenched samples, since both types of phases grow
in each sample.

The Rietveld refinement of the QP50 and QH100 samples X-ray
diffraction patterns show that a2 is the major phase. Although the
martensite structures in both samples are different, the mass con-
tent of these phases is less than 7%. Results are summarized in
Tables 2 and 3. The lattice parameters of the martensites and the
a2 phases, also obtained from the Rietveld analysis, match previous
reported values [7,9,11,12]. It should be also pointed out that in
Fig. 5 the a2 peaks in the diffraction patterns of samples QP50
and QH100 are narrower than peaks corresponding to a and c2
phases of samples P50 and H100. The profile changes can be
mostly attributed to two different processes. Firstly there is the
relaxation of retained strains during the milling process. Secondly
there is grain growth. Also, peaks of a2 phase seem narrower than
those peaks associated with the martensitic phases c0 and b10 of
samples QP50 and QH100. a2 phase grains growth to twice the
original size, as is shown in Table 1. Although b10 and c0 grain sizes
grow one order of magnitude, as is shown in the same table, this
grain growth is not apparent in the diffractogram shown in
Fig. 5. This is due to two reasons: the b10 and c0 mass percent is
low as shown in Tables 2 and 3; and the structure contains a large
number of variants as displayed in Fig. 3. Therefore, the peaks from
this structure are not unique. Rather, they appear as a distribution.
Table 1
Grains size ranges before and after the first heat treatment.

Sample
name

Range of grain
diameters [nm]

Sample
name

Range of grain diameters [nm]

Flat contrast Band contrast

P50 3–32 QP50 9–64 215–1038
H100 1–25 QH100 8–67 24–585
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The difference in the type of martensite between samples QP50
and QH100 can be attributed to different amounts of a and c2
phase in the sample QP50 [22]. Different types of milling processes
lead to different amount of intermetallics in the final stage of
milling [22]. As a result, the type of martensites obtained after
the quenching process are different.
3.3. Evolution of phases during second heat treatment

3.3.1. Calorimetry experiment
Fig. 6 a and b show the corresponding calorimetric evolution of

samples QP50 and QH100 during the second heat treatment. As
summarized in Tables 2 and 3, the only difference between these
samples is the structure of the martensite. In each sample, the
amount of martensite is less than the 7 mass%. The a2 phase is
the majority constituent in each sample. This structure is the stable
one according to the equilibrium phase diagram shown in Fig. 1.
During the first run, sample QP50 shows at least two global
exothermal events between 190 �C and 480 �C while sample
QH100 shows no calorimetric event. The exothermal events in
QP50 are associated with one of the following processes:

(1). the decomposition of a2 to a + c2
(2). the martensitic transformation of c0 to b1.
analysis of Cu-11.8 wt%Al milled samples by TEM and HT-XRD, Advanced
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Table 2
Phase characterization of sample QP50 using the Rietveld method.

Sample QP50

Phases Cell parameters Mass fraction (%) v2

Lattice parameters (nm) Angles (�)

a b c a b c

a2 (I4/mmm) 0.3668(7) 0.3668(7) 0.7346(5) 90 90 90 95 ± 3 2
c0 (Pmmn) 0.5182(0) 0.4178(6) 0.4499(5) 90 90 90 5 ± 3

Table 3
Phase characterization of sample QH100 using the Rietveld method.

Sample QH100

Phases Cell parameters Mass fraction (%) v2

Lattice parameters (nm) Angles (�)

a b c a b c

a2 (I4/mmm) 0.3668(7) 0.3668(7) 0.7346(5) 90 90 90 92 ± 3 2
b10 (P2/m) 0.4473(7) 0.5152(1) 1.3743(9) 90 77.5303 90 7 ± 3

Fig. 6. DSC curves obtained at a heating rate of 5 �C min�1 for samples (a) QP50 and
(b) QH100.
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Since both samples have, within experimental error, a similar
mass content of the a2 phase, the first hypothesis does not explain
the absence of a calorimetric event in sample QH100, as shown in
Fig. 5b. The second hypothesis (c0 ? b1) leads to the following
questions concerning the absence of a calorimetric event in sample
QH100.
Please cite this article in press as: N.N. Sanchez Pascal et al., Thermal stability
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If the martensitic transformation c0 ? b1 occurs in sample
QP50, it seems odd that the martensitic transformation b10 ? b1
does not involve any calorimetric event in QH100. That being the
case, should it be possible that either the microstructure inhibits
a calorimetric event or the transformation b10 ? b1 does not occur
in sample QH100? To resolve which process occurs, in-situ HT-XRD
measurements were performed, as explained in Section 3.3.2.

