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Abstract Isothermal oxidation behavior of the high-tem-

perature Cu–13Al–5Fe (in mass, %) SMA on temperature

range of 500–900 �C was studied using thermo-gravimetric

method. TG curve showed that the alloy has linear oxidation

characteristics. From thermo-gravimetric measurements, it

was determined that the alloy shows abnormal oxidation

characteristics at 600 �C. As KP values of the alloy at oxida-

tion temperatures of 700 and 800 �C were calculated as

0.00166 mg cm-2 s-1 and 0.0022 mg cm-2 s-1, respec-

tively,KP value at 600 �C was found as 0.0029 mg cm-2 s-1.

DTA curve exhibited that reason of the abnormal oxidation

behavior at 600 �C is the endothermic reaction which causes

dissolution of Fe(Al,Cu) precipitates within matrix at

568.13 �C. XRD patterns of the oxidized samples were found

to be compatible with the results obtained from thermo-

gravimetric measurements.

Keywords Cu–Al–Fe � Oxidation � High-temperature
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Introduction

Shape memory alloys (SMAs) have attracted great attention

as smart materials, given their ability to function as sensors

and actuators. Their self-transformation ability also owns

and makes them attractive as the means to assist in solving

various unsolved or unnoticed problems. Therefore, SMAs

also become a goal for different scientific disciplines, and

martensitic transformations are studied with different

approaches by both experimental and theoretical researchers

[1]. The general knowledge concerning martensite and

martensitic transformations in Cu-based alloys such as Cu–

Zn, Cu–Zn–Al or Cu–Al–Ni, among many SMA families,

develops constantly, and it is accepted that thermo-elastic

characteristic of the martensite in these alloys is generally

responsible for the reversible shape change capacities during

their transformation [2]. However, the transformation tem-

peratures of the ternary Cu-based and binary equiatomic Ni–

Ti alloys, which constitute two of the most successful

commercial SMA systems today, being \100 �C, pose

limitations in terms of their practical use. Therefore, SMAs

having transformation temperatures of[100 �C are required

to be developed in order to meet the needs that are necessary

in new generation engineering applications in areas such as

robotics, automotives and aeronautics. The materials within

this class are called as high-temperature shape memory

alloys (HTSMAs) [3]. Given the low-cost advantages

achieved in recent years, Cu-based alloys, in particular, are

again drawing great interest for high-temperature applica-

tions, due to the possibility of reaching high martensitic

transformation temperatures above 200 �C [4]. Moreover,

the ternary Cu–Al–Fe alloys, as have been obtained through

the addition of Fe to the binary Cu–Al alloys in recent years,

already constitute a new HTSMA group that is open to

attention thanks to the high martensitic transformation

temperatures they have [5–8].

The purpose of this study was to investigate the isothermal

oxidation behavior of high-temperature Cu–13Al–5Fe (in

mass, %) SMA at a temperature interval of 500–900 �C. The

study and determination of the oxidation behaviors of SMAs,

particularly at elevated temperatures, are very significant.

Thus, the information about the functional behaviors they
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exhibit at elevated temperature applications in atmospheric

environments could be obtained.

Experimental

Oxidation behavior of the high-temperature Cu–13Al–5Fe

(in mass, %) SMA produced with arc melter method [8] was

studied using thermo-gravimetric method in the TG/DTA

(Perkin Elmer Pyris) system. The alloy samples whose

oxidation will be investigated were firstly cut into dimen-

sions of 3 9 3 9 3 mm, and then, their surfaces were

polished via grinding and cleaned with acetone, respec-

tively. The cleaned samples were placed in the TG/DTA

furnace, and for this study, they were heated to the oxida-

tion temperatures of 500, 600, 700, 800 and 900 �C with a

heating rate of 50 �C min-1 within a pure N2 gas envi-

ronment. After the samples were heated to the determined

oxidation temperatures in the TG/DTA, they were kept for

1 h in an oxygen gas atmosphere of 100 mL min-1.

