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Abstract

Although the copper-based shape memory alloys (SMA) have some important problems such as controlling of the kinetic properties in the
shape memory ability, they have relatively more advantages when compared to nitinol, such as lower price and simpler production technology.
In order to determine the kinetic properties and oxidation rates of shape memoryNCufl = 13 and 13.5) alloys with polycrystalline
forms, the alloys have been homogenizediphase field at 930C for 30 min and immediately quenched in iced-brine wateratC.

The transformation temperatures in a period of three thermal cycles which include heating and cooling processes have been determined
through Shimadzu DSC-50 differential scanning calorimeter. Activation energies of forward and reverse martensitic transformations have been
calculated by using the Kissenger method. Thermogravimetric analysis with Shimadzu TGA-50 have been carried out for the determination
of mass changes of alloys during heating and cooling cycles with two temperature rates selected as 10/amid 80 to 900C. It has been

shown that increasing aluminium content reduces the oxidation rates of the alloys. It has also been established that CuAINi shape memory
alloys have a good stabilization in martensitic phase.

© 2003 Elsevier B.V. All rights reserved.
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1. Introduction are called as two way shape memory effect (TWME) and
shape memory alloys (SMASs), respectivgR-4]. These
Shape memory effect is related to the thermoelastic alloys can be used as components in some devices used in
martensitic transformations. It is implicit in the concept wide variety of applications such as biomechanics, vibra-
of thermoelastic transformation that there is reversible be- tion control, medicine, industry and aerospace engineering
haviour involved in the martensite- austenite transforma-  [5-7]. Binary NiTi and ternary Cu-based SMAs are widely
tions [1,2]. Therefore, reversible transformation occurs on used in these applications. Although the Cu-based SMAs
heating an alloy, martensitic transformation advances with have the advantage of a lower price, there are very im-
the formation of the martensite plates and the earlier formed portant problems such as martensite stabilizafig8] and
plates vanish later during the reverse transition on heat-transformation temperatur§g-11], particularly in CuzZnAl
ing. After an alloy which exhibits thermoelastic martensitic SMAs. The ternary CuAINi SMAs alternative to CuZnAl
transition is deformed at a temperature beldywwhere the alloys exhibit the TWME in a wide composition range
martensitic transition completes, even if the deformation of alloying elements, nickel or aluminiufi2]. However,
stresses are removed, it remains at the deformed shape butompositional variations in these alloys can modify not only
recovers the original shape on heating over the austenitethe transformation temperatures; but also lead to the dete-
phase finish temperatures(jfand gains the deformed shape rioration of the ductility. They may even result in the loss
on re-cooling belowM;. These shape changes reoccur dur- of thermoelastic and other properties during thermal cy-
ing the cycles of heating and cooling in martensitic region cling [13]. Therefore, for efficient use of these alloys in the
and a usable force arises. This behaviour and these alloygechnological applications, the knowledge of the changes
in transformation temperatures with both composition and
thermal cycling is very important. Besides, in the case of the
* Corresponding author. Tel:00-4242370000; faxi 90-4242330062.  Use of SMAs at high temperatures, the changes of oxidation
E-mail address: rzengin@firat.edu.tr (R. Zengin). rates with heating and cooling rates must also be known.
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The studies on the problems of Cu-based ternary SMAs 3. Results and discussion
have been generally on single crystals of the al[8y%0,11]
but the studies on polycrystalline alloys are limited in litera- 3.1. DSC analysis
ture. Therefore, we have planned to investigate the CuAlINi
alloys in polycrystalline forms which have two different The DSC curves obtained from the three thermal cycling
compositions with constant nickel and 13.0 and 13.5 at.% on Al and A2 specimens are shownhig. 1(a) and (b).
of aluminium. In addition to the thermogravimetric analy- The start (subscribed by s), finish and maximum (subscribed
sis with two different heating and cooling rates, the differ- by p) temperatures of forward and reverse transformations
ential scanning calorimetric (DSC) investigations have been and other calculated properties, such as heat and activation
performed on the alloys in the period of three thermal cy- energy of transformations and hysteresid (= Ap — Mp),
cles. The kinetic parameters related to the shape memoryfrom these DSC curves are givenTiable 2. The activation
ability of the alloys have been calculated by the method of energies have been calculated from the obtained characteris-
Kissinger[14,15]. tic temperatures of the forward and reverse transformations

