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Abstract 

Small fatigue crack propagation tests were conducted on Ti-6Al-4V in ultrahigh vacuum, air, and argon to 

clarify the effects of vacuum on crack propagation processes. The crack propagation rate in vacuum was 

significantly lower than that in air. The crack propagation rate in argon agreed with that in air in the small 

crack regime; however, it became similar to that in vacuum in the long crack regime. This indicates that 

the existence of gases has significant effects in the small crack regime, even if they are chemically inert. 

These results led us to conclude that, in addition to chemical inactivity, the absence of physical adsorption 

plays an important role in the retarding effect of vacuum on small crack propagation. 
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1. Introduction  

 

 An (α+β) titanium alloy Ti-6Al-4V is used in various fields as well as in aerospace applications 

due to its excellent mechanical properties. Especially, its good fatigue property allows its use for the 

component subjected to severe cyclic loading. The fatigue properties of this alloy were extensively 

investigated by Lütjering [1–2] and Ritchie [3–4]. On the other hand, the fatigue behavior in the very high 

cycle regime (> 107 cycles) has recently become a great topic of interest in this alloy. Many researches on 

this material have reported fatigue fractures originating from the inside of the material (internal fracture) 

in the very high cycle regime [4–8], whereas the origin is generally on the surface of the material (surface 

fracture) in the high or low cycle regime. Internal fractures even occur at a stress level lower than the 

ordinary fatigue limit, which is defined as the fatigue limit of the surface fracture. This fatigue failure 
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peculiarity in the very high cycle regime is a serious problem because the conventional fatigue design 

based on the fatigue limit or fatigue strength at 107 cycles of surface fracture might lead to an inaccurate 

estimation of long term strength. However, the internal small crack propagation processes have not yet 

been clarified mainly due to the difficulty of observation. 

 The internal cracks seem to propagate through a vacuum-like environment that is shut off from 

the air [9–15]. In other words, the effects of oxidation or gas adsorption on crack propagation could be 

almost ignored in the internal crack propagation processes. On the basis of this concept, we have 

conducted uniaxial fatigue tests in various vacuum environments to investigate the effects of vacuum-like 

environment on internal crack propagation processes [10, 14]. As a result, remarkably similar fracture 

surfaces were observed between a surface fracture in vacuum and in an internal fracture, although 

completely different fracture surfaces were obtained between a surface fracture in vacuum and that in air. 

Also, Benedetti et al. reported that the fracture surface of the shot peened specimen, which fractured by 

the internal crack, bore a remarkable resemblance to that of the as-received specimen tested in vacuum 

[15]. These results indicate that the environment inside the internal cracks is similar to a vacuum and has 

a crucial effect on internal crack propagation.  

 We also conducted crack propagation tests on Ti-6Al-4V in ultrahigh vacuum focusing on long 

cracks and clarified that the crack propagation rate da/dN was significantly lower in vacuum than in air 

[13, 16]. This result suggests that the long fatigue lives of internal fractures can be attributed to such low 

propagation rates of internal cracks due to a vacuum-like environment. 

 The retarding effect on the crack propagation rate in vacuum (or accelerating effect on that in 

air) has been reported in the literature on various materials [13, 16–18]. In most works including our 

previous results, however, the effects were discussed using a CT specimen with a long crack of, for 

example, several to tens of mm in length. It is well known that small crack propagation behavior is more 

sensitive to the effects of environments [19–20]; therefore, small crack propagation behavior must be 

investigated to fully understand effects of vacuum environment on crack propagation. 

 On the other hand, the vacuum environment is regarded as a typical inert environment. The 

major difference between the vacuum environment and the other inert environments, such as inert gas 

environments, is the amount of gases. Regarding the environment inside an internal crack, there is a 

possibility that the vacuum pressure (roughly corresponding to the amount of gases) is not that low due to 

the gaseous substances in the materials. In this context, it is of great interest to investigate the effects of 

the existence of gases on small crack propagation. The small crack propagation test in an inert gas 

environment is beneficial to investigate the effects of the existence of gases without chemical interaction 

between the crack and ambient environment. 

 In the present study, small crack propagation tests were conducted in air and ultrahigh vacuum 

to clarify the effects of vacuum environment on crack propagation on the basis that the environment 

inside the internal crack is vacuum-like. The tests were carried out under constant load amplitude 
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(K-increasing condition) with hourglass specimens. A small cylinder-shaped defect was created on the 

specimen surface as a crack starter, and a small surface crack originating from the defect was carefully 

observed to study small crack propagation. Additionally, by focusing on the possibility that the gases in 

the material affect the internal crack propagation, the same tests were conducted in argon to simply 

investigate the effects of the existence of gases.  

