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Abstract

In this work, the new quaternary CuAlTiMg high-temperature shape memory alloy
(HTSMA) with an unprecedented composition and with extended solubility of Ti was pro-
duced by the arc melting method. The thermal shape memory effect characterization tests
were done by performing a series of differential calorimetric (DSC and DTA) measurements.
The obtained thermograms of the alloy displayed the martensitic phase transformation peaks.
The forward (martensite to austenite) phase transformation was found to occur at above
350 °C, which qualifies the produced alloy as an HTSMA. The microstructural XRD measure-
ment was performed to reveal the atomic planes of martensite structures formed in the alloy,
which constitute the shape memory effect property of the fabricated alloy. The alloy surface
was monitored by optical microscopy image taken at room temperature, and finely dispersed
Ti-rich X-phases were observed.
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effect, martensitic transformation, differential scanning calorimetry (DSC),
differential thermal analysis (DTA), arc melting

1. Introduction

Varying industrial demands on the utilization of
shape memory alloys (SMAs) depending on the ap-
plication type have been increasing. Such demands
can be either reducing the production costs of these
unique and versatile smart alloys or improving their
performance and modifying their properties, or else.
A promising SMA group is Cu-based SMAs. Since the
most commercially used NiTi-based SMAs with supe-
rior SMA properties have high costs and hard pro-
cessing disadvantages, research on Cu-based SMAs
(regarded as the closest alternative to NiTi SMAs)
has gained importance. Doping the binary or ternary
Cu-based shape memory alloys (e.g., CuAlMn, CuAINi,
CuZnAl,...) with one (quaternary) or more elements
is one of the much-used methods to modify character-
istic martensitic phase transformation temperatures

(operation temperatures), reduce brittleness, improve
ductility, enhance shape memory capacity, superelas-
ticity, damping properties, and so forth.

High-temperature shape memory alloys (HTS-
-MAs) have been ever-increasingly demanded in many
related high-tech industrial applications such as au-
tomotive or aerospace [1-3], too. As generally de-
fined, an HTSMA has characteristic martensitic (op-
eration) temperatures above ~ 100°C (or A5 > 390 K)
[2, 3]. Since the most expensive but superior binary
NiTi-based shape memory alloys (SMAs) have lim-
ited (Ms < 87°C) maxima transformation tempera-
tures [3], their transformation temperatures have been
elevated by additive elements such as Au, Pt, Pd, Zr,
or Hf [2, 4, 5] in the last decades.

However, this recipe of alloying with such ex-
pensive additive elements also increased the afore-
time costs and processing difficulties of NiTi-based
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(HT)SMAs more. Therefore, researchers have also
been searching for an alternative to NiTi-based
HT/SMAs by focusing on cost-effective Cu-based
SMAs with ease of processing, especially CuAl-based
HT/SMAs (e.g., CuAINi or CuAINiMn) [1-3, 6].

Ti element has been used as a grain refining and
alloy strengthening element by adding minor amounts
of it into the ternary Cu-based SMAs [7-9]. However,
the low solubility of Ti in the Cu matrix leads to the
form of Ti-rich X-phase precipitations [8]; therefore,
its solid solubility and incorporation in the Cu-based
alloy matrix is limited. Nevertheless, an extended solid
solubility of Ti in melt-spun Cu-Ti alloy up to 7-
8 wt.% (whereas by quenching up to 6 wt.%) has been
demonstrated previously [10]. Therefore, using Ti con-
tent as an alloying element in some larger amounts can
be possible. Previously, using 1.85 at.% of Ti in the
quaternary Cu-24.07Al-1.85Ti-1.40Co (at.%) HTSMA
[11] was successfully demonstrated, and the transfor-
mation temperatures of that alloy had been reported
in the range of ~234°C (= M;) and ~ 404°C (= As).

In this work, Ti element was used as the third
(ternary) alloying element in the arc-melted quater-
nary CuAlTiMg HTSMA with an alloy composition
of 71.89Cu-22.53A1-5.31Ti-0.26Mg (at.%). The char-
acteristic transformation temperatures, shape mem-
ory effect, and the related microstructural properties
of the alloy were investigated by thermal and struc-
tural measurements in detail.

