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Introduction 

 

In high-strength steels, in the very high cycle range where 

the number of load cycles exceeds 107, fatigue fracture is 

known to occur. This phenomenon is called very high cycle 

fatigue (VHCF) and is characterized by internal cracks [1- 

2]. It occurs in a low stress and at a large number of cyclic 

loadings as compared to high cyclic fatigue (HCF) in which 

crack originates from the surface. Since the internal cracks 

proceed in a state of being isolated from the atmosphere, the 

surrounding environment is considered vacuum like [3-4]. 

Based on this idea, many researchers have conducted 

fatigue tests in a vacuum and compared the fatigue fracture 

surfaces with the those in air [3-4]. As a result, great 

differences have been found between the fracture surfaces 

of the two especially near the threshold region. In a vacuum, 

the fracture surface was found to be smoother than that in air 

due to absence of in reactive atmosphere and similar to what 

we can observe in internal cracks. Also, by investigating the 

fatigue crack growth properties in a vacuum environment, 

many researchers reported that the vacuum has clear effect 

to decrease crack growth rate [3-4]. This phenomenon 

suggests that the internal fatigue fractures can be simulated 

by using vacuum environment because they occur at large 

number of cyclic loadings. In general, however ΔKth 

measured by commonly used procedure based on the 

ASTM standard show a higher value in vacuum than in air 

[5]. This tendency conflicts with the idea that the vacuum-

like environment decreases the fatigue strength of internal 

fractures. To clarify the reason for the contradiction, it is 

necessary to pay attention to the region of low ΔK and the 

region of extremely low crack growth rate.  

Therefore, to clarify the influence of high vacuum 

environment on fatigue crack propagation characteristics of 

high strength steel, using Nickel   Chromium Molybdenum 

steel JIS SNCM 439 corresponding to AISI 4340, a fatigue 

crack propagation test including an extremely low rate 

region of about 10-13 m/cycle was carried out in high 

vacuum and in the air.  

 

Experimental Procedure 

Experimental material and specimen 

 

Ni - Cr - Mo steel SNCM 439 was used as the test material 

and the chemical composition is as shown in the Table 1. 

The heat treatment was done by first quenching (1103 K, oil 

cooled after holding for 3.6 ks) and then tempering (433 K, 

after holding for 16.2 ks, it was subjected to air cooling). 

The tempered martensite microstructure observed by SEM. 

The Vickers hardness after the heat treatment was 613 HV. 

Bar shaped MT test piece according to ASTM E 647 – 00 

was manufactured. The test piece was 4 mm in thickness 

and 30 mm in width, 114 mm long and a notch with a 

length of 14 mm was done in the centre of the test piece 

with Electrical Discharge Machine (EDM) having radius of 

curvature less than 0.25 mm-1. To remove the work 

hardened layer from the surface of the test piece formed 

during cutting and to remove minute scratches, around 

40μm of polishing of the observation surface and its back 

side was done with emery paper no. # 150 to # 1500. 

Afterwards, a mirror finish was obtained by buffing. 

 

 

 
 

Crack growth test conditions 

 
An electro-hydraulic servo-type axial fatigue testing 

machine developed in this laboratory was used as a test 

device [3] and the loading frequency of 60 Hz was used. 

Sinusoidal waves with stress ratio R = -1 were used, and the 

test environments were atmosphere and high vacuum (1.6 × 

10-5 to 5.4 × 10-5 Pa) at room temperature. The ΔK-

decreasing fatigue crack growth test was done according to 

ASTM E 647-13 by gradually reducing load in steps. The 

digital microscope (KEYENCE VHX-2000) was used for 

crack length measurement. The crack opening load was also 

obtained using strain gauges pasted on specimen. The stress 

intensity factor K is calculated from the equation (1). The 

stress intensity factor range ΔK is calculated from the 

equation (2). However, under the condition where the stress 

Table 1 Chemical composition of experimental material SNCM 439 

(mass%) 

0 



ratio is -1, Kmin is 0 and only positive value is taken into 

account. The effective stress intensity factor range ΔKeff is 

calculated using Kmax and Kop, using equation (3), where Kop 

the stress intensity factor at the crack opening. 

,   (1) 

Where P is the load, 2a is the total crack length, W is the test 

piece width, and B is the test piece thickness. 