using the Kissinger method described as

o) E
2. Experimental In [ﬁ] =C- R'I'[:n 1)
m

Two CuAlINi alloys which exhibit TWME have been sup- Hereg is the heating rat€[m the maximum peak tempera-
plied by The Scientific and Technical Research Council of ture (4 or Mp), C the integration constanti, the activation
Turkey (TUBITAK). These alloys have been received in energy, andR the universal gas constdii#}]. The activation
the cylindrical ingot in 1 cm diameter and 10cm long. The energies in the first cycles for A1 and A2 are calculated as
chemical compositions and electron/atom (e/a) ratios of the 23.03+ 0.02 and 16.94+ 0.03 kJ/mol, respectively. From
alloys labelled as A1 and A2 specimens are giveTahle 1. these values, it can be said that an increase order of 3.7% in

The specimens were cut in the disc form with 2mm aluminium content of the alloy with constant nickel causes
in thickness and then divided into nine pieces by cutting the decrease in activation energy by 26-8.2%.
with a saw. The specimens were obtained from a region
at the near centre of these discs in approximately dimen-
sions of 2mmx 3mm x 2 mm. These specimens were put —T T T T T T T T T T

into quartz tubes, treated by solution and evacuated to ho- /\ Cooling

mogenize in austenitic conditions at 930 for 30 min. Ho-

Exothetmin

mogenised specimens, then, were immediately quenched irﬁ.
iced-brine water at-3°C to obtainf-type martensite. Af- =
gas]

ter these treatments, the calorimetric experiments were per
formed by means of Shimadzu DSC-50 instrument at a rate
of 10°C/min between room temperature and 200 Each
heating and cooling cycle was also individually repeated
three times by the DSC instrument for A1 (132 mg) and A2
(105 mg) specimens. The cooling treatments were acted by

using liquid nitrogen. w1 m
In order to determine the mass changes upon heating anca) —> Temperaturs ()
cooling the specimens between room and betatizing tem- . ——
peratures at free atmosphere, the specimens of 27.9 mg fo 5
Al and 56.7 mg for A2 were firstly heated from room tem- g
perature to 900C at two different heating rates of 10 and _ | &
30°C/min and then left to cool to room temperature by them- ,g .
selves. The thermogravimetric experiments for this purpose %
were performed by means of Shimadzu TGA-50 instrument.
e SHye o2

Table 1 i l _ £
Alloys compositions in wt.%, at.% anela ratios 2 lﬂ‘;’%
Alloy wt.% at.% ea .Lﬁ. M T SRR |

Cu Al Ni Cu Al Ni (b} 2 —> T;ltjnperature ey B
Al 83.0 13040 70.38 25.95 3.67 1.55 Fig. 1. The DSC curves plotted for (a) Al and (b) A2 specimens. C1-C3
A2 825 135 40 6956 2680 3.64 157

denoted first, second and third cycles, respectively.




Table 2

The characteristic temperatures obtained by DSC investigations for A1 and A2 specimens and the calculated quantities for thermoelastic transformations

Alloy Cycle A (°C) Ay (°C) As (°C) Ms (°C) Mp (°C) Mt (°C) AHheat (J/9) AHcool (J/g) AT (°C) EA~M (kJimol)  EM=4 (kJ/mol)
Al 1 139.94+ 04 1551+ 0.3 176.3+ 04 150.6+ 0.4 135.8+4 0.3 110.1+ 0.4 591+ 0.13 6.20+ 0.12 19.3+ 0.6 23.03+ 0.02 21.68+ 0.02