Accordingly, time-dependent mass gain data of the samples

at relevant oxidation temperatures were obtained. Phase

analysis of the oxidized samples was conducted at room

temperature by taking the XRD (Rigaku RadB-DMAX II)

patterns at the interval of 2h = 10�–80� using Cu Ka
radiation.

Results and discussion

A thermo-gravimetric mass gain curve, which exhibits

oxidation behavior of Cu–13Al–5Fe alloy sample in

between room temperature and 900 �C, is shown in Fig. 1.

It is generally well known that a mass increase in the

oxidation behavior of metals or alloys comprises two parts:

linear and parabolic [9, 10]. From Fig. 1, it is seen that Cu–

13Al–5Fe alloy exhibits linear oxidation characteristics at

all temperatures from room temperature up to 900 �C.

Figure 2 shows the time-dependent mass gain curves of

the samples for which isothermal oxidation experiments

were conducted at 500, 600, 700, 800 and 900 �C. Because

the oxidation characteristic of the alloy is linear, mass

gains per second on unit surface areas of the samples were

calculated based on the following relationship [11]:

DW
A

¼ KPt ð1Þ

where DW change of mass; A sample surface area; KP oxi-

dation rate constant; and t oxidation time. Due to the oxidation

characteristic of Cu–13Al–5Fe alloy in Fig. 1, the KP value is

calculated from the slope of the linear section of theDW=A�
t curve. From here, the calculated KP values of the samples

oxidized at 500, 600, 700, 800 and 900 �C are 0.00153,

0.0029, 0.00166, 0.0022 and 0.0033 mg cm-2 s-1, respec-

tively. The results thus obtained are very interesting: It is seen

that the KP value of the samples oxidized at 600 �C is dra-

matically higher than theKP values of the samples oxidized at

700 and 800 �C (Fig. 3). Indeed, a high KP value at 600 �C
could be also identified by looking at the mass gain curves

given in Fig. 2. When Fig. 2 is studied carefully, it can be seen

that both the slope of the linear increase region of the mass

gain curve at 600 �C is steeper than the ones oxidized at 700

and 800 �C and that mass gain saturation value of the samples

oxidized at 600 �C is significantly higher than the ones oxi-

dized at 700 �C, being nearly equal to the saturation values of

the samples oxidized at 800 �C. Thus, the oxidation of Cu–

13Al–5Fe alloy at 600 �C was completed with an abnormal

mass gain. This oxidation behavior leads one to assume the

occurrence of a phase transformation in Cu–13Al–5Fe alloy at

approximately 600 �C. In order to verify this assumption,

between room temperature and 900 �C, a differential thermal
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Fig. 1 Nonisothermal TG/DTA curve of Cu–13Al–5Fe alloy sample
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analysis (DTA) curve of the alloy shown in Fig. 4 was taken.

The DTA curve comprises three endothermic peaks, which

occur at 424.44, 533.55 and 568.13 �C. The first endothermic

peak is the reverse martensite transformation peak. The

martensite ? austenite transformation temperatures (As, Af)

of the same alloy had already been determined [8], and

although it was not given there, the reverse martensite trans-

formation temperature of this alloy is 352.9 �C, based on the

differential scanning calorimeter (DSC) curve. This circum-

stance can be explained by looking at the DSC curves

belonging to Cu–13Al–5Fe alloy in Fig. 5: While the reverse

martensite transformation temperature in the first cycle is

around 440 �C, it is seen that the reverse martensite trans-

formation temperatures in the second and third cycles are

approximately 350 �C and that peaks in the heating direction

overlap from this point forward. From here, it is seen that, at

the first stage, the alloy is thermally unstable and that thermal

stability occurs with an increasing number of thermal cycles.

