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Abstract

:

Intermetallic materials typically change their deformation behavior from brittle to ductile at a certain temperature called the Brittle-to-Ductile Transition Temperature (BDTT). This specific temperature can be determined by the Charpy impact, tensile or bending tests conducted at different temperatures and strain rates, which usually requires a large number of specimens. In order to reduce the number of necessary specimens for finding the BDTT, a new methodology comprising cyclic loadings as the crucial step was studied on a fully lamellar TiAl alloy with composition Ti-48Al-2Nb-0.7Cr-0.3Si. The loading blocks are applied isothermally under strain control and repeated on the same specimen at different temperatures. The development of plastic strain amplitude with increasing temperature is analyzed to determine the BDTT of the specimen. The BDTTs found with the described method agree well with literature data derived with conventional methods. With the loading strategy presented in this study, the BDTT and additionally the effect of strain rate on it can be found by using a single specimen.
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1. Introduction


With an increasing temperature, many intermetallic alloys show a transition from brittle to ductile behavior. Brittle to Ductile Transition (BDT) can occur gradually with increasing temperature or within a very small temperature range of less than 100 °C. This transition has been observed in particular aluminides in Charpy impact tests [1], four-point bending tests [2,3] or tensile tests [4,5,6,7,8,9]. In Charpy impact tests, BDT is reflected by a significant increase of impact toughness and a change of the characteristic fracture surface from transcrystalline cleavage to ductile fracture [1]. Bending in the outer fibre before cracking in the four-point bending tests [2] and elongation in the tensile tests [4,5,6,7,8,9] increase remarkably beyond the BDT. In tensile tests, BDT is also connected with a remarkable decrease in the yield strength [6,7,9] and a change in the fracture mode from cleavage to intergranular fracture [4,8].



For materials that change their behavior from brittle to ductile in a limited temperature range, the Brittle-to-Ductile Transition Temperature (BDTT) can be defined. Until today, no uniform or standard definition of the BDTT has been established. Lin et al. and Noebe et al. used the results of tensile tests at different temperatures to define the BDTT [6,10]. Lin et al. determined the BDTT of a Ti-47Al-2Mn-2Nb alloy as the temperature, at which the elongation δ rises to 7.5%, and justified this definition by the fact that numerous dimples exist on the fracture surface beginning from this temperature [6]. Noebe et al. defined the BDTT of two NiAl alloys as the minimum temperature for which the materials show an elongation of ≥5% [10]. After Charpy impact tests at different temperatures on binary FeAl alloys, Herrmann et al. calculated the BDTT as the mean temperature in the transition range between low and high impact energy values [1]. Based on results of the four-point bending tests at different temperatures on several FeAl intermetallics, Risanti et al. defined the BDTT as the mean value of the temperatures at which the material first reaches 1% and 3% of bending in the outer fibre [2]. In each study, at least three samples were used to determine the BDTT as the tests were carried out at different temperatures.



The BDTT of a material changes with its composition, microstructure, and loading rate. Risanti et al. studied the effect of Al content of Fe-Al alloys on the BDTT and found that the BDTT is increased significantly by increasing Al content in a binary Fe-Al alloy from 41.3 to 45 at% [2]. Lin et al. showed that with an addition of 1 at% B in the alloy TiAlMnNb, BDT is shifted to lower temperatures due to microstructure refinement [6]. For a two-phase TiAl alloy, the BDTT of a fully lamellar microstructure is higher than the BDTT of a duplex microstructure [7,9,11]. Results of tensile tests [5,6,7,10,11] and four-point bending tests [3] at different strain rates show that the BDT of several intermetallics is shifted to higher temperatures with an increasing strain rate. In order to determine the strain rate effect on BDTT, additional tests have to be conducted and more samples are necessary.



The purpose of this study is to present a new method for determining the BDTT of a TiAl intermetallic alloy, which requires only one specimen. The BDTTs at different deformation rates determined by this new method are compared with the literature data derived with conventional methods. By plotting the BDTTs at different strain rates in an Arrhenius plot the apparent activation energy for BDT is found.