As observed in Fig. 6 a and b, a second calorimetric run was
done. The experimental runs for each sample show identical char-
acteristics and no thermal event is observed in either case. The lack
of a heat event in the samples is discussed in Sections 3.4.1 and
3.4.2.

3.3.2. In situ HT-XRD experiments
Fig. 7a shows three different diffractograms of sample QP50 at

the temperatures of 25 �C, 350 �C and 650 �C (these are particular
cases selected from the 11 measured temperatures). The diffrac-
tion patterns were taken from each sample using an isothermal
program in the same run. These three diffractograms show evi-
dence of particular phases. Phases a2 and c0 were indexed at
25 �C. Peaks of a and b1 appeared at 350 �C and phases a and b
were found at 650 �C. Two general features are associated with
the sample microstructure as the temperature increases. One is
the phase evolution described by the formation of new phases.
The other is the general microstructure development, which shows
a refinement of the peaks that correlate with grain growth and a
release of residual strain. As observed, peaks are narrower as tem-
perature increases. This behavior is associated with the relaxation
of internal stresses and grain growth. Fig. 7b shows the evolution
of phases at each temperature. Here, the relative intensity of the
highest peak of each phase is plotted against temperature. There
is a diffractogram for each temperature and all diffractograms
show the coexistence of only two phases. The relative intensity
indicates the increment and decrement of phase amounts. Dissolu-
tion and nucleation are also associated with these relative sample
amounts. As observed in Fig. 7b, the c0 ? b1 transformation takes
place between 200 �C and 450 �C. This temperature range matches,
within the experimental error, the exothermal event of sample
QP50, shown in Fig. 6.a. Similar events measured by calorimetry
are reported in a sample Cu-12.4 wt%Al [7,14]. In these references,
the authors associated the calorimetric event near 400 �C with the
c0 ? b1 transformation. They also report a uniform martensitic
grain size distribution because their alloy was prepared by induc-
tion melting. To the contrary, the grain size distribution of the
analysis of Cu-11.8 wt%Al milled samples by TEM and HT-XRD, Advanced
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Fig. 7. (a) X-ray diffractograms of sample QP50 obtained at 25 �C, 350 �C and
650 �C. (b) Relative intensities of the highest X-ray peak of each phase of sample
QP50 as a function of temperature.

Fig. 8. (a) X-ray diffractograms of sample QH100 obtained at 25 �C, 350 �C, 450 �C
and 700 �C. (b) Relative intensities of the highest X-ray peak of each phase of
sample QH100 as a function of temperature.
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martensite (c0 phase) in sample QP50 varies almost one order of
magnitude (between 215 and 1038 nm) as shown in Table 1. Pre-
vious work with Cu-Al based alloys report a shift in the transfor-
mation temperature b1 ? c0 when the grain size is smaller than
100 lm. This temperature shift is larger for grain sizes less than
20 lm [29]. This can explain the 200 �C difference in the calorimet-
ric event found in this work and that reported in [7,14].

Fig.8a shows four different diffractograms from sample QH100
taken at 25 �C, 350 �C, 450 �C, and 700 �C. All diffractograms were
acquired during the same run in the fashion described previously.
It is notable that the peaks are narrower as temperature increases,
indicating both internal stress relaxation and grain growth. Nucle-
ation, disappearance or ordering of a phase occurred at each of the
four temperatures. At 350 �C, b10 transforms to b10 0 in a first order
neighbor change. At 450 �C, both b10 0 and a2 disappear while both
a and c2 nucleate and grow. Finally, at 700 �C, c2 dissolves and
the b phase nucleates leading to the appearance of a. Fig. 8b shows
a summary of dissolution and nucleation of each phase for the ele-
ven isothermal measurements in the HT-XRD run. In this Figure, it
is shown the relative intensity of the highest peak of each phase as
a function of the isothermal measurement. Figs. 7b and 8b are sim-
ilar up to 350 �C.