 

2. Experimental procedures 

2.1 Experimental material 

 

The experimental material was an (α+β) titanium alloy Ti-6Al-4V. The chemical composition 

of the material is shown in Table 1. The supplied material was a 20 mm diameter round bar that had been 

heat treated as follows: solution treatment at 1203 K for 3.6 ks followed by air cooling and over aging at 

978 K for 7.2 ks followed by air cooling. The (α+β) dual-phase microstructure was observed as shown in 

Fig. 1. The average grain size of each phase was 10 µm. The mechanical properties are listed in Table 2, 

and the tensile strength and the elongation were 943 MPa and 17%, respectively. 

The material was lathe-turned into hourglass specimens with a parallel part of φ4.1 × 6 mm. 

The specimen surfaces were ground with #120 to #2000 grit emery paper and then buff-polished with 

diamond abrasive. The shape and dimensions of the fatigue specimen after polishing are shown in Fig. 2. 

The diameter of the parallel part after polishing was φ4.0 mm.  

 An artificial small defect was created on the center of the parallel part as a crack starter by 

using an excimer laser. The defect was cylinder-shaped with a 30 µm diameter and 30 µm depth as shown 

in Fig. 2. The excimer laser machining enables high processing accuracy with negligible heat effects 

compared to conventional drill machining or general laser machining with, for example, a CO2 or YAG 

laser. Fig. 3 shows the magnification view around the defect. Burrs generated on the peripheral edge of 

the defect by the laser machining were completely removed by buff-polishing. In the present work, all the 

cracks were successfully initiated from the defect. Stage I and initial part of stage IIa of the crack 

propagation process are unobservable due to the small defect as explained in Section 4.1. However, the 

specimens with a small defect shown in Fig. 2 are suitable for the aim of the present work, which is to 

investigate the effect of environment on near-threshold small fatigue crack propagation. 

An elastic-plastic stress analysis was performed on the parallel part by using ANSYS to 

calculate the stress field around the small defect. The axial stress was calculated under an applied external 

stress of 700 MPa, which was the maximum stress used in the tests. As a result, a local disturbance of the 

stress field was caused due to the small defect as expected. The axial stress at the cross-section in the 

middle of the specimen, however, saturated at 700 MPa in a region 45 µm away from the center of the 

defect. Therefore, the observation results over crack length 2a (defined in the following section) of 90 µm 

were mainly discussed to ignore the effect of stress concentration due to the small defect. 
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2.2 Experimental conditions 

 

 Crack propagation tests were carried out under constant load amplitude (K-increasing 

condition) by using an ultrahigh vacuum uniaxial testing machine [12]. The vacuum chamber of the 

machine was evacuated by using a dry scroll pump and a turbomolecular pump. The ultimate pressure of 

the chamber is 4.6 × 10-7 Pa. The testing machine is equipped with a vacuum viewport, and the specimen 

surface can be observed through the viewport. The tests were carried out under sinusoidal waveform 

loading at a stress ratio R of 0.1 and a test frequency f of 60 Hz. The maximum stress σmax was constant at 

700 MPa. The test environments were air, ultrahigh vacuum (2.7 × 10-6 – 5.3 × 10-6 Pa), and argon (1 atm 

= 1.0 × 105 Pa) at room temperature. For the fatigue tests in argon, the vacuum chamber was evacuated to 

10-6 Pa and then purged with argon until the pressure was 1 atm. Two specimens were used for each 

environmental condition to confirm the reproducibility of the test results. 

The tests were interrupted periodically, and the surface crack behavior was monitored by using 

a digital microscope (Keyence: VHX-2000). The microscope enables a high spatial resolution of 

submicron order. During the observation, a tensile load equivalent to 80% of the maximum loading was 

applied to open the crack. Fig. 4 shows the definition of the crack length 2a. In the present work, the 

crack length 2a was measured as the distance between each of the two crack tips projected to the plane 

perpendicular to the loading direction. 

Following the fatigue tests, fracture surface observations were carried out by using an SEM 

(Keyence: VE-9800) to investigate the details of the crack propagation behavior in each environment. 

 

3 Crack propagation behavior 

3.1 Relation between crack length and number of cycles 

 

 Regardless of the test environment, all specimens failed with a surface crack originating and 

propagating from the small defect. The crack initiation was detected at less than 1000 cycles in all 

specimens. As mentioned in Section 2.1, the observation results over the crack length 2a of 90 µm were 

mainly discussed to ignore the effect of stress concentration due to the small defect in the present work. 