2 135.8+ 0.2 153.1+£ 0.2 1723+ 0.2 150.6+ 04 1358+ 0.2 110.1+04 —-6.49+0.07 6.51+0.12 17304 22.89+ 0.01 21.68+ 0.01

3 1354+ 0.2 1523+ 0.2 1725+ 0.2 1509+ 0.4 1335+ 0.2 1127+ 04 —-6.45+0.07 6.42+ 0.13 18.8+ 0.4 22.84+ 0.02 21.52+ 0.02
A2 1 52.1+ 0.4 66.2+ 0.4 83.4+ 0.4 55.4+ 0.4 447+ 0.3 259+ 04 509+ 0.13 6.04+ 0.16 21.5+ 0.7 16.94+ 0.03 15.52+ 0.02

2 50.3+ 0.2 60.3+ 0.2 73.0+£ 0.2 57.7£ 0.4 45.0+ 0.4 28.7£ 04 —-4344+0.07 585+016 153+0.6 16.55+ 0.01 15.54+ 0.02

3 49.7+ 0.2 59.9+ 0.2 72.84+ 0.2 59.2+ 0.4 453+ 0.4 26.7£ 04 —-4.38+0.07 6.03+£0.15 14.6+ 0.6 15.86+ 0.02 15.56+ 0.02
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It has been seen froraig. 1(a) and (bYhat the charac- T T T T T T

teristic transformation temperatures and hysteresis decreas 01T "'f“_]mg om
with the increasing number of thermal cycling. The de- R ——— e
creases of the characteristic temperatures are attributed tc_ 35? """" T TTTTTTTTTTo 559‘0;
the microstructural changes of marten§itel 6]. In particu- o heating (30 "Ctmin ) o
larly, the observed decreases in theandAs reverse trans-

-—
coaling

formation temperatures can be attributed to the dislocations
formed by the cycling effect. This means that the alloys
have the most stable state at the initial stage and lose the
stability with further cycleg1,17]. The cycles of the shape

memory alloys can be regarded as non-isothermal ageing

heating (10°C win )

— 3 inctease it mas

at a certain temperature interval. The changes in the transi- P kbbb A
tion temperatures for the first, second and third cycles are '
shown inFig. 1(a) and (b)and their peak values are given s FD = = = =t

in Table 2. DSC curves belonging to the first cycle have a (a) —3 Temgerature (°C)
broad temperature range which is centred at 158038 and
66.24 0.4°C for the A1 and A2 specimens, respectively, ' ' ' ' ! ' '
while latter cycle peaks are narrower than the formers. socling

The hysteresis values are calculated a3 #90.6 and — 05 00i%
21.54+ 0.7°C for Al and A2 alloys, respectively, in the
first cycles. Such a small hysteresis is one of the typical -
characteristics of thermoelastic martensitic transformations.
The existing models on these transformations treat the nu-
cleation process as a stage in the transformation that occur:
rapidly in a way similar to a shear, whose activation energy
is very small[18]. The detailed analysis on the martensitic
structures and thermodynamic properties of the specimens

20 5 £—
,—'—’/‘f—/_,— 803 cooling

—> Mcredase H1mass

heating (10%2 in Y

can be found elsewherd9]. We rather focussed on the he T e —
cause of the oxidation behaviours of the alloys in this study. . ' . . . . . .

