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Abstract

:

To investigate the high-cycle fatigue (HCF) behavior of TNM alloys, three different microstructures were designed and obtained by different heat treatments. Staircase tests and fatigue tests in a finite life-region were performed to evaluate the fatigue properties. Then, the fracture surfaces were analyzed to study the fracture behavior of TNM alloys with different microstructures. Results showed that the TNM alloys with duplex microstructure possesses the highest fatigue strength and fatigue life, followed by near lamellar TiAl alloys. HCF failure exhibited cleavage fracture morphologies, and multiple facets were generated in the crack initiation region of different TNM alloys. Two different crack initiation modes, subsurface crack nucleation and surface origin, were observed. Both crack initiation modes appeared in near lamellar alloys, while only subsurface crack initiation were obtained in the duplex (DP) alloy. It contributes to the high scatter of S-N data. The HCF failure of TNM alloys was dominated by crack nucleation rather than crack propagation. These findings could provide guidance for optimizing the microstructure and improving the HCF properties of TiAl alloys.
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1. Introduction


Gamma TiAl-based alloys have been successfully applicated in aerospace and automotive industries after decades of developments [1,2,3]. In recent years, TiAl alloys containing a large amount of β-stabilizing elements, such as Nb and Mo, have attracted much more attentions due to their excellent elevated temperature properties [4,5,6,7]. Among them, the TNM alloy, which contains a balanced concentration of Nb and Mo, was recognized as the representative third generation TiAl alloy [8,9]. It has the potential for utilization as the last stage low-pressure turbine blades in advanced geared turbofan engines.



As the most expected and important applications of TiAl alloys, turbine blades and exhaust valves in engines generally serve under cyclic loading conditions [10,11]. Hence, it is important to investigate their fracture behavior during high-cycle fatigue (HCF) for improving the service property of TiAl alloys. Most of the previous researches have been focused on fatigue crack growth [12,13,14,15]. It was demonstrated that the low ductility and toughness of TiAl alloys result in a low tolerance to fatigue crack growth and a relatively steep slope of the Paris region [16,17]. Due to the rapid fatigue crack growth rate, the threshold stress intensity has been used for directing component design and predicting the fatigue life of TiAl alloys [18].



Recent studies on fatigue behavior revealed that the crack initiation plays an important role in the fatigue fracture process of high strength steels [19], titanium alloys [20,21,22] and TiAl alloys [23,24]. Multiple crack initiation modes were observed during the fatigue fracture of those alloys, which may lead to a separation of the fatigue life and increase the difficulty of lifetime prediction [25,26,27,28]. It has been illustrated that the fatigue cracks in TiAl alloys could nucleate at lamellae interface, grain boundary and intersection site of slip planes, which revealed a strong correlation between crack nucleation and the microstructure of TiAl alloys [29,30,31]. Therefore, an in-depth understanding of the crack nucleation, especially its correlation with microstructure, would contribute to the optimization of HCF properties of TiAl alloys. Additionally, more studies were required for systematically investigating the HCF behavior of TiAl alloys with a high β-stabilizing element content.



In this work, TNM alloys with different microstructures were designed and utilized for studying the effect of microstructure on the HCF of TiAl alloys. The fatigue strength was evaluated by staircase tests. The effect of microstructure on the HCF behavior was discussed based on the mechanical results and fractography analysis.




2. Materials and Methods


The TNM alloy investigated in this study was prepared by twice vacuum arc remeltings followed by induction skull melting. The practical composition of the ingot was Ti42.92Al4.01Nb0.99Mo0.18B (at.%), which was measured by inductively-coupled plasma atomic emission spectrometers in the Northwest Institute for Non-Ferrous Metal Research, Xi’an, China. After the measurement of composition, ingot breakdown was accomplished through canned forging. Then, the pancake was hot isostatic pressed (HIP) at 1280 °C and 140 MPa for 4 h. Two-step heat treatments were applied to the HIPed alloy, see Table 1. The different solution-treatments led to different microstructures including duplex (DP) and near lamellar (NL), as shown in Figure 1. The volume fractions of the constituents were determined through quantitative analysis of SEM micrographs, and listed in Table 1. DP alloy contains equiaxed γ (TiAl) grains, B2 phase, and lamellar colonies composed of α2 (Ti3Al) and γ lamellae. Meanwhile, a lot of γ grains and ω particles precipitated from retained B2 phase during cooling of the TNM alloys. NL#1 alloy was composed of lamellar colonies, as well as γ grains and the B2 phase which discontinuously distributes at colony boundaries. NL#2 alloy was solution-treated at a higher temperature, which resulted in larger lamellar colonies with a massive B2 phase and no γ grains located at colony boundaries.