2. Materials and Methods


The alloy used in this study, with a nominal composition of Ti-48Al-2Nb-0.7Cr-0.3Si (at%), was produced in ingot forms with a diameter of 24 mm and a length of 125 mm using the LEVICAST process [12]. The ingots were hot isostatically pressed in Ar atmosphere at 1150 °C/200 MPa for 4 h. The resulting microstructure is a fully lamellar structure with an average grain size of 358 µm and an average lath spacing of 1.55 µm [12], which is visualized in Figure 1. The ingots were then machined to cylindrical specimens with a gauge length of 17 mm and gauge diameter of 7 mm, on which the experiments were carried out.



Three experiments referred to as A, B, and C with slightly different loading strategies were conducted. All experiments were carried out in laboratory air using a Schenck servo-hydraulic testing machine. Specimens were heated by an induction system. The geometry and the position of the induction coil were optimized until the axial temperature gradients within the gauge length did not exceed 2% of the nominal temperature. The temperature was measured by a band-thermocouple (type K) attached by a spring to the specimen surface in the center of the gauge length. The strain was measured by a water-cooled extensometer, which was attached to the specimen within the gauge length. During each test, the specimen temperature, the stress and the strain signal were recorded continuously.



The input and output of experiment A are shown for two different temperature steps in Figure 2a. The whole experiment included nine incremental temperature steps of 50 °C starting at 500 °C. Each temperature step consisted of five cycles. A mechanical strain with an amplitude of    ε a  m e c h .     = 0.23% and a strain ratio of Rε = εmin/εmax = −1 were applied using a triangular wave shape at the strain rate of 0.46 × 10−4 s−1. At the end of the fifth cycle, the control signal was switched from strain to force and the temperature of the specimen was increased from 500 to 550 °C after driving the force to zero. During the temperature increase, the residual force on the specimen was kept at zero level in order to avoid thermally induced stresses on the specimen. After the specimen had reached 550 °C, a 40 s dwell time at zero load was applied to reach thermal equilibrium. Then, the control signal was switched back to strain and the loading strategy was repeated at this temperature and the next seven temperature steps, which are given in Table 1. This experiment was used in order to study the BDTT of the material at a strain rate of 0.46 × 10−4 s−1 by using a single specimen.



Figure 2b provides the input and output of experiment B. This experiment included nine incremental temperature steps of 50 °C starting at 500 °C. The same load cycle of mechanical strain amplitude, ratio, and wave shape as in experiment A was applied for three cycles at a strain rate of 9.2 × 10−4 s−1. At the end of the third cycle, the control signal was switched from strain to force and the residual force in the specimen was driven to zero in order to ensure equal initial stress conditions for the plastic deformation in the specimen. After that, the control signal was switched back to strain and three more triangular strain cycles with the same amplitude, but a strain rate of 1 × 10−4 s−1 were applied. Then, the control signal was switched back to force again, the remaining force was driven to zero and the temperature of the specimen was increased from 500 to 550 °C while keeping the force on the specimen at zero level. After a thermal equilibrium time of 40 s, this procedure was repeated for the temperature steps given in Table 1. The loading strategy in this experiment was used in order to study the BDTT of the material at two different strain rates of 9.2 × 10−4 s−1 and 1 × 10−4 s−1 by using only one specimen.



The input and output of experiment C at two different temperature steps are given in Figure 2c. This experiment included 14 incremental temperature steps starting at room temperature and ending at 900 °C. The same load cycle of mechanical strain amplitude, ratio, and wave shape as in experiments A and B was applied, this time at a different strain rate of 4.6 × 10−4 s−1. At the end of the fifth cycle, the maximum or minimum mechanical strain was kept constant first in tension and then in compression, for 60 s of hold time, respectively. After the compression hold-time, the strain was driven to zero, the control signal was switched from strain to force and the temperature of the specimen was increased from room temperature to 100 °C after driving the residual force to zero. During the temperature increase, the acting force was kept at zero level. When the temperature of the specimen reached 100 °C, a thermal equilibrium time of 40 s was allowed. Then, the control signal was changed to strain control and the loading strategy was repeated at this temperature and the next 14 temperature steps, which are given in Table 1. This experiment was used to study the effect of the load history on the BDTT.