00 400 00 600 T =00 o0
3.2. TGA analysis (b) —> Tempersture [ °C))

. . Fig. 2. The TGA curves plotted for (a) A1 and (b) A2 specimens. The
The mass change curves obtained from thermogravimetrycyrves obtained by the high heating rates are shown at the top of the

experiments are shown ifig. 2(a) and (bfor A1 and A2 figures.
specimens, respectively. At the lower sides in these figures,
the curves obtained with the heating rates of Cmin and
with the cooling are shown and those of €min are in and Q01+ 0.01% in the cooling regime for A1 specimen,
the upper sides. and Q06 + 0.01 and 001+ 0.01% for A2 specimen. The

In these experiments the alloys have been heated frommass augmentation rates corresponding to these percentages
room temperature to 90C which is near the betatizing  in the heating regimes ar@.43=+ 0.20) x 10~2mg,/min for
temperature (930C) and, then, cooled to room temperature Al and (1.82+ 0.30) x 10-3mg/min for A2. This mass
at free atmosphere. The mass augmentations of the A1 andaugmentation rates also correspond@®1+ 0.04) x 101°
A2 specimens have been obtained &¥6-0.01 and 022+ oxygen/s for A1 and1.14- 0.04) x 10 oxygen/s for A2.
0.01%, respectively, during the heating regimes ofCmin Total mass augmentations during heating/cooling regimes
and the mass augmentation rates corresponding to this perwith this rate are A0+ 0.02% for A1 and 07 + 0.02%
centages are calculated @s94+ 0.20) x 10-3mg,/min for for A2. It can be concluded that these increase in mass are
Al and (2.12 + 0.20) x 103 mg/min for A2. Also, this caused by oxidation upon heating.
mass augmentation rates correspond to the oxidation rates of It can be seen fronfig. 2 that heating with the rate of
1.214:0.04x 10" oxygen/s for A1 and1.330.04) x 10*° 10°C/min up to 367.4+ 0.2°C for Al and 3106 + 0.2°C
oxygen/s for A2. The mass increases in the cooling regimesfor A2 has not caused important mass increases. The spec-
are 017+ 0.01% for A1 and 009+ 0.01% for A2. Hence, imens start to capture the oxygen atoms at these tempera-

total mass augmentations for the rate of @@min are cal- tures which are important in the technological applications
culated as ®4 + 0.02 and 031 + 0.02% for A1 and A2 because the SMAs lose most of own shape memory prop-
specimens, respectively. erties. The temperatures where the oxidation is stopped in