Here, N90 is defined as the number of cycles for the crack length 2a to reach 90 µm, and the values in 

each environment are shown in Table 3. The results of the two specimens in each environment are 

identified by the solid and open symbols in the table: solid and open circles in air, solid and open squares 

in vacuum, and solid and open triangles in argon. N90 consists of the number of cycles to crack initiation 

and that taken for crack propagation to reach the length of 90 µm. The number of cycles to crack 

initiation was so small (less than 1000 cycles) in all the specimens that most of N90 was considered to be 

spent on initial crack propagation.  
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 As shown in the table, N90 in argon and that in air had roughly the same order of magnitude. In 

contrast, N90 in vacuum was approximately ten times larger than that in air. These facts suggest that the 

crack propagation rate just after crack initiation was much lower in vacuum than in air and argon.

 The crack length from 2a = 90 µm with respect to the number of cycles in each environment 

are shown in Fig. 5. The vertical axis and the horizontal axis indicate the crack length 2a and the number 

of cycles N, respectively. The shapes of 2a-N curve for each environment are similar as shown in the 

figure, and the environment inducing the most rapid crack propagation is air, followed by argon and 

vacuum. In particular, in vacuum, the crack propagated significantly slowly as indicated by the plateau 

around 1 – 3 × 106 cycles. 

 The number of cycles to failure Nf is listed in Table 4. The environment providing the smallest 

Nf is air, followed by argon and vacuum. Considering that the N90 in argon and that in air were roughly the 

same, the difference in the Nf between air and argon is caused by the crack propagation in the relatively 

long crack regime (2a > 90 µm). The Nf in vacuum was significantly improved and was two orders of 

magnitude larger than that in air. The improvement in the Nf in vacuum compared to that in air can be 

seen in other literature [10, 14, 21–22]. 

 

3.2 Crack propagation rate 

 

 From the measurement results of crack length 2a, the crack propagation rate da/dN was 

calculated, and the relationships with stress intensity factor range ∆K were investigated. da/dN is defined 

as the average crack propagation rate ∆a/∆N, which is calculated by dividing the crack propagation length 

∆a by the increment of number of cycles ∆N between two adjacent measuring points. ∆K was calculated 

by using Eq. 1 [23]. 

 

∆𝐾𝐾 = 𝐹𝐹I∆𝜎𝜎√𝑎𝑎 (1) 

 

where FI is a coefficient depending on both the aspect ratio of crack b/a and the ratio of crack depth to 

specimen radius b/r in Fig. 6. As a result of fracture surface observation, the crack propagated uniformly 

in all directions from the small defect. Therefore, b/a is determined as 1. Table 5 shows the relationships 

between FI and a/r at b/a = 1. The FI at each crack length was calculated using linear interpolation 

between two values as shown in Table 5. In the calculation of ∆K, the presence of the small defect was 

not taken into account since the crack tip dealt with here was sufficiently apart from the edge of the small 

defect (crack length 2a > 90 µm) [24]. 

 Fig. 7 shows the relationships between da/dN and ∆K for all test environments: air (circles), 

vacuum (squares), and argon (triangles). In the figure, the same symbols as used in Fig. 5 are used. As 

shown in the figure, the crack propagation rates were different depending on the test environments. In this 
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section, the results in each environment are explained one by one to investigate the effect of environment 

on crack propagation rate. Especially in air and vacuum, the small crack behavior obtained in the present 

work is compared with that of long crack to investigate the effect of crack length. 

 

3.2.1 Results in air 

 

 Fig. 8 shows the relationships between da/dN and ∆K in air. The same symbols as used in Fig. 

7, solid and open circles, are used. From the good agreement of the two sets of data, the reproducibility of 

the results was considered sufficient. The crack propagation rates were mostly larger than 10-9 m/cycle in 

the entire ∆K range and increased linearly with increasing ∆K in the logarithmic scale. 

 Our previous results for long crack (crosses) are also presented in Fig. 8 to investigate the 

effect of crack length on crack growth behavior [16]. The long crack tests were performed on the same 

experiment material under K-decreasing condition with a stress ratio of 0.1. A CT specimen with an 8 mm 

pre-crack was used for the test. The threshold stress intensity factor range ∆Kth for the long crack was 4.0 

MPa√m. In the present small crack propagation test, the initial stress intensity factor range ∆Kini 

corresponding to 2a = 90 µm was about 5 MPa√m and was larger than the ∆Kth of the long crack. Thus, 

small crack behavior below the ∆Kth of the long crack could not be examined. 