Uniaxial tensile fatigue tests were conducted at room temperature for measuring the HCF property of TiAl alloys. The geometry of a diabolo specimen used for fatigue test and the fixed specimen during HCF test are shown in Figure 2. The curvature in the middle of the specimen guarantees strain concentration and failure in the center. Tensile fatigue tests were performed on a QBG-50 HCF machine (Qianbang, Changchun, China). The stress sinusoidally varied between maximum and minimum tensile stress with a stress ratio of 0.1 and a frequency of 150–160 Hz. All the specimens were mechanically ground to reduce the surface roughness. Additionally, uniaxial tensile tests were carried out at room temperature for assessing the tensile properties of TiAl alloys before fatigue tests. The tensile tests were performed on an INSTRON 1195 machine (Instron, Canton, OH, USA) with a strain rate of 0.5 mm/min. Cylindrical specimens with a gauge length of 25 mm and a diameter of 5 mm were used in the tensile tests.



The microstructure of the raw material and fractured specimens were analyzed by a HITACHI SU3500 scanning electron microscope (SEM, HITACHI, Tokyo, Japan) in the back scattered electron (BSE) mode. The morphology of fatigue fracture surface was characterized using the secondary electron (SE) mode. The samples used for microstructure characterization were prepared by standard metallographic procedure. The surfaces were mechanically ground and electrochemically polished.




3. Results and Discussion


3.1. Fatigue Properties


3.1.1. Fatigue Strength


The fatigue strengths of TiAl alloys with different microstructures were estimated by staircase methods [32]. As shown in Figure 3a, the ultimate tensile strengthes (UTS) of DP, NL#1 and NL#2 alloys obtained from RT tensile tests were 820 MPa, 890 MPa and 860 MPa, respectively. During the staircase tests, the maximum stress, σm, for the first specimen was determined according to the tensile strength. It has been illustrated that the ratio between the fatigue strength and UTS of TiAl alloys was about 0.7–0.8 at RT [33]. Thus, the initial stress levels in staircase tests of all TiAl alloys were determined to be 620 MPa. During staircase tests, the stress level of the subsequent test depended on the result of the prior test. The expected fatigue life of TiAl alloys for this study was defined to be 107 cycles. If the specimen failed before reaching 107 cycles, the prior test was classified as failure, and the subsequent test would be conducted at a lower stress; otherwise, it is grouped in pass classification, and the next specimen would be tested at a higher stress level. The stress decrement and increment between consecutive stress levels, ∆σ, were 20 MPa. The results obtained from staircase tests are shown in Figure 3b–d.



As shown in Figure 3b, the maximum stresses are plotted in the ordinate when the specimen number is in the abscissa. The DP specimen at the stress level of 620 MPa passed 107 cycles without failure. It was labeled as the first effective specimen. The specimens of both NL#1 and NL#2 TiAl alloys tested at 620 MPa failed before reaching 107 cycles. Therefore, the staircase test continued, and the maximum stress decreased until the specimen passed 107 cycles. The prior failed specimen was labeled as the first effective specimen and plotted in the up-and-down diagram. As shown in the diagrams of Figure 3, the last specimens were tested at the same stress level with the first effective specimens, which successfully addressed a self-closed condition [34]. The fatigue strength, σf, and standard deviation, σd, could be calculated by the Dixon-Mood approach [32].


    σ  f  =   σ  0  + Δ σ  (   A C  ± 0.5  )   



(1)






    σ  d  =  {    1.62 Δ σ  (  D  + 0.029   )      0.53 Δ σ         D ≥ 0.3       D < 0.3      



(2)




where σ0 is the lowest stress of σj. σj denotes the stress levels corresponding to the less frequent events between pass and failure, which are arranged in ascending sort order. The pass specimens were selected for the calculation of σf, and the plus sign was used in Equation (1) for the DP and NL#1 alloys. In contrast, the failure specimens were taken into account, and the minus sign was used for the NL#2 alloy. The parameter D was calculated by


  D =   B C −  A 2     C 2     



(3)







The parameters A, B and C were determined by equations


  A =   ∑  i = 1  j   i ⋅  f i     



(4)






  B =   ∑  i = 1  j    i 2  ⋅  f i     



(5)






  C =   ∑  i = 1  j    f i     



(6)




where nj was the number of specimens tested at stress level σj in the up-and-down diagram, and j = 0, 1, 2, …. The results showed that the fatigue strengths of DP, NL#1 and NL#2 alloys were 622 MPa, 594 MPa, and 542 MPa, respectively. Additionally, the standard deviations were all 10.6 MPa for different TiAl alloys. The ratios between the fatigue strength and UTS were separately 0.76, 0.67 and 0.63, which is in consistent with previous investigations.




