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ABSTRACT 

High temperature oxidation behaviours of with four different composition Cu-based shape memory alloys have been investigated by thermogravimetric analysis (TGA) in the temperature range of 150 (C - 900 (C under air atmosphere. Depending on the heating rate and the alloying elements types, the weight gains of the powdered samples were investigated and the oxidation rates have been determined by TGA. The results indicate that increasing of Al content in the alloys and increasing the heating rate, increase the rate of oxidation. 
Keywords: Alloy, Oxidation, Thermogravimetry Analysis (TGA)
__________________________________________________________________________________________________________________________________________________
Cu – ESASLI  ŞEKİL HATIRLAMA ALAŞIMLARINDA OKSİDASYON ÖZELLİKLERİNE ALAŞIM ELEMENTLERİNİN ETKİSİ
ÖZET
Dört farklı kompozisyonlu Cu-esaslı şekil hatırlama alaşımlarının yüksek sıcaklık oksitlenme özellikleri hava atmosferi altında 150 (C - 900 (C sıcaklık aralıklarında thermogravimetrik analiz (TGA) ile incelendi. Isıtma hızı ve alaşımlama elementlerinin çeşidine bağlı olarak toz numuneler incelendi ve oxsitlenme hızları TGA ile belirlendi. Sonuçlar işaret edilen alaşımlarda artan Al içeriği ve artan ısıtma hızına bağlı olarak, oksidasyon hızının arttığını gösterdi.
Anahtar Kelimeler: Alaşım, Oksitlenme, Thermogravimetrik Analiz (TGA)
__________________________________________________________________________________________________________________________________________________
1. INTRODUCTION
Traditionally, the temperature interval of thermoelastic martensitic transformation in metals and alloys was observed at cryogenic and environ-mental temperatures. Therefore, the shape memory effect stimulated by the diffusionless character of the martensitic transformation has the appropriate characteristics in this temperature interval for the industrial shape memory alloys. The diffusion pro-cesses are suppressed at these temperatures, which ensures high reversibility during martensitic trans-formation(Firstow et al. 2004). Oxidation behaviour of Cu-based shape memory alloys at high tempera-ture was investigated previously(Ceylan, 2000). It was shown in the previous study that, the total oxidation percentages were decreased, whereas the oxidation rates were increased with the heating rate during the heating and cooling periods(Ceylan, 2000). On the other hand, the ( phase has a wide range of solid solubility at elevated temperatures, but the stability of this phase decreases with decreasing temperature(Brooks, 1990). This phase usually decomposes to other lower temperature phases such as (1 and (2 under equilibrium cooling conditions (Brooks, 1990). If it is cooled rapidly to suppress the diffusion of atoms, the phase trans-forms to the (1(martensite), (1( (DO3 austenite) or supersaturated retained ( phase(Brooks, 1990). Over a long period of time, the decomposition of (1 (martensite), (1( (DO3 austenite) and supersaturated ( phases to the equilibrium phases, (, (2 and ( phases occurs spontaneously which is called as a spontaneous aging. The occurrence of these precipi-tation processes may continue over a long period of time. On the other hand, increasing the heating rate or aging temperature may increase the precipitation rates of these equilibrium phases.    

In this study, the effects of the additions of small amounts of Al and Be (0.5wt.%Al and 0.05wt. % Be) to these alloys on the oxidation percentages and oxidation rates are investigated by TGA(Yinnon , 1983 and Lipe, 1995). The results indicated that both the composition and the heating rates affect the oxidation rates and phase conversion energies of the alloys. 
2. EXPERIMENTAL 