 Comparing the present results with the previous result at a given ∆K, the da/dN of the present 

tests was larger than that of the previous test in the lower range of ∆K (lower than 6.5 MPa√m). On the 

other hand, the da/dN of the present and previous results agreed well in the higher ∆K range. The crack 

length in the present tests was smaller than that in the previous tests at a given ∆K; therefore, it can be 

said that the da/dN of the small crack is higher than that of the long crack in the lower ∆K range. This 

tendency is consistent with the results reported in the literature [25]. 

 

3.2.2 Results in vacuum 

 

 Fig. 9 shows the relationships between da/dN and ∆K in vacuum. The same symbols as used in 

Fig. 7, solid and open squares, are used. As shown in the figure, the reproducibility of the results was also 

confirmed in vacuum. 

 Our previous long crack propagation test results under K-decreasing condition (crosses) are 

also presented in Fig. 9 [16]. The threshold stress intensity factor range ∆Kth of the long crack was 7.8 

MPa√m. Small cracks propagated even below ∆Kth of the long crack (= 7.8 MPa√m). In the range of ∆K 

less than ∆Kth, the crack propagation rates of small cracks decreased with increasing ∆K. The minimum 

propagation rate was 2.3 × 10-12 m/cycle at 6.6 MPa√m. In the range of ∆K higher than ∆Kth, the crack 

propagation rates of small and long cracks agreed well. 

 In the lower ∆K range, the crack propagation rates were less than 10-10 m/cycle. The minimum 
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amount of crack propagation per loading cycle must be larger than the lattice spacing (≈ 10-10 m); 

therefore, it should be noted that the crack propagation rate shown in Fig. 9 indicates the average crack 

propagation length per cycle during the measuring period of ∆N. The crack propagation rate could be less 

than 10-10 m/cycle if the crack could not propagate continuously.  

 

3.2.3 Comparison between results in air and those in vacuum 

 

 The results of the small crack shown in Fig. 8 and 9 are replotted in Fig. 10 to investigate the 

effects of the vacuum environment on the crack propagation rate. The crack propagation rate in vacuum 

was significantly lower than that in air. The difference is about one to three orders of magnitude at a given 

∆K, and the pronounced effects of the vacuum were shown in the lower ∆K range corresponding to the 

small crack length. 

 Regarding internal fractures in very high cycle fatigue (VHCF), internal cracks are considered 

to propagate through the vacuum-like environment as mentioned in Chapter 1. Then, similarly to the 

effect in vacuum shown in Fig. 10, the environment around the internal crack can have a retarding effect 

on crack propagation, which leads to significantly improved fatigue lives compared with the surface crack. 

Therefore, the occurrence of internal fractures at very high cycle regimes is considered to be due to the 

vacuum-like environment around the crack. 

 

3.2.4 Results in argon 

 

 Fig. 11 shows the relationships between da/dN and ∆K in argon. The reproducibility of the 

results was also confirmed in argon. The crack propagation rates in argon were mostly larger than 10-9 

m/cycle in the entire ∆K range as with those in air; however, the da/dN-∆K curves were not linear in the 

logarithmic scale. 

 The results in air (circles), vacuum (squares), and argon (triangles) were already shown in Fig. 

7 in Section 3.2. The crack propagation rate in argon agreed with that in air in the lower ∆K range (< 8 

MPa√m); however, it became similar to that in vacuum in the higher ∆K range (> 11 MPa√m). The 

transition region from air to vacuum was seen in the range 8 MPa√m to 11 MPa√m. As mentioned in 

Section 3.1, the N90 in argon and that in air were roughly the same, but the Nf were different. This is due 

to the difference in da/dN in the higher ∆K range. 

 Petit et al. reported similar results for aluminum alloy 7075-T651 [26]. They conducted 

K-increasing crack propagation tests with a stress ratio of 0.1 at a frequency of 35 Hz. The test 

environments were air, vacuum, and nitrogen. In their results, the crack propagation rate in nitrogen was 

similar to that in air in the lower ∆K range and to that in vacuum in the higher ∆K range. This trend of the 

crack propagation rate in nitrogen is similar to that of Fig. 7. Therefore, our result that da/dN in argon 
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agreed with that in air in the lower ∆K range and with that in vacuum in the higher ∆K range is not a 

coincidence; it is an essential effect of the inert gas on the crack propagation process. 