In Fig. 8b, nucleation of the b phase is observed at higher tem-
perature as a consequence of the nucleation of the c2 phase. Then,
the transformation b10 ? b1 in sample QH100 is inhibited by the
precipitation of the c2 phase. It is worth noting that the calorimet-
ric event in Fig. 6a of sample QP50 is associated to the transforma-
Please cite this article in press as: N.N. Sanchez Pascal et al., Thermal stability
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tion c0 ? b1. Since the transformation of b10 ? b1 is inhibited, no
appreciable calorimetric event was expected for the QH100 sample
as observed in Fig. 6b. The inhibition of martensitic transformation
by the c2 precipitation was reported for several Cu based shape
memory alloys [6,30]. Again, it is worth mentioning that all these
studies report that the martensitic transformation is hindered by
c2 precipitation.
3.4. Resulting phases after the second heat treatment

3.4.1. Microstructural results
The lack of thermal events during the second heat treatment of

sample QRH100 is elucidated in the previous section. However, it is
not clear why there is an absence of a thermal event in the second
run of sample QRP50. A possible explanation could be attributed to
a change in the microstructure of the sample. Either an increment
in the amount of dislocations or the precipitation of other phases
can hinder or even inhibit the retransformation of the sample
[6,31]. For this reason, a detailed analysis of samples QRH100
and QRP50 was carried out by TEM. Fig. 9 show a bright field image
of sample QRP50. Two types of grains were observed. One type has
a characteristic martensite contrast and the other, indicated with
arrows, shows a plain contrast. No evidence of new precipitates
analysis of Cu-11.8 wt%Al milled samples by TEM and HT-XRD, Advanced
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Fig. 9. Bright field TEM image of sample QRP50.
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or dislocations was observed. The microstructure of sample QP50
before and after the second heat treatment was similar, as deduced
by comparing Fig. 9 to Fig. 3.
Fig. 10. X-ray diffractograms after the first and second heat treatments of samples
(a) P50 and (b) H100.

Please cite this article in press as: N.N. Sanchez Pascal et al., Thermal stability
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3.4.2. Structural results
No clear evidence in the change of microstructure can explain

the lack of a calorimetric event in sample QRP50. For this reason,
room temperature XRD was performed on both QRP50 and
QRH100 samples. A comparison between XRD diffractograms
acquired from samples after the first and second heat treatments
is shown in Fig. 10. Fig. 10a indicates that after the first calorimet-
ric run, the c0 phase disappears and the b10 phase is the only
martensite remaining in sample QRP50. This result implies that
during the cooling of QP50 sample, after the second heat treat-
ment, the martensitic transformation b1 ? b10 occurred instead of
the b1 ? c0 martensitic transformation. Therefore, sample QRP50
shows the same type of martensite as sample QH100. The thermal
event does not occur in the second calorimetric run of sample
QRP50 because the precipitation of c2 inhibits the b10 ? b1 trans-
formation. The retransformation of b1 phase to other martensite
structure was previously reported in other Cu based shape memory
alloys [32]. This kind of behavior is activated by temperature in
samples with large numbers of defects i.e. dislocations or a large
grain boundary area. The grain boundary area increases as the
grain size decrease. Therefore, a possible explanation of the
retransformation to the type of other martensite is that the num-
ber of variants inside each martensite grain is high enough to inhi-
bit the transformation to c0 phase.

Fig. 10b shows the evolution of the structure of sample QH100
before and after the second heat treatment. It is worth mentioning
that the peaks associated with the b10 are less intense after the sec-
ond heat treatment. New peaks, associated with the c2 phase, are
detected in the same diffractogram. This implies that the c2 phase
is retained during the cooling of sample QH100 after the first
calorimetric run. Thus, the martensitic transformation is com-
pletely inhibited by the nucleation and growth of the c2 phase.
4. Conclusions

The phase stability during different heat treatment was studied
for two Cu-11.8%wtAl samples obtained by different milling meth-
ods. Both samples show the same microstructure after quenching:
small a2 phase grains (�35 nm) and large martensitic grains
(�500 nm) containing a large number of variants. However, 5 wt
% of the martensite in each sample had a different structure: c0

in sample QP50 and b0
1 in sample QH100. This difference is associ-

ated with the stability of different phases in the final stage of each
milling process. While sample QP50 shows a calorimetric event,
this feature is not observed in sample QH100. This calorimetric
event observed in QP50 is associated with the c0 ? b1 austenitic
transformation, which was observed through HT-XRD experi-
ments. In addition, the inhibition of the b10 ? b1 transformation
by the precipitation of c2 phase was detected with HT-XRD analy-
sis in sample QH100. Finally, the absence of a calorimetric event in
the second run of sample QRP50 was studied by TEM and XRD. It is
associated with the retransformation to the b10 instead of the c0

phase during cooling in the first calorimetric run.
The possible presence of an austenitic transformation indicates

that sample P50 is a better candidate than sample H100 for pro-
ducing a shape memory alloy after thermo-mechanical treatments
of the milled powders.
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