The samples are supplied, from TRAFIME-TAUX Company, with a shape of rod or plate. The elemental compositions of the alloys used are given in Table 1.
The TGA was carried out with the powdered samples with a size of approximately 20 mg under dynamic air atmosphere. A Shimadzu TGA-50 was used for the thermal analyses. The heating was continued from room temperature to 900 oC in TGA analyser. The heating rates of 5 oC/min, 10 oC/min, 15 oC/min, 20 oC/min, 25 oC/min were chosen for both TGA analyses. The mass gains and the oxidation rates of the samples were determined from TGA data.
Table 1. Composition (wt %) of the Alloy Samples Studied
	Sample
No
	Component elements

	
	wt. %Cu
	wt. %Al
	wt. %Ni
	wt. %Be

	1
	82.50
	13.50
	4.00
	-

	2
	83.00
	13.00
	4.00
	-

	3
	87.73
	11.80
	-
	0.47

	4
	87.98
	11.60
	-
	0.42


3. RESULTS 
The TGA curves obtained for the samples are given in Figures1-4 for five different heating rates. By using these curves, the estimated data for each heating rates are summarized in Table 2. In the each row of the table the first lines represent total mass gain percentages; the second lines represent the total mass gains as mg during the heating and cooling periods. The other lines in the each of the table are related to heating period in the temperature range of 150 (C-900 (C. Heating rates (a-e): 5 (C/min, 10 (C /min, 15 (C/min, 20 (C/min, 25 (C/min. The third lines represent the total mass gain percentages, the fourth lines represent the mass gains as mg, the fifth lines represent the mass gains rates as mg/min, and the sixth lines represent the oxidation rates as atom/s. 
The amounts of mass gains are calculated by multiplying of the mass gain percentages with the sample size, 20 mg. The mass gain rates as mg/min are obtained from the division of mass gains to the heating periods and the oxidation rates as atom/s are calculated from the division of mass gains rates to the mass of single oxygen atom, which is 2.5752 x 10-23 g.

It is seen from Table 2 that the heating peri-ods decrease gradually from 150 min to 30 min as the heating rates increase from 5 (C/min to 25 (C/ min. The dependence of the mass gains and the oxidation rates on the heating rates are also seen clearly from the table. The mass gain percentages and the total mass gains as mg decrease regularly for each sample with increasing heating rates. Ac-cordingly, the mass gains rates as mg/min or atom/s (at/s) decrease for each sample. For example, the total mass gains vary from 0.846 mg to 0.340 mg while the heating rates vary from 5 (C/min to 25 (C/ min for the Sample-1. Similar trends are observed for the other samples. For the identical heating rates or the heating periods, the variations in the mass gains are parallel to the Al contents of the samples at which Al contents vary from13.50 % to 11.60 %. In other word, for the same heating rates, the total mass gains and the oxidation rates decrease as the Al content of the alloys decrease. For example, at the heating rates of 5 (C/min, the total mass gains vary from 0.846 mg to 0.252 mg, at the heating rates of 25 (C/min, the total mass gains vary from 0.340 mg to 0.178 mg depending on the types of samples. These results indicate that both the heating rates and Al content of the samples affect the amounts of the mass gains, and therefore, the oxidation rates. The extent of the oxidation decreases with decreasing Al percentage in the samples. In fact, this is an expec-ted result since Al has a lower oxidation potential and therefore more liable to the oxidation (Shackelford, 1996 and Ashby, 1982).
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Figure.1 TGA Curves Obtained from Sample 1.                   Figure.2 TGA Curves Obtained from Sample 2.               a-e for Different Heaiting Rates.                                               a-e for Different Heaiting Rates.
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Figure.3 TGA Curves Obtained from Sample 3.                     Figure.4 TGA Curves Obtained From Sample.4          

             a-e  for Different Heaiting Rates.                                                 a-e  for Different Heaiting Rates.
Table 2. Summary of the data estimated from TGA of the samples under different conditions: In each row the first lines represent the percentages of the total mass gains and the second lines represents the total mass gains as mg during the heating and cooling periods.  The third lines represent the percentages of mass gains, the fourth lines represent the total mass gains as mg, the fifth lines represent the mass gain rates as mg/min and the sixth lines represent the oxidation rates as atom/s for the heating period in the temperature range of 150 (C - 900 (C.
	Heating  Rates

(C/min.
	Heating Periods

(min.)
	Sample No

	
	
	1
	2
	3
	4

	5
	150.0
	4.23%

0.846mg

3.08%   

 0.616mg

4.106x10-3mg/min 

2.6578 x1015at/s.
	3.03%

0.606mg.