 

4 Fracture surface observation 

4.1 Classification of fatigue crack propagation process 

 

 Fig. 12 shows a schematic of the fracture surface of the specimen with the small defect used in 

the present work. The fatigue crack propagation process is usually classified into three stages according to 

the crack propagation behavior [27–29]: stage I, stage II, and stage III. Furthermore, stage II can be 

subdivided into IIa, IIb, and IIc. In the present work, however, stage I and the initial part of stage IIa did 

not exist because of the small defect. Therefore, the observation of the crack propagation started from the 

middle of stage IIa. 

 Fig. 13 (a), (b), and (c) show the SEM image of the fracture surface in air, in vacuum, and in 

argon, respectively. The magnified view of the fracture surface near the crack initiation site (∆K = 7 

MPa√m) in air, in vacuum and in argon are shown in Fig. 14 (a), (b) and (c), respectively. A very rough 

appearance, typically observed in stage IIa region was observed. The magnified view of the fracture 

surface far from the crack initiation site (∆K = 18 MPa√m) in air, in vacuum and in argon are shown in 

Fig. 15 (a), (b) and (c), respectively. A smooth and flat appearance corresponding to stage IIb was 

observed in this region. In the following discussion, firstly we focus on the transition from stage IIa to 

stage IIb in each environment. The effect of environment on the fracture surface on stage IIa and stage IIb 

are discussed in detail in Section 4.2. 

The fracture surface appearances were totally different between stage IIa and stage IIb in the 

high magnification observation as shown in Fig. 14 and 15. Therefore, the two crack propagation stages 

were distinguished by means of the difference in the appearance on the high magnified views. The dashed 

semi circles on Fig.13 indicate the boundary between stage IIa and IIb. The transition stress intensity 

factor range ∆Ktrans at this boundary is shown in Fig. 16. The ∆Ktrans were different depending on the test 

environment, and the average values of ∆Ktrans in air, in vacuum, and in argon were 11.3 MPa√m, 9.1 

MPa√m, and 10.3 MPa√m, respectively.  

 Beevers reported that the transition from stage IIa to IIb occurs when the cyclic plastic zone 

size ahead of crack tip rp becomes roughly comparable to the grain size of the material [30]. The typical rp 

under plane strain condition is given in Eq. 2.  

 

𝑟𝑟p =
1

3𝜋𝜋
�
∆𝐾𝐾

2𝜎𝜎ys
�
2

 (2) 

 

where σys is the yield stress. Following Beevers’ result, the transition can occur when rp reached a critical 
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size defined by the grain size. However, ∆Ktrans in each environment was apparently different, although 

these values were obtained from the same sample material (the same grain size). This result indicates that 

the local yield stress around the crack tip that corresponds to σys in Eq. 2 is sensitively affected by the test 

environments. From Eq. 2, the smaller ∆Ktrans means that there is lower yield stress or higher plasticity 

around the crack tip. According to Fig. 16, therefore, the plasticity of the material at the crack tip is 

considered to be greater in vacuum. The high plasticity at the crack tip in vacuum can also be seen in 

other literature [21, 31–32]. Besides, the difference in ∆Ktrans between argon and vacuum implies that the 

existence of gases can affect the plasticity of the material, even though they are chemically inert. The 

difference in plasticity is likely caused by gas adsorption on a newly formed surface at the crack tip. The 

effects of gas adsorption are discussed more in detail later. 

 

4.2 Effects of environment on fracture surface 

 

  As shown in Fig. 14, regardless of the test environment, the crystallographic very rough 

fracture surfaces were recognized in the stage IIa region. Angular features with sharp edges were 

observed both in the fracture surface in air and in argon. In contrast, the fracture surface in vacuum had 

more rounded edges and a granular appearance. The fracture surface in argon was therefore different from 

that in vacuum, but it was similar to that in air in the small crack regime. 

  In comparison with the fracture surface in stage IIa shown in Fig. 14, a smoother appearance 

was observed in stage IIb, as shown in Fig. 15. The differences in fracture surface between the 

environments were less in stage IIb. However, the detailed features were different in terms of the striation 

pattern. As shown in Fig. 15, the striation patterns were obviously formed in air, while there were no 

obvious striation patterns in vacuum and in argon. 