3. Results


From the recorded stress and strain signals, the plastic strain amplitude of each triangular cycle was determined as half of the width of the hysteresis at mean load. Figure 3 summarizes the results of all experiments conducted. The plastic strain amplitude as the mean value of the measurements at each temperature step was plotted versus the temperature. The change of plastic strain amplitude with temperature was divided into four temperature regimes: low temperature regime from room temperature up to 200 °C, moderate temperature regime from 200 up to 550 °C for the lower strain rates and up to 600 °C for the higher strain rates, high temperature regime range 1 and high temperature regime range 2, see Figure 3. In the low temperature regime up to 200 °C, the plastic strain amplitude increased with the increasing temperature, while in the moderate temperature regime, the material showed a negative temperature dependency of the plastic strain amplitude. This was followed by the first high temperature regime (range 1), in which the plastic strain amplitude increased again with temperature. In the second high temperature regime (range 2), the increase of plastic strain amplitude with temperature was greater than in range 1. Notice that the limiting temperatures for each regime depend on the strain rate: the first high temperature regime was between 600 and 750 °C for the two lower strain rates, while it was between 650 and 800 °C for both higher strain rates.




4. Discussion


4.1. Mechanical Behavior of the Material in Different Temperature Regimes


Tensile test results on a lamellar Ti-47Al-2Cr-0.2Si alloy show that the flow stress decreases from room temperature to 200 °C [7] (p. 198). This can be explained by thermal activation of the acting deformation mechanisms in this temperature regime. In experiment C, we observe this phenomenon in the tested TiAl alloy, as the plastic strain amplitude at the strain rate of 4.6 × 10−4 s−1 increased slightly from room temperature to 200 °C, see Figure 3. In the moderate temperature regime, the plastic deformation decreased with increasing temperature. Tensile test results on Ti-47Al-1.5Nb-1Mn-1Cr-0.2Si-0.5B indicate that elongation decreased with increasing temperature near this temperature range; this behavior was explained with dynamic strain aging (DSA) effects [13]. Furthermore, several investigations on two phase TiAl intermetallic alloys showed a yield strength anomaly (YSA) in these alloys between 200 and 600 °C [14,15,16] with a peak depending on the composition and microstructure. After in situ straining observations of TiAl at temperatures between 200 and 400 °C Molénat et al. concluded that DSA promotes the Portevin-Le Chatellier effect in the temperature range of YSA [17]. DSA effects in TiAl alloys were also observed by Christoph et al. [18]. They suggested that Fe or B atoms interacting with dislocations could be the reason, as both are present in most of the technically relevant alloys [18]. The observed negative strain rate dependency at 500 °C in our experiments supports the idea of DSA. In the first cycle, the specimen deformed at the strain rate of 0.46 × 10−4 s−1 from experiment A showed higher stresses and a lower plastic deformation than the specimen deformed at the strain rate of 9.2 × 10−4 s−1 from experiment B, see Table 2. Hence, DSA effects may explain the decrease of plastic strain amplitude in the moderate temperature regime in our experiments.



Beginning from range 1 of the high temperature regime, the plastic strain amplitude increased slightly with temperature. Consequently, DSA effects are not significant in this temperature range. The increase in plastic strain amplitude was steeper in temperature range 2 for each strain rate. Results of tensile tests with the same material at a strain rate of 1 × 10−4 s−1 show that the elongation changed significantly from 750 to 800 °C, see Figure 4. This indicates that BDT occurs within this temperature range. Results of our experiment at the same strain rate show that the increase of plastic deformation became more significant from 750 °C (range 1) to 800 °C (range 2), see the red circles in Figure 3. This suggests that the different slopes of the lines of the linear best fit in temperature ranges 1 and 2 are related to BDT. The different limiting temperatures for ranges 1 and 2 for the lower and higher strain rates are related to the strain rate dependence of the BDTT.




4.2. Determining the BDTT by a New Method


In order to determine the BDTT, the lines of the linear best fit of data in temperature ranges 1 and 2, respectively, were extended to find the point of intersection. The temperature at the intersection is then defined as the BDTT. In Figure 5a,b, this was done for the strain rates used in our experiments. Note that each point represents the plastic strain amplitude for the corresponding cycle. The resulting BDTTs are summarized in Table 3.