The values obtained from the experiments with the heating cooling processes are also determined as 3682 °C for
rate of 30°C/min are 009 4+ 0.01% in the heating regime Al and 4805+ 0.2°C for A2. The starting temperatures for
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oxidation during the heating processes with*@0min rate Gibbs free energy for the formation of copper oxide relative
are obtained as 371490.2°C for A1 and 335.9-0.2°C for to that for the formation of aluming4].
A2 specimens. In the cooling regime, the finishing oxida-  Another observation on the oxidation behaviour of the
tion temperatures are also obtained as 58102 °C for Al specimens is that the difference between oxidation start tem-
and 7905+0.2°C for A2 specimens. At these temperatures, peratures depends on the aluminium content. The oxida-
oxygen atoms do not find the activation energy to diffuse tion start temperature of the specimen with high aluminium
into the specimens. It is well known that the SMAs are gen- content is relatively lower than the specimen with low alu-
erally used under thermal treatments and cycling. Therefore,minium content. This situation can be explained because the
this information on the oxidation behaviour of the alloys reaction energy of AlO is lower than the other oxide reac-
used in this study can become useful for heat treatments. tions. So, in the A2 specimen with high aluminium content,
the oxidations easily start on the outermost layer and the alu-
3.2.1. The effects of aluminium content on oxidation minium oxide layer easily groy21,25]. However, once the
behaviour aluminium oxide layer occurs it does not allow the oxygen
The polycrystalline alloys always present intergranular atoms to diffuse into the inner region. So, the aluminium
failure; in some cases the cause of this failure has been at-content inhibits the oxidation of the copper.
tributed to the presence of the brittle phase (CgAl,) at Therefore, it can be concluded that the increase of the alu-
grain boundarie§20]. The grain boundaries in polycrys- minium content in the used alloys reduce the oxidation rate.
talline alloys serve as a region trapping oxygen atoms and en-Also, in a study on the enhancement of oxidation resistance
hance the oxidation in metals and alld24,22]. Therefore, in Cu and Cu(Al) thin layers, Horvath et gR5] obtained
the oxidation rate strongly depends on the properties of alloy the similar results that the presence of aluminium and the
surfaces and so the surfaces of the specimen must be careimplantation together give increased protection against oxi-
fully prepared[21]. Besides, the oxidation of two CuNiAg dation of CuAl alloys.
alloy systems in air has been investigated at 600=70By
Niu et al.[23] and they have shown that the two alloy sys- 3.2.2. The effects of heating rate on oxidation behaviour
tems form complex scales containing an outermost layer of The oxidation rate of the Al specimen is reduced from
CuO followed by an inner region composed of a mixture of (4.3640.02) x 10'2 oxygen/mg s t@3.22£0.02) x 102 oxy-
Cuw0 plus NiO with a number of silver metal particles. The gen/mgs by changing the heating rate from 10 t6G0nin.
alloys used in our study may be compared with those of Niu With the same way, the oxidation rate of the A2 speci-
et al. due to the structural similarities, both the alloy systems men is reduced froni2.34+ 0.02) x 103 oxygen/mgs to
have a Cu-rict8 phase field, polycrystalline structure, and (2.01+ 0.02) x 102 oxygen/mgs. These decrease in the
approximately equal atomic radius and ionic radius which oxidation rates must be interpreted by taking into account
are important for oxidatiofi21]. the time consumed during heating process, that is, the spec-
In the present study, we have attentively prepared the sur-imens have more time in lower heating rates than the higher
faces of the specimens. The surfaces of the Al and A2 spec-heating rates for the oxide formations.
imens have the grain boundaries with approximately same The oxidation mechanism of the pure copper is explained
order of sizg[19]. Due to they, phase at the grain bound- in two stageg$25]: firstly, a thin layer of CgO forms on the
aries, we may conclude that the oxidation in the specimenssurface. This oxide film is usually stressed or porous, be-
begin at the grain boundaries and progress with occurring cause the molar volume of the &b phase is much higher
CuO, AIO, CyO and a few of NiO reactions. These oxides than that of copper. Secondly, the oxygen rich CuO forms
may be formed as complex scales containing an outermostunder the CpO oxide film but this formation is usually a
layer of CuO followed by an inner region composed of a slower process at lower temperatures. However, in the case
mixture of CpO plus AlO with a number of NiO. of low-aluminium-alloyed copper, it is found that the CuO
In order to realize the effect of aluminium content on the phase forms first and then the fLuphasg23,25]. This pro-
oxidation behaviour of the alloy, we have calculated the oxy- cess can be seen from the TGA curveg-ig. 2aobtained
gen absorption rate per mass and have found it t@H36+ for A1 specimen. In the figure, the mass augmentation for
0.02) x 103 oxygen/mgs for Al an@2.34+ 0.02) x 103 10°C/min heating rate exhibit a fluctuation at the temper-
oxygen/mgs for A2 at 10C/min. These values show that ature range 0f367.4+ 0.2)—(50Q0 + 0.2) °C. However,
the increasing aluminium content causes decrease in the oxthis fluctuation is suppressed by increasing the heating rate
idation rate. Therefore, increasing aluminium content can to 30°C/min. Therefore, it can be said that, at lower heat-
cause decrease in &0 and NiO formations in the inner re-  ing rate, the oxidation is started by forming the CuO and
gions even if it is not possible on the outermost layer. Hence, CupO phases together and enhanced by growing the cop-
incoming oxygen atoms into the inner region may be pre- per oxide but at higher heating rates, theeOwphase is in-
vented by the aluminium oxide formations on the outer layer hibited by not giving more time required for the formation.
because of the lower reaction energy of AlO than the other Another important mechanism inhibiting the formation of
oxide reactions. Copper atoms cannot be oxidized initially Cu,O phase is the alloyed impurities occupying the vacancy
during the earlier stages of treatment, because of the highersites at the grain boundaries. Also, the increase of heating
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