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Abstract. GTD-111 DS generally used for gas turbine blades is a high performance Ni-base superalloy. This alloy, with high volume of γ’ phase, has excellent tensile properties at high temperature. The effect of temperature on the tensile deformation of GTD-111 DS was investigated by using tensile test and microstructure evaluation of the fractured specimens. The tensile behaviour of GTD-111 DS was studied in the room temperature (RT) and 650 °C. From the yield strength results, the yield strength decreases from the average of 702.72 MPa to the average of 645.62 MPa with the increase of temperature from RT to 650 °C. The scanning electron microscope (SEM) results on fractured specimens confirmed that the tensile behaviour affected by deformation of the surface at 650 ºC compared to fractured surface at RT. Based on the laboratory testing results, the correlation between tensile deformation of fractured surface and yield strength were discussed. 
Introduction
Nickel base superalloys are widely used as the materials of gas turbine blades. These materials are selected for this application because of their excellent properties at elevated temperature. Directional solidified (DS) Ni-base GTD-111 was selected for this study. GTD-111 DS has a multi-phase microstructure containing of γ matrices, γ’ precipitates, γ-γ’ eutectics and a small amount of phases and carbides [1]. The fine shape of γ’ that provides this directional solidified GTD-111with excellent high temperature properties in comparison with other Ni-base alloys. The total amount of γ’ in GTD-111 DS is 60 – 70%. For this reason, the behavior of this alloy at high temperature depends on the amount γ’. With the increase of firing temperature for future advanced gas turbines, it is important to investigate and understand the behavior of GTD-111 DS as the superalloy mainly operates all of its lifetime at high temperatures during the operation [2]. Other than its capability to maintain excellent resistance at high temperature, this superalloy also has good oxidation resistance. These characteristics are the main reason for using this superalloy in severe and harsh operating condition of hot section gas turbine [3]. 
There are numerous studies have been carried out to investigate the deformation of GTD-111 at high temperatures. For materials researchers, it is important to study the mechanical properties of this alloy for high temperature gas turbine applications. One of the main laboratory life assessments of this alloy is by performing tensile test to investigate the strength of the materials at high temperature [4]. 
Previous work carried out by Sajjadi et al. [5] revealed that the behavior of this Ni-base superalloy is mainly depended by phase of γ’. The study also found that the yield strength decreased rapidly with the increase of temperature. In a study conducted by Yoon et al. [6], it showed that the yield strength increased with the increase of temperature up to 800 ºC. The yield strength then dropped with the increase of temperature more than 800 ºC. Lipski and Mrozinski [7] revealed that the value of yield strength normally decreases for high temperature, but the yield strength indicated different value in different temperature ranges. Another study on the temperature dependence of Ni-based alloys conducted by Zhang et al. [8], it stated the yield strength and elongation of this alloy attribute the variation to different deformation mechanisms at different elevated temperature. 
The aim of this study was to investigate the temperature dependence of tensile properties of directional solidified Ni-based GTD 111at temperature 650 ºC. While previous literatures mainly focused on the temperature 800 ºC and more, this study has been focusing on strength of this material at the region between 25 ºC and 650 ºC. It is important to investigate the correlation between yield strength and tensile deformation structures at these temperatures. For this study, the room temperature at 25 ºC has been used as a reference. 
Experimental procedures
The elemental composition of the Ni-base superalloy was verified by using X-ray fluorescent. The chemical composition of the directional-solidified Ni-base superalloy is listed in Table 1.