2.24% 

0.448mg.

2.986x10-3mg/min

1.9329 x1015at/s.    
	1.75%

0.350mg

1.50% 

0.300mg.

2.000x10-3mg/min

1.2943 x1015at/s
	1.26%

0.252mg.

0.95%

0.190mg.   

1.266 x10-3mg/min

0.8197 x1015at/s

	10
	75.0
	2.83%

0.566mg

1.65%   

0.330mg

4.400 x10-3mg/min

2.8476 x1015at/s
	2.70%

0.540mg

2.03% 

0.406mg. 

5.413x10-3mg/min

3.5032 x1015at/s
	1.08%

0.216mg

1.05% 

0.210mg. 

2.800x10-3mg/min

1.8121 x1015at/s
	1.10%

0.200mg.

0.94% 

0.188mg.  

2.506 x10-3mg/min

1.6223x1015at/s

	15
	50.0
	2.45%

0.490mg.

1.50% 

0.300mg

6.000x10-3mg/min 

3.8831 x1015at/s
	2.20%

0.440mg

1.39%

0.278mg.

5.560x10-3mg/min

3.5984 x1015at/s
	0.85%

0.170mg

0.80% 

0.160mg

3.200x10-3mg/min

2.0710x1015at/s
	0.93%

0.186mg

0.76%

0.152mg

3.040 x10-3mg/min

1.9674 x1015at/s

	20
	37.5
	2.15%

0.430mg.

1.31% 

0.262mg.

6.986x10-3mg/min

4.5217 x1015at/s
	1.71%

0.342mg.

1.05%

0.210mg.

5.600x10-3mg/min

3.6243 x1015at/s
	0.94 %

0.188mg.

0.83% 

0.166mg

4.426x10-3mg/min

2.8649 x1015at/s
	0.90%

0.180mg

0.69%

0.138mg.    

3.680x10-3mg/min

2.3816 x1015at/s

	25
	30.0
	1.70%

0.340mg.

0.98%     

0.196mg.

6.533x10-3mg/min

4.2283 x1015at/s
	1.85%

0.370mg

1.17%

0.234mg.    

7.800x10-3mg/min

5.0481 x1015at/s
	0.94%

0.188mg.

0.73% 

0.146mg

4.866x10-3mg/min

3.1497 x1015at/s
	0.89%

0.178mg.

0.62%

0.124mg

4.133x10-3mg/min

2.6750x1015at/s


at: atom

4. DISCUSSION
The slopes of the TGA traces in Figures 1-4 suggest that the samples have been oxidized more rapidly during the heating period in the high temperature region of 800 (C - 900 (C. The data in Table 2 indicates that the heating rates and elemental compositions affect the total mass gains and the oxidation rates. The differences of the mass gain values and the mass gain rates between samples 1 and 2 originate from the differences of Al content of these samples. The differences of the mass gain values and mass gain rates between Samples 1-2 and Samples 3-4 originate from the difference of Al, Ni and Be contents of the alloys. The mass gains and therefore the mass gain rates of Samples 3-4 are less than that of Samples 1-2. The decrements in the mass gains or the mass gain rates or oxidation rates may originate from the decrease in Al contents in Samples 3-4(Shackelford, 1996.and Ashby, 1982). The dependency of the mass gains and the oxidation rates on Al percentage of the alloys, may originate from having the three valences and lower oxidation potential of Al (Shackelford, 1996.and Ashby, 1982, Zhang et al. 2004, Wang et al. 2006). The main reaction of Al affecting the mass gains or the oxidation rates may be the formation of Al2O3 compound (Shackelford, 1996 and Ashby, 1982, Zhang et al. 2004, Wang et al. 2006). 
5. CONCLUSSION
The conclusions obtained in this study may be summarized as follows.
1. Increasing of Al content with a constant Ni percentage increases the mass gains, the mass gain rates and the oxidation rates.

2. Increasing the heating rate increases the mass gain rates and the oxidation rates.
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