The BDTTs at different strain rates, which are determined by the presented method, were used to plot ln (  ε ˙  ) against (BDTT × R)−1 in Figure 6, where R is the ideal gas constant and an inverse linear relationship was found. For a thermally activated process, the apparent activation energy can be determined from the slope of the fit line, being 343 kJ/mol. This value is in the range of the activation energies of Ti diffusion in γ-TiAl phase (291 kJ/mol) [19] and Al diffusion in γ-TiAl phase (360 kJ/mol) [20], suggesting that BDT of this alloy is controlled by atomic diffusion mechanisms in γ-TiAl phase.




4.3. Effect of Different Load Strategies Used in This Study on the BDTT Determined by the New Method


Comparing the plastic strain amplitudes at different strain rates between 500 and 900 °C, it is noticeable that the plastic strain amplitudes at the strain rate of 4.6 × 10−4 s−1 are the lowest, see Figure 3. However, the different load histories of the experiments must be taken into account. The smaller values of the plastic strain amplitude at this strain rate are caused by a cyclic hardening of the material in the loading steps within the range between room temperature and 400 °C. In experiments A and B the specimens are not loaded in this temperature range, resulting in generally higher plastic strain amplitudes when compared to experiment C. Even at a temperature of 900 °C, the plastic strain amplitude for a strain rate of 4.6 × 10−4 s−1 in experiment C is lower than for a strain rate of 9.2 × 10−4 s−1 in experiment B. This indicates that the strain hardening due to plastic deformation in the low and moderate temperature regimes is effective up to high temperatures. Despite the cyclic hardening in the lower temperature stages in experiment C at 4.6 × 10−4 s−1, the BDTT at this strain rate could be determined with the same new method as for the other strain rates.



The plastic strain amplitudes at each strain rate and temperature step reveal low scatter, see Figure 5a,b, with a maximal standard deviation of 0.003%. Note that five cycles were applied at 0.46 × 10−4 s−1 and 4.6 × 10−4 s−1 and three cycles were applied at 1 × 10−4 s−1 and 9.2 × 10−4 s−1. Thus, for the investigated material, three to five cycles are sufficient to find the line of the linear best fit in the temperature ranges 1 and 2. However, for materials showing higher scatter of plastic strain amplitudes, more than five cycles might be recommended in order to have a statistically more accurate result. On the other hand, an increased cycle number at each temperature step means more accumulated plastic deformation, which may result in dislocation pileups and changes in dislocation structures that might in turn affect the BDTT. For that reason, a transmission electron microscopy analysis is recommended to study possible effects on dislocation structures when more cycles are to be repeated at each temperature step. In our experiments, due to the low number of repeated cycles and low plastic strain amplitudes resulting from each cycle, being below 0.055% at temperatures up to the first stage of ductile behavior, we did not expect pronounced dislocation pileups that could potentially affect the BDTT.



In our experiments, we used similar load strategies with small differences, e.g., different temperature steps (see Table 1) and a different amount of cycles (three triangular cycles or five triangular cycles followed by static loads). The differences in the load strategies do not seem to affect the BDTT, as these results correspond well with the literature data derived with tensile tests and four-point bending tests, see Table 4. Hence, each of the three load strategies together with the presented method in this study can be used to determine the BDTT of a material by using a single specimen. In order to find the effect of deformation rate on the BDTT, also by using a single specimen, we suggest the load strategy used in experiment B.