Table 1: Chemical composition of GTD 111 (in wt %)
	Ni 
	Cr
	Co
	Mo
	Fe
	W
	Ta
	Ti
	Hf

	60.65
	14.60
	9.93
	1.78
	0.78
	4.48
	2.77
	4.37
	0.20



The test specimens were fabricated from a rod according to ASTM E21. Tensile test were performed at two different temperatures, 25 ºC and 650 ºC at a constant strain rate of 10-4s-1. At least five samples were tested at each temperature to obtain precise results. Microstructures of the tested samples were examined in a scanning electron microscope to analyse the degraded microstructure and investigate the deformation mechanisms. 
Results and discussion
The fractured surfaces of the GTD-111 DS superalloy from the tensile test were analysed to investigate the damage characteristics. 
Variation of yield  strength (YS) with temperature
Tensile test results for both temperatures are shown in Figure 1. For comparison, the yield strength of the alloys GTD-111 at room temperature (RT) and 650 °C are included. From the results, the yield strength decreases from the average of 702.72 MPa to the average of 645.62 MPa with the increase of temperature from RT to 650 °C. According to the previous works conducted by Sajjadi et al. [9] and Zhang et al. [8], the yield strength of directional solidified GTD-111 at RT should be higher than the yield strength at 650 °C. The detail explanations of this situation will be discussed in the next sections. 
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                                            Figure 1: Yield strength of GTD-111 DS at RT and 650 °C	          
Tensile deformation
At low temperature. Figure 2 shows the fractured surface of one of the tensile samples at RT. The microstructure of the fractured sample is shown in Figure 3. From the micrograph image, the γ’ phase appeared in cuboidal shape. The shapes were uniform and the average size of the γ’ phase is between 0.5 µm to 1 µm. The γ’ phase shapes in the micrograph image exhibit similar deformation pattern at RT. In a study by Sajjadi et al. [5], there was no evidence of voids on the fractured surface. The author concluded that the cracks on the fractured surface are due to the brittleness of grain boundary. With the proof of no voids on the fractured surface, it also concluded that the cracks are not due to the void growth on the surface. 
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 Figure 2: Fractured surface of tensile specimen      Figure 3: Micrograph image of tensile specimen
                at RT.				                    at RT (X5000 magnification). 
At high temperature. Figure 4 shows the fractured surface of one of the tensile samples at 650 °C. The microstructure of the fractured sample is shown in Figure 5. From the micrograph image, the γ’ phase appeared in elliptical shape. The γ’ began to degrade with the increase of temperature. The average size of γ’ at 650 °C increased between 1.5 µm to 3 µm. The cuboidal shape of γ’ that has been shown at RT totally elongated and showed non-uniform elliptical shape. Several previous studies by Sajjadi and Nategh[10] stated that, when γ’ began to degrade due to the exposure at high temperature, the size of γ’ increased, the γ’ began to elongate and changes the shape from cuboidal to elliptical or spherical.
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Fractured surface


Figure 4: Fractured surface of tensile specimen      Figure 5: Micrograph image of tensile specimen
               at 650 °C.				      at 650 °C (X5000 magnification). 
Correlation between yield  strength and tensile deformation structures
From the previous study undertaken by Wang et al., it is stated that the finer shape and higher volume of γ’, the higher the strength of this superalloy at high temperature. At the high temperature of 650 °C, it was found that the yield strength decreased from RT. At this temperature region, the γ’ has shown finer shape with huge volume of γ’, and this resulted in high yield strength of the specimen. When the test carried out at 650 °C, the γ’ precipitates began to expand their sizes due to exposure at high temperature, and this resulted in reduction of yield strength. This degradation process could also be classified as sphericalisation or coarsening of γ’phase. The tensile properties of GTD-111 DS depend on the condition of γ’ during the exposure at high temperature [11, 12]. From the decrement of yield strength less than 10% from RT to 650 °C, it showed that the GTD-111 DS superalloy could maintain its excellent tensile properties (strength) in high temperature environment for a certain period. 
Conclusions

1. The SEM investigations revealed that the fractured tensile specimens indicated different deformations at RT and 650 ºC. The occurrence of different tensile deformation depends on the test temperature. 
2. The decrement of 10% yield strength from RT and 650 °C confirmed that GTD-111 DS alloys has excellent mechanical properties (strength) at high temperature. 
3. The effect of temperature on tensile deformation for GTD-111 DS superalloys could be investigated after yielding in the certain temperature range that was determined before carried out tensile test.
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