 

ΔK = Kmax - Kmin , Kmin = 0   (2) 

ΔKeff = Kmax – Kop     (3) 

 

Experimental Results and Discussion 

da/dN -ΔK relationship and ΔKth 

Fatigue crack growth rate da/dN  

 

The relationship between the crack growth rate da/dN and 

the stress intensity factor range ΔK is shown in Fig. 1. In the 

figure, the symbol (  ) and (      ) are used for vacuum 

pressure of 1.6×10-5~ 5.4×10-5 Pa and  8.5×10-7~ 9.7×10-7 Pa 

respectively, at R = -1 and (        ) for air at R = -1. In the 

figure, the crack stopping point is indicated by   . In case of 

air, with decreasing ΔK, da/dN decreased almost linearly to 

the region of 10-9 m/cycle and after that, da/dN sharply 

decreased and crack completely stopped. On the other hand, 

in high vacuum the plot is linear to about 10-10 m/cycle and 

the decrease was not as sharp as air. The crack propagation 

was confirmed even in the extremely low rate range of 

about 10-13 m/cycle in vacuum, and when comparing with 

the same ΔK, the crack propagation rate was 1/3 ~ 1/100 

slower as compared with the air. 
 

Threshold Stress Intensity Factor Range ΔKth 

 

As per ASTM E647-05, ΔKth is defined as the ΔK at level 

where da/dN is 10-10 m/cycle. According to definition of 

ASTM the ΔKth in vacuum was found to be 8.16 and 8.28 

MPa√m which was larger than that in air. This tendency is 

similar to findings of other researchers [5-6]. Although, the 

point when crack growth rate became less than 10-10 ~ 10-11 

m/cycle is regarded as the crack stop, from these tests, it is 

shown that the crack growth rate observation below 10-10 

m/cycle is possible. When crack propagation rate is acquired 

up to extremely low rate region of 10-11 ~ 10-14 m/cycle and 

it was shown that the true ΔKth in the high vacuum is either 

very close or less than to that in the atmospheric air. Table 2 

shows the different ΔKth obtained in this research. In air, 

ΔKth was 6.35 and 6.44 in the two experiments done and in 

vacuum it was around 6.8, 6.48 and 5.73. This suggests that, 

the conventional value of da/dN which is regarded as crack 

stopping is insufficient and we should observe lower for 

obtaining the true behavior. 

 

 

da/dN -ΔKeff relationship and crack closure 

 

The relationship between the crack growth rate da/dN and 

the effective stress intensity factor range ΔKeff is shown in 

Fig. 2 When we summarize our results with ΔKeff, it can be 

clearly seen that the effect of environment cannot be 

diminished. There is a large difference between the crack 

propagation characteristics in air and vacuum even in the 

da/dN - ΔKeff plot. The crack propagation rate in high 

vacuum is lower than that in air about 1/2 ~ 1/1000 times for 

the same ΔKeff between 1.5 ~ 8 MPa√m. Also, the shape of 

plot is quite different for air and vacuum. For air, the crack 

growth rate sharply decreases before finally reaching 

threshold. On the other hand, in vacuum the plot is almost 

straight line till threshold. 

 

Air 
Vacuum 

(1.6×10
-5
~ 5.4×10

-5
Pa) 

Vacuum 

(8.5×10
-7
~ 9.7×10

-7
Pa) 

6.35 6.44 6.8 6.48 5.73 

Table 2  ΔKth values for different environments (in MPa√m) 

439 (mass%) 

0 

Fig. 1 Relationship between da/dN and ΔK 
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The lower crack growth rate and linear shape of shape of 

plot may be explained by the presence of atmospheric 

moisture and corrosive environment [7]. 

 

Fracture Surface Analysis 

 

For visual observation of crack closure phenomenon, SEM 

was used especially near threshold region. The fracture 

surfaces observed under SEM at the same resolution can be 

seen in Fig. 3 (crack propagation is from left to right). In Fig. 

3, we can see that in vacuum we can easily differentiate 

between the consecutive load steps applied during the 

experiment while on the other hand in air the fracture 

surface seems to look alike throughout. It seems that due to 

large plastic zone in case of vacuum and larger number of 

cycles required to pass that zone after every load decreasing 

step is the main reason for such observation [8]. While on 

the other hand in air, oxides formation on the newly formed 

fractured surfaces may be the cause of why the whole 

fracture surface looks alike.  