 As above, the fracture surface appearance in argon was quite similar to that in air in the lower 

∆K range. On the other hand, the similarity between the fracture surface in argon and that in vacuum was 

obtained in the higher ∆K range. These tendencies are coincident with the trend in the crack propagation 

rate. As shown in Fig. 7, the crack propagation rate in argon was similar to that in air in the lower ∆K 

range and was almost the same as that in vacuum in the higher ∆K range. The different trends in the crack 

propagation rate in argon between the higher and lower ∆K ranges apparently reflect the different crack 

propagation behavior shown by the fracture surface, which indicates that the effects of argon on the crack 

propagation rate depend on ∆K or the crack length.  

 

5. Discussion  

5.1 Effects of vacuum on crack propagation 

 

 As mentioned in Section 3.2.3, the crack propagation rate in vacuum was significantly lower 
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than that in air (Fig. 10). In this section, the reason for the difference in crack propagation rate between 

air and vacuum is discussed to figure out the effects of vacuum on crack propagation. 

 In the literature, the retarding effect of vacuum on various materials including an (α+β) 

titanium alloy has been reported. The literature has pointed out that oxidization or chemical adsorption on 

a newly-formed slip stage dominantly affects crack propagation in air [19]: a newly-formed slip stage at 

the crack tip in air is oxidized or chemisorbed in a very short time, while these phenomena hardly ever 

occur in vacuum. Oxides and adsorbates decrease the surface energy on a newly-formed surface; 

therefore, the crack can easily propagate in air compared to in vacuum. Namely, the decrease in surface 

energy in air can explain the relative retarding effect in vacuum.  

 Oxides and adsorbates on a newly-formed slip stage can also act as obstacles for dislocation 

motion at the crack tip. Since these phenomena are almost negligible in vacuum, the plastic deformation 

at the crack tip is easier in vacuum as mentioned in Section 4.1. The high plasticity in vacuum can 

promote crack tip opening. According to linear fracture mechanics, the large crack tip opening results in a 

high crack propagation rate. However, plastic strain in vacuum tends to be highly homogenized, and this 

promotes more blunting of the crack tip than expected by linear fracture mechanics [18]. Additionally, the 

high plasticity in vacuum causes severe crack closure [21]. The high homogeneity of plastic strain, large 

blunting of the crack tip, and severe crack closure are considered to be the reasons for the retarding effect 

of vacuum. 

 Another important factor affecting the crack propagation rate is reversibility of slip [33–35]. 

The dislocations moving forward during the loading part of the cycle can reverse during the following 

unloading part. The reversibility of slip in vacuum is considered to be high due to the absence of oxides 

and adsorbates, which act as obstacles to reverse slip [33–34]. Pelloux et al. reported that the striation 

pattern was not observed in vacuum due to the high reversibility of slip [33]. Also, in our present work, 

the striation pattern was not observed in vacuum, while it was clearly observed in air as mentioned in 

Section 4.2 (Fig. 15). This fact indicates that the reversibility of slip was higher in vacuum than in air. The 

high reversibility of slip decreases the real increment of crack propagation in a whole cycle and results in 

a low crack propagation rate in vacuum.  

 

5.2 Effects of inert gas on crack propagation 

 

 As discussed in Section 5.1, the difference in crack propagation rate between air and vacuum is 

explained by mainly chemical interaction such as oxidization or chemical adsorption. In this section, the 

crack propagation behavior in argon is discussed to understand the effect of a chemically inert 

environment on crack propagation in detail. 

 As shown in Section 3.2.4, the crack propagation rate in argon agreed with that in vacuum in 

the higher ∆K range. Besides, a striation pattern was not observed in argon in this higher ∆K range as was 
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obtained in vacuum as shown in Fig. 15. These results indicate that the effect of vacuum on crack 

propagation is almost the same as that in argon in the higher ∆K range. The common feature of these 

environments is they are chemically inert; therefore, the effect of vacuum on crack propagation in the 

higher ∆K range corresponding to the long crack can be explained by the absence of chemical interaction 

between the ambient environment and crack. 

 In the lower ∆K range, on the other hand, the crack propagation rate in argon was significantly 

higher than that in vacuum but was the same as that in air, indicating that the effects of vacuum on crack 

propagation in the lower ∆K range corresponding to the small crack cannot be explained by only chemical 

inactivity. The existence of a high amount of argon gas had an accelerating effect on small crack 

propagation, even though it is chemically inert. Therefore, physical adsorptions on a newly-formed slip 

stage can be a plausible process to affect the crack propagation rate in argon. The physical adsorption 

between argon gases and the specimen surface is driven by van der Waals force and charge transfer force 

[36–37]. Here, charge transfer force is due to the charge transfer from an argon gas to the specimen 

surface. The physisorbed argon is likely to act in a similar manner to chemisorbates in air, which results 

in a high crack propagation rate. In other words, the adsorption modes (chemical or physical) have little 

or no effect on the degree of accelerating effect on small crack propagation. 