The second endothermic peak at 533.55 �C belongs to the

transformation of b1 ? b (B2), which is high-temperature

phase transformation. It is thought that the third peak at

568.13 �C on the DTA curve is the dissolution peak of the

precipitates in matrix [12–15]. Here, the peak upon which we

must focus is the third endothermic peak, because it is known

that the microstructure of Cu–13Al–5Fe alloy consists of

Fe(Al,Cu) precipitate phase [8]. In conclusion, it is thought

that Fe(Al,Cu) precipitates within the alloy were dissolved in

the matrix as a result of the endothermic reaction at 568.13 �C
and that this dissolution reaction was directly responsible for

the abnormal mass gain during oxidation at 600 �C. During

the dissolution of Fe(Al,Cu) precipitates, initially the Fe, Cu

and Al atoms dissociate, while the Al atoms, whose affinity is

the highest among these atoms released at that moment, from

Ellingham diagram [16], form the Al2O3 oxide phase by

quickly capturing the oxygen atoms as they are released to the

environment. Because the Al2O3 oxide layer that covers the

sample surface will form a shield against the oxidation of Fe

and Cu atoms, the dominant oxide phase contained by the

samples will be Al2O3, as can be understood from the XRD

results we will discuss later. Accordingly, since there will be a

greater quantity of Al atoms on the sample surface at nearly

600 �C with respect to the oxidation temperatures of 700 and

800 �C, the mass gain value and oxidation speed constant

value of the sample at this temperature are greater than those at

700 and 800 �C.

The changes that occurred (depending on oxidation tem-

peratures) in the structural properties of the oxidized Cu–

13Al–5Fe alloy samples were studied by carrying out XRD

analysis. The XRD patterns of the samples whose oxidations

occurred at the temperature interval of 500–800 �C are shown

in Fig. 6. (However, although XRD analysis of the sample

oxidized at 900 �C was conducted twice, the XRD patterns
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Fig. 3 Variation of the oxidation rate constants of alloy samples with

oxidation temperature
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were not shown because the operator could not obtain a

healthy result.) The XRD pattern of the sample oxidized at

500 �C consists of diffraction peaks belonging to three dif-

ferent phases: martensite structure peaks belonging to matrix,

the Fe(Al,Cu) precipitate peak and the Al2O3 oxide phase

peak. Because the oxidation of the alloy is very low at this

temperature, the intensity of the Al2O3 peak is very weak.

Apparently, abnormal changes took place in the phase com-

ponents and phase quantities of the alloy samples oxidized

with increasing oxidation temperatures, thus being compati-

ble with the DTA curve of the alloy (Fig. 4). As seen from the

XRD pattern of the sample as a result of oxidation at 600 �C,

there was a dramatic increase in the intensity of the Al2O3

peak, while the Fe(Al,Cu) peak disappeared. However, it is

seen that the intensities of the Al2O3 peaks in the XRD patterns

of the samples oxidized at 700 and 800 �C were substantially

lower than the intensities of the same phase in the XRD pattern

at 600 �C. These results, particularly when evaluated with the

results obtained from Fig. 2, demonstrate that Cu–13Al–5Fe

alloy has an abnormal oxidation behavior due to its phase

characteristics.

Conclusions

TG analysis showed that high-temperature Cu–13Al–5Fe

SMA exhibits linear oxidation behavior. From the oxida-

tion experiments conducted at isothermal heat treatment

temperatures increasing within the range of 500–900 �C, it

was seen that the alloy demonstrates abnormal oxidation

behavior at 600 �C. It was determined that the oxidation

rate constant of the alloy at this temperature is remarkably

higher by comparison with the oxidation rate constants of

the samples oxidized at 700 and 800 �C. The DTA curve

revealed that the reason for the abnormal oxidation

behavior of the alloy at 600 �C is the endothermic reaction

at 568.13 �C, which leads to the dissolution of the

Fe(Al,Cu) precipitate phase within the matrix. From XRD

patterns of the oxidized alloy samples, it was seen that the

amount of oxide phase is substantially high in the sample

oxidized at 600 �C, as expected.
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