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Abstract In this study, isothermal oxidation behavior of a
Cu-Al-Ni-Fe shape-memory alloy between 500 and 900 °C
was investigated. Alloy samples were exposed to oxygen by
TG/DTA for 1 h at a constant temperature, allowing for
calculation of the oxidation constant and activation energy
values of the oxidation process. The oxidation constant
value increased with temperature, reaching saturation at
800 °C. The effect of oxidation on crystal structure, surface
morphology and chemical composition of the Cu—Al-Ni—Fe
alloy was determined by X-ray diffractometer (XRD) and
scanning electron microscope (SEM)-energy-dispersive
X-ray (EDX) analyses. With increasing oxidation tempera-
ture, number and intensity of the characteristic 18R mar-
tensite phase peaks were reduced while Al,O5; phase peaks
were increased. In parallel to the XRD results, the same
variations were also detected by SEM-EDX measurements.

1 Introduction

In recent years, shape-memory alloys have been drawing
significant attention for use as functional smart materials
[1]. Shape-memory effect, an important phenomenon clo-
sely related with the martensitic transformation, occurs
when crystal structure of the material changes. This change
in crystal structure depends on the austenite—martensite
transformation temperature and deformation [2]. Martens-
itic transformations are diffusionless first-order solid—solid
phase transformations where a high-temperature phase
transforms to a low-temperature phase by means of a shear
stress [3].
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Copper-based shape-memory alloys, such as Cu—Al- and
Cu—Zn-based alloys, are attractive materials for practical
applications due to their pseudoelasticity and shape-memory
effect, offering advantages in electrical and thermal conduc-
tivity at a low cost [4]. Among the different copper-based
shape-memory alloys, the most well-known systems are Cu—
Al-Ni and Cu—Al-Zn alloys. While Cu—Al-Zn alloys are less
expensive to produce, Cu—Al-Ni alloys have higher thermal
stability and operation temperatures [5]. The high-operating
temperature of Cu—Al-Ni-based alloys makes them more
advantageous than the other traditional shape-memory alloys.
Today, the demand for shape-memory alloys, which can be
used as smart materials at temperatures higher than 200 °C, is
increasing continuously [6, 7].

It has already well known that most metals have a high
tendency for oxidation in oxidative atmospheres, a ten-
dency that increases with increasing temperature [8].
However, presence of high number of components with
different oxidation affinities makes the oxidation process
more complex in alloys than in pure metals [9]. As the
number of oxidation modes increases with increasing
number of components, it will be much more difficult to
understand the complex oxidation behavior of the quater-
nary and higher component alloys [10]. It has already been
demonstrated that maintaining the stability of the shape-
memory effect in shape-memory alloys necessitates a sta-
ble microstructure. Surface oxidation caused by long-term
exposure to air leads to variation in the surface micro-
structure of the shape-memory actuators, which in turn
leads to diminishing shape-memory effects [11, 12]. For
this reason, oxidation resistance of alloys is still widely
studied so as to identify potential applications of these
alloys at high temperatures in an atmospheric environment
[13]. While oxidation does present a certain loss of func-
tion, oxidation also offers some advantages as it increases
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the wear resistance of the shape-memory alloys [14]. Thus,
the oxidation behavior of the shape-memory alloys is quite
important for their high-temperature applications and
should be investigated carefully. In this study, isothermal
oxidation behavior of Cu—13 wt% Al-4 wt% Ni—4 wt% Fe
shape-memory alloy at high temperatures (500-900 °C)
was investigated. The crystal structures and morphologies
of oxidized Cu—Al-Ni-Fe alloy samples were also char-
acterized. This study was aimed to provide insight into
high-temperature application behaviors of the increasingly
preferred CuAlINiFe alloys.