 In the present work, the acceleration effect of argon on the crack propagation rate could be seen 

only in the small crack regime. Here, several researchers reported that small crack propagation is 

remarkably sensitive to microstructure [27, 38]. Therefore, the argon gas environment is considered to 

have a pronounced effect on the microstructure-sensitive crack propagation in the small crack regime. 

 The effects of inert gas on crack propagation are not yet clear; however, the existence of 

ambient gases plays an important role in the small crack regime, even though they are chemically inert. 

The retarding effect of ultrahigh vacuum on crack propagation in the present work is due to the quite low 

amount of gases, which leads to the absence of both chemical and physical adsorption regardless of crack 

length. In contrast, the acceleration effect of argon on crack propagation was only seen in the small crack 

regime. Therefore, there is a possibility that different amounts of gases affect the crack propagation 

process differently, especially in the small crack regime. Regarding the internal fracture in VHCF, the 

environment and vacuum pressure inside an internal crack is probably determined by gas content in 

metals. Therefore, it is very interesting to clarify the effects of vacuum pressure (which roughly 

correspond to the amount of gases) on fatigue properties. In particular, it is important to investigate the 

small internal crack propagation in terms of fatigue life prediction since the small crack propagation 

process accounts for the majority of fatigue lives in VHCF. In this context, the small crack propagation 

test at various vacuum pressures is necessary to fully understand the internal crack propagation process. 

 

Conclusion 
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 The underlying idea in the present work is that the internal fatigue crack in the VHCF regime 

propagates through a vacuum-like environment. To consider the factors affecting this kind of vacuum 

environment more precisely, small crack propagation tests were carried out on Ti-6Al-4V in air, ultrahigh 

vacuum, and argon. The fracture surface observation was then conducted to investigate the crack 

propagation behavior in each environment in more detail. From the results, the effect of the vacuum 

environment on crack propagation was discussed in terms of the chemical reactivity and the amount of 

gases. The major results obtained are as follows: 

 

1. The crack propagation rate in vacuum was smaller than that in air. The pronounced effect of vacuum 

was shown in the small crack regime, and the crack propagation rates were less than 10-10 m/cycle in 

this regime. 

2. As a result of fracture surface observation, the crack propagation behavior in vacuum transferred 

from stage IIa to IIb at the lower ∆K range compared with in air. This low transition stress intensity 

factor range ∆Ktrans in vacuum indicates the high plasticity at the crack tip.  

3. Fracture surface observation also revealed that a striation pattern was not found in vacuum but 

obviously was observed in air. The absence of a striation pattern indicates the high reversibility of 

slip at the crack tip in vacuum.  

4. The retarding effect of vacuum compared with air is explained by the high plasticity and high 

reversibility of slip. These peculiarities in vacuum are attributed to the absence of oxides and 

adsorbates on a newly-formed slip stage at the crack tip, which prevent dislocation motion.  

5. The crack propagation rate in argon agreed with that in vacuum and was lower than that in air in the 

higher ∆K range; however, the crack propagation rate in argon agreed with that in air and was higher 

than that in vacuum in the lower ∆K range. 

6. Considering that both the vacuum and argon environment are chemically inert, the agreement of the 

crack propagation rate between argon and vacuum in the higher ∆K range indicates that chemical 

interaction such as chemical adsorption plays an important role in this ∆K range. The crack 

propagation behavior in vacuum in the higher ∆K range is therefore mainly explained by the 

chemical inactivity of the ambient environment. 

7. In contrast, the disagreement of the crack propagation rate between argon and vacuum in the lower 

∆K range indicates that the existence of a high amount of ambient gases has a significant effect in 

the small crack regime, even though they are chemically inert. A plausible process to affect the crack 

propagation rate in argon is physical adsorption on a newly-formed slip stage at the crack tip. The 

small crack propagation behavior in vacuum is therefore explained by the quite low amount of gases, 

resulting in the absence of both chemical and physical adsorption.  
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Figure captions 
Fig. 1 (α+β) dual-phase microstructure of Ti-6Al-4V. 

Fig. 2 Shape and dimensions of fatigue specimen after polishing and artificial small defect. 

Fig. 3 Surface morphology around artificial small defect. 

Fig. 4 Measurement of crack length 2a. 

Fig. 5 Measurement results of crack length 2a in respect of number of cycles N. 