3.1.2. Fatigue Life


A few more fatigue tests were conducted at high stress levels as supplements. The S-N data of different TiAl alloys were obtained and shown in Figure 4. The fatigue life, Nf, were plotted in the abscissa, logarithmic scale. Although the standard deviations of staircase tests were relatively small, the S-N relations were quite scattered, especially for the NL#1 alloy. The large scatter of the fatigue life data may be correlated with the damage process of TiAl alloys. The specimens of DP alloy, which failed between 106 and 107 cycles, had similar maximum stresses and defined a fatigue limit of about 620 MPa. In contrast, the S-N data of the NL#1 and NL#2 alloys did not seem to approach such a stress asymptote, which revealed that the failure of NL#1 and NL#2 alloys was resulted from applying enough cycles. It could be deduced from Figure 4 that the DP alloy has the highest fatigue life, followed by the NL#1 and NL#2 alloys at the same stress level. It verifies the sequence of fatigue strengths illustrated in Section 3.1. However, it has to be noted that, although NL#1 alloy possesses a higher fatigue strength than NL#2 alloy, it’s fatigue life at the stress level of 600 MPa is lower. This phenomenon may be related to the large scatter of the S-N data. To clarify the problem, the fracture surface was analyzed in the following content for studying the crack initiation, as well as the effect of microstructure on the fatigue properties.





3.2. Crack Initiation


The typical fracture surfaces of different TNM alloys tested at various loading conditions were shown in Figure 5. Figure 5a–c presents full views of the fracture surfaces of DP, NL#1 and NL#2 alloys, respectively, as Figure 5d–f shows the corresponding crack initiation sites at higher magnifications. Although the morphology of the crack source is almost the same as that of the crack propagation path for TNM alloys, the crack nucleation sites can still be determined based on the low magnification photographs. It has been illustrated previously that two crack initiation modes: surface crack nucleation and subsurface nucleation, exist during fatigue failure of TiAl alloys [24]. As indicated by black arrows in Figure 5a–c, subsurface crack origins were observed on DP and NL#1 alloys, while the crack originated at the surface of NL#2 alloy.



The fatigue fracture surfaces of all three different TiAl alloys exhibit typical characteristics of cleavage fracture. As shown in Figure 5d, several facets and numerous river patterns can be observed in the crack initiation region of DP alloy. The facets are generated by cleavage fracture on specific planes of γ phases, the size of which corresponds to γ grain size. Since the crack propagation in TiAl alloys may also lead to cleavage facets, and the fatigue crack can initiate in a large area composed of multiple facets [35], only the crack initiation region (rather than the exact crack nucleation position) was identified in the SEM micrographs. The facets were also observed in the crack origin region of NL#1 alloy, see Figure 5e. The sizes of these facets were approximately equal to the colony sizes, which reveals the brittle fracture along α2/γ interfaces. Apart from these facets, broken lamellar edges and river patterns also appeared on the fracture surface of NL#1 alloy. The morphology of the fatigue fracture surface of NL#2 alloy in the crack initiation region is shown in Figure 5f. The cleavage facets and broken lamellae were similar with NL#1 alloy, except that some facets were distributed along the sample surface, as indicated by black arrows. Therefore, it was classified as surface crack initiation for this sample.



The surfaces of the fatigue fractured specimens were analyzed. The results were shown in Figure 6. Hollow and solid circles separately represent surface and subsurface crack initiation. As shown in Figure 6, only subsurface crack initiation was observed in the fatigue tests of DP alloy, while both surface and subsurface initiations were obtained for NL#1 and NL#2 alloys. It has been investigated that the existence of two different crack initiation modes may lead to high scattered fatigue results and even duality of S-N curves [26,36], which means grouping of the fatigue data into two distinct curves. The scatter of fatigue data of near lamellar TNM alloys is higher compared with that of the DP alloy. It can be attributed to the appearance of surface crack initiation. For NL#1 and NL#2 alloys, it seems that the probability of surface crack nucleation increases with the increasing maximum stress. Nevertheless, no clear and definite correlations between crack initiation mode and fatigue life are observed in this paper.