2 Experimental
2.1 Isothermal oxidation procedure

In this study, Cu-13 wt% Al-4 wt% Ni—4 wt% Fe shape-
memory alloy was used to investigate the oxidation behavior.
The alloys were produced by arc melter and non-heat-treated
samples to which oxidation was to be applied were prepared
with 2 x 2 x 2 mm dimensions. Then, they were ground to
remove surface roughness. Acetone was used to clean the
ground samples. TG/DTA (Perkin Elmer Pyris) was used to
apply oxygen at constant temperature to the samples. Samples
placed into the TGA/DTA were heated to the required oxi-
dation temperature at a heating rate of 50 °C/min under pure
nitrogen atmosphere. In this study, 500, 600, 700, 800 and
900 °C were selected as oxidation temperatures because heat
treatment is frequently applied to Cu-based alloys within this
temperature range. After being heated to the oxidation tem-
perature in the TGA furnace, the alloy was held at that
temperature for 1 h under 100 ml/min flowing oxygen.

2.2 Test measurements

Phase analyses were performed using an XRD (Rigaku
RadB-DMAX II) at room temperature so as to observe the
variations on the surface of the CuAlNiFe alloy, which had
been subjected to oxygen at 500, 600, 700, 800 or 900 °C.
Surface morphologies of the oxidized alloy samples were
investigated using a scanning electron microscope (SEM,
JEOL JSM7600F) at room temperature. To determine the
chemical compositions of the oxidized samples, an energy-
dispersive X-ray (EDX) spectroscope was used.

3 Results and discussion
3.1 Isothermal oxidation kinetics

In general terms, the increase of the mass of a metal as a
result of oxidation can be linear increase or parabolic [15].
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Fig. 1 Mass gain curves of Cu—Al-Ni—Fe shape-memory alloy with
oxidation temperatures for 1 h

As seen from Fig. 1, the curve of the mass increase is
parabolic. This figure gives information about the mass
gain per area at constant temperature. Parabolic isothermal
oxidation constant (K,) was calculated using the equation
given below:

(AITW)”: K, t (1)

To calculate the parabolic isothermal oxidation con-
stant, n was taken as 2. The slope of the (AW/A)2 VS.
(1) graph gives the value of the oxidation constant (K).
K, values calculated from the curve of the graph are
given in Table 1. As the correlation constant given in the
Table 1 is between 0.90 and 0.99, it can be stated that
oxidation of CuAlNiFe alloy obeyed the parabolic law
[15]. The relationship between isothermal oxidation tem-
peratures vs. K, is shown in Fig. 2. The oxidation rate of
the alloy was the same and so low at 500 and 600 °C; this
is common in most of the metals as they are prone to
oxidation in oxidizing atmospheres [15], while between
600 and 800 °C, oxidation rate increased notably (Fig. 2).
The oxidation constant values calculated for 800 and
900 °C are almost equal, indicating that CuAINiFe alloy
reached its oxygen saturation limit after 800 °C. There are
a handful of studies in the literature about the oxidation
behavior of CuAlNi- or CuAlNi-based alloys [16—18]. In
each of those studies, non-isothermal oxidation behavior
was investigated, which only allows for the identification
of the amount of oxygen diffused into the surface of the
alloy rather than the oxygen constant, which can only be
obtained using isothermal methods.

The temperature dependency of K, can be represented
by the following equation:
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K, = K, e!E/RD (2)

Here E represents effective activation energy, 7 is the
oxidation temperature and R is the gas constant. If natural
logarithms of both sides are taken [19],

In(K,) = In(K,)—E/(RT) (3)

Figure 3 shows In(K,,) vs. 1/T of the CuAlNiFe alloy in
oxygen atmosphere. The oxidation constant was 58.66 kJ/
mol according to the slope of this curve. Tatar and his co-
workers conducted a non-isothermal oxidation study and
calculated the activation energy for oxidation of the Cu-—
Al-Ni and Cu—Al-Ni-Mn shape-memory alloys that were
exposed or not exposed to radiation. Activation energy
values of alloys which were not exposed to radiation were
found to be 29.3 and 56.46 kJ/mol, respectively [16, 17].
When compared with ternary Cu—AI-Ni shape-memory
alloy, the higher oxidation energy of the Cu—Al-Ni-Mn
alloy could be attributed to the presence of Mn in the
structure. In fact, it was emphasized in a previous study
that the oxidation of Mn in the Ni-Mn—Ga alloy was high
[15]. The activation energy of CuAlNiFe alloy examined in