2. Experimental

In this work, the quaternary CuAlTiMg alloy with
unprecedented alloy composition of 71.89Cu-22.53Al-
-5.31Ti-0.26Mg (at.%) was produced by mixing the
powders of high purity (99.9 %) elements of Cu, Al
Ti, and Mg elements. The powder mixture was pel-
letized under pressure, and then the obtained pellets
were all together melted in an arc melter under an
argon plasma atmosphere, and the alloy was obtained
as-cast ingot. Then the ingot alloy was cut into small
slab samples (~4 x 4 x 2.5mm?® and ~ 25-55mg),
and these samples were together heat-treated (homog-
enized) at 900°C for 1h and immediately were all
quenched in iced-brine water environment by which
the martensite structure was formed in the alloy to
have a shape memory effect. The differential scanning
calorimetry (DSC) tests were carried out by using a
Shimadzu 60A label DSC instrument at different 15,
25, 35, and 45°C min~?! of heating/cooling rates under
an inert argon gas flow of 100 ml min—!. To reveal the
high-temperature behavior of the alloy, the differential
thermal analysis (DTA) test was taken under the same
gas flow and at a single 25°C min~! heating/cooling
rate between room temperature and 900 °C by using a
Shimadzu DTG-60AH instrument. A Zeiss Evo MA10
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Fig. 1. The EDS spectra of the CuAlTiMg alloy.

Table 1. The detected chemical composition of the
CuAlTiMg alloy

Element (wt.%) (at.%) Error (wt.%)
Cu 84.02 71.89 2.07
Al 11.18 22.53 0.52
Ti 4.68 5.31 0.15
Mg 0.12 0.26 0.04

model EDS (energy dispersive X-ray spectrum) instru-
ment was used to detect the alloy composition under
room conditions. The EDS result of the alloy is given
in Fig. 1, and the detected alloy composition is pre-
sented in Table 1. The existence of the formed marten-
site structures in the alloy was demonstrated by an
X-ray diffraction (XRD) test performed at room tem-
perature by using a Rigaku RadB-DMAX II diffrac-
tometer with CuKa radiation. The optical micrograph
(metallograph) displaying the alloy surface was taken
at room temperature via using an optical microscope
with model no. XJP-6A. Plus, an SEM image of a
fractured surface of the alloy was also taken.

3. Results and discussion

The DSC curves of the CuAlTiMg alloy taken at
different heating/cooling rates are presented in Fig. 2.
According to these curves, except not clearly seen
on the curves taken at 15 and 45°C min~! of heat-
ing/cooling rates, the forward downside endothermic
reverse martensitic transformation (from martensite
to austenite phase; M — A) peaks on the downside
heating parts of these curves can be seen, and vice
versa the correspondent exothermic upward A — M
(direct) transformation peaks on the cooling parts
of these curves [6, 9, 11-16]. On the curve taken at
the rate of 45°C min—!, there occurred a temperature
(thermal) lag event due to the high heating/cooling
rate [17], which caused a shallowed M — A peak on
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Table 2. Thermodynamical transformation temperatures and kinetic parameters of the CuAlTiMg HTSMA

353

Thermal Heating/
test cooling rate As Ag Amax M M As—Ms To AHwn_a ASmoa
instrument  (°Cmin™?) (°C) (°C) (°C) (C) (C) (°C) (°C) Jg™) @gtc™
DSC 15 350.62 396.12 403.84 335.63 318.73 31.89  365.87 5.25 0.01435
DSC 25 358.26 380.28 369.99 307.23 288.38 69.88  343.75 18.51 0.05385
DSC 35 363.42 387.49 374.79 309.23 276.20 87.22  348.36 16.47 0.04728
DSC 45 324.85 403.85 380.05 - - - - 12.19 -
DTA 25 342.85 419.39 387.88 271.39 219.59 123.26 345.39 8.52 0.02467
Avg. 348.00 397.43 383.31 305.87 275.73 78.06 350.84 12.19 0.03503
duced CuAlTiMg alloy that it is a high-temperature
Igff DSC thermograms of CuAITiMg HTSMA shape memory alloy, and the large enthalpy change
(Exo-up) A values indicate the powerful shape memory effect
L= e P | <<—cooling_. property of the alloy.
—35°C/min — \ In Table 2, the values of the thermal equilibrium
—— 45°C/min
20.00 temperature (Tp), i.e., where is no difference between
the Gibbs (chemical) free energies of martensite and
0.00f austenite phases, were found by using Ty = 0.5(A4¢ +
M) formula [17]. The amounts of the entropy change,
20,001 AS, that occurred during M — A transformations
_ were determined by using ASy 4 = AHy—a /T for-
P, == Y mula [13, 14].
\/ There is another important reaction kinetic param-
e o T T S0 eter of SMAs that determines the nature of the crys-

Temperature (°C)

Fig. 2. The DSC curves of the CuAlTiMg high-temperature
shape memory alloy.

heating and a complete disappearing of A — M peak
on cooling back. The DSC measurements were taken
in the order of first at 25, then at 35, 45, and lastly at
15°C min~" of heating/cooling rates. At the slow rate
of 15°C min~!, taken as the last cycle, both this slow
rate and the precipitations that might have formed in
the proximity of the alloy’s eutectoid region (500 °C)
may be caused to hinder this A — M transformation.
But, maybe a better explanation of the main reason
for the shallowing or disappearing of these martensitic
transformation peaks (especially those seen at the rate
of 15°Cmin~!) will be given by the discussion made
upon the XRD pattern and optical microscopy image
of the alloy ahead.