5. Conclusions


Three cyclic load strategies on single specimens have been employed to find the BDTT of a fully lamellar Ti-48Al-2Nb-0.7Cr-0.3Si alloy. The relationship between temperature and plastic strain amplitude, resulting from isothermally applied triangular cycles was analyzed to determine the BDTT. The results coincide well with conventionally measured BDTTs using multiple specimens from literature. An apparent BDT activation energy of the investigated alloy was measured as 343 kJ/mol, indicating that the BDT is controlled by diffusion mechanisms. Applying the loading strategy including two deformation rates and using the methodology presented in this paper, the BDTT of a material and the effect of strain rate on it can be calculated by using only one specimen.
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Figure 1. Optical micrograph of the material studied. 
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Figure 2. The loading strategies of (a) experiment A; (b) experiment B; (c) experiment C. 
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Figure 3. Relationship between the plastic strain amplitude from triangular cycles and the temperature at different strain rates. 
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Figure 4. Elongation at fracture (full square symbols) obtained from tensile tests conducted on the same alloy as in this study, data from [12]. 
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Figure 5. The resulting plastic strain amplitudes for different strain rates. (a) determination of BDTT at the strain rates of 0.46 × 10−4 s−1 and 4.6 × 10−4 s−1; (b) determination of BDTT at the strain rates of 1 × 10−4 s−1 and 9.2 × 10−4 s−1. 
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Figure 6. The linear relationship between ln (  ε ˙  ) and (BDTT × R)−1, full square symbols are experimental results from this study, the straight line is the linear best fit of data. 
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Table 1. Temperature Steps of Each Experiment.






Table 1. Temperature Steps of Each Experiment.





	Experiment A and B
	Experiment C





	-
	room temperature



	-
	100 °C



	-
	200 °C



	-
	300 °C



	-
	400 °C



	500 °C
	500 °C



	550 °C
	550 °C



	600 °C
	600 °C



	650 °C
	650 °C



	700 °C
	700 °C



	750 °C
	750 °C



	800 °C
	800 °C



	850 °C
	850 °C



	900 °C
	900 °C
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Table 2. Comparison of the Results from the First Cycles at Different Strain Rates.
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	Temperature in °C
	Strain Rate
	Maximum Stress in MPa
	Plastic Strain Amplitude in %





	500
	0.46 × 10−4 s−1
	268
	0.034



	500
	9.2 × 10−4 s−1
	262
	0.037
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Table 3. BDTT of Ti-48Al-2Nb-0.7Cr-0.3Si Alloy at Different Strain Rates.






Table 3. BDTT of Ti-48Al-2Nb-0.7Cr-0.3Si Alloy at Different Strain Rates.





	Strain Rate
	BDTT





	0.46 × 10−4 s−1
	770 °C



	1 × 10−4 s−1
	778 °C



	4.6 × 10−4 s−1
	834 °C



	9.2 × 10−4 s−1
	845 °C
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Table 4. BDTTs of TiAl Alloys for Different Strain Rates.






Table 4. BDTTs of TiAl Alloys for Different Strain Rates.





	Material
	Microstructure
	Strain Rate in 10−4 s−1
	BDTT (°C)
	BDTT Evaluation by
	Reference





	Ti-48Al-2Nb-0,7Cr-0.3Si
	Fully lamellar
	0.46–9.2
	770–845
	Method presented in this study
	This study



	Ti-48Al-2Nb-0,7Cr-0.3Si
	Fully lamellar
	1
	750–800
	Tensile tests, see Figure 4 in this study
	[12]



	TiAlMnNb
	Nearly lamellar
	0.1–100
	750–1000
	Tensile tests
	[6]



	TiAlMnNbB
	Nearly lamellar
	0.1–100
	612–837
	Tensile tests
	[6]



	Ti-46Al-3Nb-2Cr-0.2W
	Fully lamellar
	1–20
	800–870
	Tensile tests
	[11]



	Ti-46Al-3Nb-2Cr-0.2W
	Duplex
	1–20
	700–780
	Tensile tests
	[11]



	TiAl
	L + segregated γ
	1
	800
	Tensile tests
	[7]



	TiAl
	-
	-
	700–800
	Tensile tests
	[8]



	Ti-47Al-2Cr-2Nb-0.2B
	Fully lamellar
	5
	800
	Tensile tests
	[21]



	Ti-43.5Al-4Nb-1Mo-0.1B (TNM alloy)
	Nearly lamellar γ
	0.8
	700–800
	Tensile tests
	[22]



	Ti-44Al-4Nb-4V-0.3Mo-Y (novel β-γ TiAl alloy)
	Nearly lamellar
	1
	800–850
	Tensile tests
	[23]



	Ti-47Al-3Cr-3Nb
	Duplex
	-
	700–800
	Four-point bending tests
	[24]
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