Table 1 The oxidation constant values of the studied CuAlNiFe
alloys between 500 and 900 °C

Temperature (°C) K, (mg2 em™*s™P R (correlation coefficient)

500 3.38 x 107° 0.99
600 439 x 1073 0.92
700 223 x 1074 0.88
800 478 x 107* 0.92
900 491 x 107* 0.95
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Fig. 2 The variation of oxidation constants of Cu—Al-Ni-Fe alloy
with increasing temperature from 500 to 900 °C

this study was relatively higher than Cu-Al-Ni shape-
memory alloy, suggesting that the oxidation rate of iron
was high. However, if this alloy is compared with NiTi, it
can be seen that activation energy of CuAlNiFe was lower.
Dagdelen and Ercan found the activation energy value for
Ni—45.16 %Ti (atomic) alloy as 65.47 kJ/mol [20]. This
was because the oxidation rate of Ti was higher than other
elements in NiTi [20].

3.2 Analysis of the crystal structure and surface
morphology

To examine the temperature-dependent structural properties
of the Cu-Al-Ni-Fe alloy, X-ray diffractometer (XRD)

-7
[ ]
8 -
[N
ERRCE
—
-10 y =-7.056x - 1.3897
R2=10.914536 [
a4
0.7 0.8 0.9 1 1.1 1.2 13 1.4

1000/T (1/K)

Fig. 3 Oxidation activation energy graph of Cu-Al-Ni-Fe shape-
memory alloy
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Fig. 4 X-ray patterns of oxidized Cu—-Al-Ni—Fe shape-memory alloy
at, a 500 °C, b 600 °C, ¢ 700 °C, d 800 °C and e 900 °C
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Fig. 5 SEM images of oxidized Cu—-Al-Ni-Fe shape-memory alloy at, a 500 °C, b 600 °C, ¢ 700 °C, d 800 °C and e 900 °C

analyses of the samples were performed (Fig. 4). The XRD
pattern of the alloy oxidized at 500 °C for 1 h consists of
two different phases. Among different peaks observed in the
XRD plot, those at Bragg angles 20 = 42.82°, 44.28° and
49.84° were attributed to 18R martensite phase and the peak
at 20 = 73.06 ° was attributed to magnetite (Fe30,) phase.
In a previous study conducted by our group [21], Fe pre-
cipitates were observed in the Cu—Al-Ni—Fe alloy to which
heat treatment was not applied. It is considered that Fe;O,
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oxide phase in the alloy subjected to oxidation at 500 °C
formed by oxidation of these precipitates. X-ray diffrac-
tometer pattern of the alloy given in Fig. 4b clearly shows
that phase components present in the alloy changed with
increasing oxidation temperature. While the intensities of
peaks belonging to 18R martensite and Fe;O, phases
diminished, a new phase appeared on the surface of the
alloy. This phase was aluminum oxide (Al,O3) and as a
result of increasing oxidation temperature, number and
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intensity of the peaks belonging to this phase increased,
while intensity of peaks belonging to 18R martensite and
Fe;0, phases reduced significantly. These results point out
that the surface of the alloy started to be covered by an
Al,O5 layer at oxidation temperature of 800 °C.