The martensitic transformation temperatures (As,
Ag, Ms, Mz, and also Apayx), hysteresis gap (As—Ms)
values, enthalpy change (AHp—,4), and some other
important thermodynamical parameters obtained by
applying DSC tangent peak analyses on these peaks
and by calculations made upon these analyses data
are all presented in Table 2. As seen in this table, the
transformation temperatures are all far above 100°C
(in general Ag > ~350°C), which ascribes the pro-

tallization behavior of the SMAs, the activation en-
ergy (F,) parameter, which is the energy needed for a
martensitic transformation to occur. The F, value of
the CuAlTiMg HTSMA was computed by using the
Kissinger formula [13] given below:

A [In®/T2] /4 (1/Tw) = ~Ea/R 1)

where @ is the heating/cooling rate, Ty, is the max-
imum temperature (Apmax) of M — A transforma-
tion peak, and R is the universal gas constant (R =
8.314 Jmol~* K~1). The term on the left side of this
equation is equal to the linear fitting slope of the plot
of d[ln ®/T?2] versus 1000/Ty, that was drawn (with-
out involving the values obtained at 15°C min~—! of
DSC heating rate) and given in Fig. 3. This plot de-
pictures change in the activation energy depending by
heating rate. By substituting the slope value instead
of the left term in Eq. (1), the E, value of the alloy
was found as 192.82kJ mol~!.

The DTA curve of the produced CuAlTiMg
HTSMA taken at a single 25°Cmin~! of heat-
ing/cooling rate is given in Fig. 4. The multiple peaks
that emerged back-to-back on this DTA curve indi-
cate the common high-temperature behavior pattern
of Cu-based SMAs [9, 11, 13-16, 20-26] and this be-
havior consisting of successive multistage phase tran-
sitions on heating and vice versa on cooling a Cu-
-based SMA is like this: 1'(with 41’) — 81(L2;) —
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Fig. 3. The plot of the change in the F, activation energy
of the CuAlTiMg HTSMA.

meta-52(B2) — a + 2 (precipitations) — eutectoid
reaction — $2(B2, ordered) — A2(disordered).

The average conduction (or valence) electron con-
centration (e/a ratio) is an important parameter for
Cu-based SMAs to have a shape memory effect (SME)
property, and a theoretical forecast can be made upon
the presence of the formed martensite structures and
their volumetric dominance over each other in a Cu-
-based SMA by determining the value of its e/a ra-
tio [13, 14, 18, 19]. The Cu-based SMAs generally
have an SME property at their e/a values in between
the range of 1.45-1.49; for the e/a values in between
this range the monoclinic 1’(M18R) and the hexago-

nal 71’(2H) types of martensite structures will form
nearly in equal volumes, below this e/a range the
M18R martensite will have a larger volume than 2H
martensite will do, and above this range at this time
the 2H martensite forms will gain dominancy over the
MI18R martensite forms [13, 14, 20]. The e/a ratio
of the CuAlTiMg HTSMA was calculated as 1.506
by using e/a = > fv; formula [13, 14, 21], where
fi refers to the atomic fractions (at.%) of the alloy-
ing elements and v; is the valence electron numbers
of these elements. Therefore, the e/a value of 1.506
implies that the produced CuAlTiMg HTSMA con-
tains both 51'(18R) and v1’(2H) types of martensite
structures that coexistently formed nearly in equal
volumes, which is shown by the following structural
X-ray diffraction pattern of the alloy as below.

The XRD pattern of the CuAlTiMg HTSMA ob-
tained at room temperature is presented in Fig. 5.
The highest peak on this pattern is the $1’(0018)
peak of the M18R(S1’) type martensite phase, and
the other peaks are (0018), (128), (1210), (2012),
(2010), (040), (042) and (320) peaks of 51’ martensite,
a v1'(002) and an X-Ti(400) precipitation (X-phase;
Ti3.3Al) peak with low intensity [7, 11, 22, 27]. As
it is seen, the high-intensity peaks of 81'(0018) and
~1’(002) confirm the coexistence of these martensite
phases [27]. The low-intensity Ti-rich X-phase precip-
itation peak signifies that at room temperature, some
of the 5.31Ti (at.%) content in the Cu-based alloy
matrix has not dispersed in the alloy and precipi-
tated, but the solubility of Ti might have decreased
by the effect of the thermocyclic heating/cooling test
processes (of DSC and DTA), alike by the effect of
annealing [28], that could cause some diffusion or
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Fig. 4. The cyclic DTA curve of the CuAlTiMg HTSMA taken at a single 25°C min~! of heating/cooling rate.
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Fig. 5. The XRD pattern of the CuAlTiMg HTSMA ob-
tained at room temperature.