3.3. Effect of Microstructure


The microstructure characteristics and mechanical properties of TNM alloys with different microstructures were listed in Table 2. It can be seen from the table that DP alloy has the highest fatigue strength, σf, and tensile fracture strain, εt, while NL#1 and NL#2 alloy decreases in turn. The fatigue strength and fracture strain increases with the decreasing colony/grain size. The fracture toughness of TiAl alloys increases with colony size [37]. As confirmed in our former research [38], the duplex alloy possesses a much lower fracture toughness than near lamellar TiAl alloy. The DP alloy thus has weaker resistance to crack growth compared with near lamellar alloys. It has been evidenced by substantial experiments that the fatigue crack growth rate in duplex TiAl alloys is much faster than in lamellar alloys [16,39]. In this study, DP alloy has the highest fatigue strength, and the fatigue strength is negatively correlated with colony/grain size. Therefore, it is reasonable to draw a conclusion that the fatigue fracture of TNM alloys is dominated by microcrack nucleation rather than crack propagation.



As illustrated in Section 3.2, there are two different crack nucleation modes for TNM alloys: surface crack initiation and subsurface initiation. It leads to the large scatter of the fatigue life. Although the correlation between crack nucleation mode and fatigue life can not be determined based on the present data, the results provide valuable implications for optimizing the HCF properties of TiAl alloys. Since the HCF fracture is dominated by crack nucleation, the improvement in HCF properties can be accomplished by decreasing the colony/grain sizes and eliminating the B2 phase, which can reduce stress concentration and modify the deformation heterogeneity according to our previous research [40].





4. Conclusions


The HCF properties of different TNM alloys were obtained by fatigue tests at ambient temperature. The fatigue properties and fracture surfaces were analyzed to investigate the effect of microstructure on fatigue fracture behavior of TiAl alloys. The results are summarized as follows:



(1) The DP alloy possesses the highest fatigue strength, followed by NL#1 and NL#2 alloys. It coincides with the sequence of fatigue life at the same stress level.



(2) Two different crack origin modes were observed: surface crack initiation and subsurface initiation. Both crack initiation modes appeared in near lamellar alloys, while only subsurface crack initiation were obtained in the DP alloy. It contributes to the large scatter of S-N data.



(3) Multiple facets were observed in the crack initiation region of all three different TNM alloys, which corresponds to cleavage fracture of γ phase in the DP alloy and along α2/γ interfaces in near lamellar alloys.



(4) The comparison of fatigue strength agrees well with the colony/grain size among different TNM alloys. It reveals that the crack nucleation plays a more important role than crack propagation in HCF failure of TiAl alloys.
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Figure 1. Back scattered electron (BSE) images of TNM alloys with different microstructures: (a) DP alloy; (b) NL#1 alloy; and (c) NL#2 alloy. 
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Figure 2. (a) Geometry of a diabolo specimen used for the uniaxial tensile fatigue test (dimensions in mm) and (b) the fixed fatigue specimen during HCF test. 
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Figure 3. (a) Tensile stress-strain curves and Up-and-down diagrams obtained from staircase tests of different microstructural TiAl alloys: (b) DP, (c) NL#1, and (d) NL#2. 
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Figure 4. S-N data of different TiAl alloys. 






Figure 4. S-N data of different TiAl alloys.



[image: Metals 09 01043 g004]







[image: Metals 09 01043 g005 550] 





Figure 5. Fracture surfaces of fatigue tested TiAl alloys: (a) DP alloy, σm = 620 MPa, Nf = 4.9 × 106; (b) NL#1 alloy, σm = 600 MPa, Nf = 5.5 × 105; (c) NL#2 alloy, σm = 560 MPa, Nf = 5.7 × 106. (d–f) show the crack initiation sites at higher magnifications of the DP, NL#1 and NL#2 alloys, respectively. 
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Figure 6. The variation of crack nucleation sites for different TNM alloys in the S-N space. 
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Table 1. Heat treatment routes and volume fractions of the constituents of three different microstructures.
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Microstructure

	
Heat Treatment

	
Volume Fractions (%)

	
Colony Size (μm)




	
α2/γ Colonies

	
Equiaxed γ

	
B2






	
DP

	
1230 °C/1 h/AC + 850 °C/6 h/FC

	
50.5

	
33.9

	
15.6

	
30–40




	
NL#1

	
1280 °C/1 h/AC + 850 °C/6 h/FC

	
91.7

	
3.2

	
5.1

	
45–55




	
NL#2

	
1300 °C/1 h/AC + 850 °C/6 h/FC

	
93.3

	
0.1

	
6.6

	
60–70
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Table 2. The microstructure characteristics and mechanical properties of different TNM alloys.
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	Alloy
	Colony/Grain Size (μm)
	εt (%)
	σf (MPa)





	DP
	30–40
	1.14
	622



	NL#1
	45–55
	0.69
	594



	NL#2
	60–70
	0.58
	542
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