X-ray diffractometer pattern of the alloy oxidized at
900 °C for 1 h is shown in Fig. 4. As a result of the high
temperature oxidation, some of the peaks belonging to main
phase 18R martensite disappeared (20 = 44.28° and 49.84°)
and the intensity of the Fe;O, phase peak decreased sig-
nificantly. The peak with the maximum intensity
(20 = 46.58°) belongs to Al,Oz; phase. This could be
explained such that upon high-temperature oxidation, the
surface of the alloy was covered by an Al,O; layer while
phases forming the main structure remained beneath this
oxide layer. Additionally, coverage of the surface of the
alloy by Al,O5 prevented the oxidation of Cu and Ni present
in the alloy [18]. Meanwhile, in XRD plot, the reason of the
significant reduction in the intensity of the Fe;O, peak is the
dissolution of most of the Fe precipitates in the matrix phase
at high-oxidation temperatures [21]. Semi-quantitative phase
analyses and surface morphology examinations of the sam-
ples were performed by obtaining their SEM images and
EDX spectra. A low-magnification SEM image of the alloy
oxidized at 500 °C showing the surface morphology of the
sample is shown in Fig. 5a. Energy-dispersive X-ray ana-
lysis taken from the whole surface of the sample showed that
the surface contained 4.61 wt% (14.06 at%) oxygen. Apart
from this, cutting marks and martensite band structures on
the surface of the samples could be seen clearly. As a result,
oxidation performed at 500 °C did not yield a variation in
the morphology of the surface of the alloy. Energy-disper-
sive X-ray analyses obtained from the surfaces of the alloy
samples oxidized at 600 and 700 °C, which had similar
morphological properties, showed that the amount of oxygen
at the sample surfaces increased with increasing oxidation
temperature. The amount of oxygen detected at the sample
surfaces oxidized at 600 and 700 °C was ~6.04 wt%
(~17.86 at%) and ~10.54 wt% (~27.69 at%), respec-
tively. Additionally, results of the EDX spectra obtained
from different regions of the alloy oxidized at 700 °C were
consistent with results of the XRD plots given in Fig. 4c.
Energy-dispersive X-ray point analyses demonstrated that
Al,O3 oxide phase started to nucleate at the surface of the
alloy.

Scanning electron microscope images of the samples
oxidized at 800 and 900 °C are shown in Fig. 5d and e,
respectively. The morphological changes on the surface of
the alloy samples due to increasing oxidation temperature
are clearly seen in the SEM images. Energy-dispersive
X-ray analyses taken from the surfaces of the samples
demonstrated that oxygen content at the surface of the
samples increased with oxidation temperature. The oxygen

content of the surfaces of the alloy samples was found to be
23.26 wt% (46.01 at%) and 32.88 wt% (53.10 at%) for
oxidation temperatures of 800 and 900 °C, respectively.
Energy-dispersive X-ray point analyses taken from the
surface of the samples indicated that the surface of the
samples was mainly covered by an Al,O5; phase. These
results show a perfect consistency with the XRD results
given in Fig. 4d and e (the strongest peak in the XRD
pattern given in Fig. 4e belongs to Al,03). Additionally, if
the SEM image of the alloy oxidized at 900 °C is examined
in detail (Fig. Se), cracks, fractures and spallings formed in
the surface oxide layer of the sample can be observed. This
could be attributed to the complete saturation of the surface
of the alloy by oxygen at 900 °C as the oxidation parameter
reached to a constant value at this temperature, indicating
that complete saturation was attained (Fig. 2).

4 Conclusions

From this study, where isothermal oxidation behavior of a
Cu—Al-Ni-Fe shape-memory alloy at high temperatures
and the effect of this behavior on the structural and mor-
phological properties of the alloy were investigated, the
following conclusions can be drawn:

e Oxidation constant (K,) was almost constant at low
oxidation temperatures, such as 500 and 600 °C, while
it increased with oxidation temperature. On the other
hand, it can be stated that complete saturation of the
alloy with oxygen was attained at the maximum
oxidation temperature examined, i.e., 900 °C, as K,
value was almost constant at this temperature (Fig. 2)

e The activation energy for oxidation of Cu-Al-Ni—Fe
alloy examined in this study was relatively higher than
Cu—AIl-Ni shape-memory alloys given in the literature.
However, if this alloy is compared to non-heat-treated
Ni-rich NiTij, it can be seen that activation energy of
Cu-Al-Ni-Fe was lower. However, when compared to
Ni-Ti alloys, the higher resistance of Cu—Al-Ni-Fe
alloys to oxidation indicates that heat treatment could
be applied to the latter rather easily.

e X-ray diffractometer analyses showed that high-tem-
perature oxidation affects the structural properties of
the Cu—-Al-Ni-Fe alloy. With increasing oxidation
temperature, number and intensity of the characteristic
peaks belonging to 18R martensite phase were reduced,
while those of Al,O3 phase were increased.

e Results obtained from SEM images and EDX spectra
were highly consistent with those obtained from XRD
analyses. Morphological examination of the samples
showed that the surface morphology of the samples was
comprised of mainly martensite phase at low oxidation
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