Fig. 6 Schematic of crack shape. 

Fig. 7 Effects of argon environment on crack propagation rate da/dN. 

Fig. 8 Relationship between crack propagation rate da/dN and stress intensity factor range ∆K in air. 

Fig. 9 Relationship between crack propagation rate da/dN and stress intensity factor range ∆K in ultrahigh 

vacuum. 

Fig. 10 Effects of vacuum environment on crack propagation rate da/dN. 

Fig. 11 Relationship between crack propagation rate da/dN and stress intensity factor range ∆K in argon. 

Fig. 12 Schematic of fracture surface of specimen used. 

Fig. 13 SEM images of fracture surface. 

 (a) In air 

 (b) In ultrahigh vacuum 

 (c) In argon 

Fig. 14 SEM images of fracture surface in stage IIa region (∆K = 7 MPa√m). 

 (a) In air 

 (b) In ultrahigh vacuum 

 (c) In argon 

Fig. 15 SEM images of fracture surface in stage IIb region (∆K = 18 MPa√m). 

 (a) In air 

 (b) In ultrahigh vacuum 

 (c) In argon 

Fig. 16 Transition stress intensity factor range between stage IIa and IIb ∆Ktrans. 

 

Table captions 
Table 1 Chemical composition of Ti-6Al-4V (mass%). 

Table 2 Mechanical properties of Ti-6Al-4V. 

Table 3 Number of cycles for crack length 2a to reach 90 µm N90. 

Table 4 Number of cycles to failure Nf. 

Table 5 Values of coefficient FI at b/a = 1. 
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Fig. 1 (α+β) dual-phase microstructure of Ti-6Al-4V. 

 

 
Fig. 2 Shape and dimensions of fatigue specimen after polishing and artificial small defect. 

 

 
Fig. 3 Surface morphology around artificial small defect. 
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Fig. 4 Measurement of crack length 2a. 

 

 
Fig. 5 Measurement results of crack length 2a in respect of number of cycles N. 

 

 
Fig. 6 Schematic of crack shape. 
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Fig. 7 Effects of argon environment on crack propagation rate da/dN. 

 

 

Fig. 8 Relationship between crack propagation rate da/dN and stress intensity factor range ∆K in air. 
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Fig. 9 Relationship between crack propagation rate da/dN and stress intensity factor range ∆K in 

ultrahigh vacuum. 

 

 
Fig. 10 Effects of vacuum environment on crack propagation rate da/dN. 
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Fig. 11 Relationship between crack propagation rate da/dN and stress intensity factor range ∆K in argon. 

 

 

Fig. 12 Schematic of fracture surface of specimen used. 
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(a) In air 

 

(b) In ultrahigh vacuum 

 

(c) In argon 

Fig. 13 SEM images of fracture surface. 
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(a) In air 

 
(b) In ultrahigh vacuum 

 
(c) In argon 

Fig. 14 SEM images of fracture surface in stage IIa region (∆K = 7 MPa√m). 
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(a) In air 

 
(b) In ultrahigh vacuum 

 
(c) In argon 

Fig. 15 SEM images of fracture surface in stage IIb region (∆K = 18 MPa√m). 
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Fig. 16 Transition stress intensity factor range between stage IIa and IIb ∆Ktrans. 
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Table 1 

Chemical composition of Ti-6Al-4V (mass%). 

Al V O N C Fe H Ti 

6.12 4.27 0.16 0.002 0.02 0.15 0.0029 Bal. 

 

Table 2 

Mechanical properties of Ti-6Al-4V. 

Tensile strength 

 [MPa] 

0.2% proof stress 

[MPa] 

Elongation 

(%) 

Reduction of area 

(%) 

Hardness 

(Hv) 

943 860 17 40 316 

 

Table 3 

Number of cycles for crack length 2a to reach 90 µm N90. 

In air 
● 2.2×104 

○ 4.2×104 

In ultrahigh vacuum 
■ 6.5×105 

□ 1.4×106 

In argon 
▲ 2.2×104 

△ 1.0×105 

 

Table 4 

Number of cycles to failure Nf. 

In air 
● 4.6×104 

○ 7.2×104 

In ultrahigh vacuum 
■ 5.5×106 

□ 6.9×106 

In argon 
▲ 9.2×104 

△ 1.9×105 

 

Table 5 

Values of coefficient FI at b/a = 1. 

a/r  0  0.125  0.250  0.375  0.500  

FI
 
 0.660  0.665  0.683  0.714  0.758  

 