disassociation of Ti atoms apart from their initial
solute positions in the Cu-based alloy lattice lead-
ing to form more X-precipitations and thus hinder
the martensitic transformation as mentioned in the
above discussions made on the DSC results of the
alloy. On the other hand, in the previous work [7],
it was stated that a complete disappearance of the
X-phase peak stemmed from a low density of X-phases
in the microstructure that resulted from an increment
of Ti (up to 1 wt.%) content. Therefore, it can be said
that even if some of the Ti content is precipitated
at room temperature, the solubility limit of Ti and
stability of martensitic transformation (in this novel
CuAlTiMg alloy) will be high if the alloy’s tempera-
ture is only changed in between transformation (work-
ing) temperatures region (between at around M; and
At temperatures) of the alloy without reaching too far
up (to metastable B2 phase region and/or hypoeutec-
toid temperature region) or too far down (to room
temperature).

The average crystallite size (D) of the CuAlTiMg
HTSMA was calculated by using the Debye-Scherrer
formula [13, 29] as given below:

0.9X

D=2
By/scosf’

(2)

where ) refers to the X-ray wavelength of the CuKa
radiation (A = 0.15406nm), and B/, refers to the
full width at half maximum (FWHM) value of the
highest intensity peak (the FWMH value is 0.369 at
260 = 42.681°). The average crystallite size value of the
CuAlTiMg HTSMA was found as 23.12nm [7, 11].
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Fig. 6. (a) The optical microscopy image of the CuAlTiMg

HTSMA obtained at room temperature wherein the grains

and grain borders of the alloy can be clearly seen in this

image, (b) the SEM image of a fractured surface of the
alloy.

The optical microscopy image (metallograph) of
the produced alloy is presented in Fig. 6a. As seen
in this image here, the grain boundaries between the
surface grains of the alloy can be clearly seen. The
image was taken at room temperature (far below the
alloy’s average My temperature of 275.73°C) where
the alloy is in the martensite phase; therefore, the
solubility of Ti enormously decreased in the Cu-rich
matrix at room temperature [30], and this causes the
formation of intermetallic compounds or Ti-rich (or
Ti-borne) X-phases precipitations which lead changes
in the composition of the austenite phase of the al-
loy [30, 31]. These X-phases (seen as finely dispersed
dark spots in this metallograph) reduce the mobility
of interfaces between the martensite and S-phase, bar-
ricade to grain boundary migration, refine the grain
size and raise the transformation temperatures [7, 18,
27, 30-33]. Apart from a thermal lag event occurring
at high DSC heating/cooling rates, the compositional
changes depending on the solubility of Ti changing
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by temperature and formation of these size- or type-
-variable intermetallic/precipitation phases is the
main reason for the changes (shallowing or disappear-
ing) seen in between the martensitic transformation
peaks of the alloy appeared on the DSC curves taken
at different heating/cooling rates. There is also an
SEM image of a fractured surface of the alloy given
in Fig. 6b, which image was taken after the end of one
and a half years of the aging time of the alloy left in
room conditions.

4. Conclusions

The CuAlTiMg high-temperature shape memory
alloy was successfully produced by the arc melting
method. The characteristic transformation tempera-
tures of the alloy were found averagely between 275-
400°C, where Ay temperatures were generally above
350°C. The high enthalpy changes that occurred dur-
ing thermally induced martensitic transformations
were found to be high, indicating the powerful shape
memory effect of the alloy. The use of ternary 5.31Ti
(at.%) content in the quaternary CuAlTiMg alloy re-
sulted in high transformation temperatures but also
led to the formation of some Ti-rich X-phases that
were observed as a low-intensity peak in the XRD re-
sult of the produced HTSMA, and this low-intensity
peak indicates the high solid solubility of Ti element in
the alloy that decreases during heating (DSC, DTA)
or annealing processes. In the use of the newly pro-
duced HTSMA, to prevent compositional changes and
related phase transitional instabilities, the alloy’s tem-
perature should be changed around its transforma-
tion (working) temperatures. In conclusion, the pro-
duced CuAlTiMg HTSMA may be useful in HTSMA-
-related research and applications such as automotive
or aerospace.
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