 

Discussion 

 

The higher fatigue crack growth rates and similar or higher 

ΔKth values are observed in air when we plot da/dN and 

ΔKth in Fig. 4. However, when we try to plot da/dN -ΔKeff 

curve in Fig. 5 to eliminate the effect of crack closure, the 

difference between the crack propagation for air and 

vacuum remains. The main differences between the two 

environments is due to phenomena of hydrogen 

embrittlement, crack closure phenomenon and cold-welding. 

Due to hydrogen embrittlement of the material just ahead of 

the crack tip in air environment the crack growth rate is 

faster in air environment than vacuum, while on the other 

hand due to col-welding in vacuum during the compressive 

part of cyclic loading the two fracture surfaces join each 

other, and net rate of crack propagation reduces.  The 

phenomenon of crack closure is responsible for the 

complete stoppage of crack in air while in vacuum we could 

observe much lower crack propagation rates below 10 -13   

m/cycle. 

 

Conclusion 

In order to clarify the influence of the high vacuum 

environment on the fatigue crack propagation characteristics 

of the high strength steel, crack growth tests were performed 

Fig. 3 Fracture Surfaces in Vacuum (on left) and air (on right) 

 

Fig. 2 Relationship between da/dN and ΔKeff 



in high vacuum and in air. The main findings of this study 

are as follows: - 

• da/dN in high vacuum was lower than that in the air 

probably due to reverse slip & absence of phenomenon of 

hydrogen embrittlement. 

• In the high vacuum, fatigue crack propagation was 

observed even in the extremely low rate region with 

da/dN of about 10-13 m/cycle. 

• In the high vacuum, fatigue crack propagation was 

confirmed even at ΔKeff which is smaller than ΔKeff 

threshold in air. It is presumed that the influence of the 

oxide-induced crack closure is large near threshold in air, 

whereas in high vacuum it is negligible. 

• The fatigue crack propagation characteristics in high 

vacuum are "crack growth rate is low, ΔKeff threshold is 

lower" compared to surface cracks in air which resembles 

and explains the features of internal cracks well. 

 

References 

 

(1) Haël Mughrabi, “Microstructural mechanisms of cyclic 

deformation, fatigue crack initiation and early crack 

growth”, Philosophical transactions of Royal Society A, 

Phil. Trans. R. Soc. A 373: 20140132 

(2) Sakai, T., “Review and Prospects for Current Studies on 

Very High Cycle Fatigue of Metallic Materials for 

Machine Structural Use”, Journal of Solid Mechanics 

and Materials Engineering, Vol. 3, No. 3 (2009), pp.425-

439. 

(3) Takashi Nakamura, Hiroyuki Ogumaa, Yuto Shinohara, 

“The effect of vacuum-like environment inside sub-

surface fatigue crack on the formation of ODA fracture 

surface in high strength steel”, Procedia Engineering 2 

(2010) 2121–2129 

(4) Fumiyoshi Yoshinaka, Takashi Nakamura, “Effect of 

vacuum environment on fatigue fracture surfaces of 

High 

Strength Steel”, Mechanical Engineering Letters, Vol. 2, 

Paper No. 15-00730(2016) 

(5) Bernd M. Schönbauer, Stefanie E. Stanzl-Tschegg, 

“Influence of environment on the fatigue crack growth 

behavior of 12% Cr steel”, Ultrasonics 53 (2013) 1399–

1405 

(6) S. Stanzl-Tschegg, B. Schönbauer Near-threshold 

fatigue crack propagation and internal cracks in steel 

Procedia Engineering 2 (2010) 1547–1555 

(7) S. Suresh, G. F. Zamiski, and R. O. Ritchie Oxide-

Induced Crack Closure: An Explanation for Near-

Threshold Corrosion Fatigue Crack Growth Behaviour 

Metallurgical Transactions A Volume 12A August 

1981—1443 

(8) M. C. Lafarie-Frenot, J. Petit and C. Gasc A contribution 

to the study of fatigue crack closure in vacuum Fatigue 

of Engineering Materials and Structures Vol. I, pp. 

431438 

 

 

 

 

 

 

 

 

 

 

 


