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ABSTRACT

Purpose: To investigate the fatigue crack growth at normal tension and transverse shear 
of 65G steel with the high tempered martensite microstructure and to build an appropriate 
fatigue crack growth rate curves. To determine the main and auxiliary fatigue crack growth 
resistance characteristics, which are necessary for machine parts life-time estimation at 
rolling contact fatigue conditions.

Design/methodology/approach: For determination of fatigue crack growth resistance 
at normal tension a standard compact specimens with edge crack were tested using a 
hydraulic testing machine and fatigue testing at transverse shear were performed on the 
I-beam specimens with the edge longitudinal crack using the original testing setup. For 
crack growth measurement an optical cathetometer B-630 was used. The crack growth rate 
V was calculated as crack length increment during loading cycles. The stress intensity factor 
range ∆K was determined by dependence ∆K = (1 – R)Kmax accordingly to the standard test 
methods. To establish crack faces friction factor at transverse shear fragments of fractured 
beam specimen containing crack faces were cut out and tested as a friction pair according 
to Amontons Coulomb's law. On the base of test results the fatigue crack growth rate curves 
in logarithmic coordinates ∆K vs. V were built. These graphical dependencies for normal 
tension and transverse shear were used for determination of fatigue crack growth resistance 
characteristics: fatigue threshold ∆Kth, fracture toughness ∆Kfc, ∆K1-2 and ∆K2-3 which 
indicates the beginning and the end of middle-amplitude region of curve, ∆K*, parameters 
C and n of Paris’s equation. Metallographic and fractographic analyses were performed on 
the scanning electronic microscope Zeiss EVO 40XVP. 

Findings: Empirical dependences of the stress intensity factor range on fatigue crack 
growth rate at normal tension and transverse shear of 65G steel with the high tempered 
martensite microstructure are obtained. Based on these graphical dependencies the 
fatigue thresholds and fracture toughness as well as the parameters of Paris’s equation are 
determined.
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Research limitations/implications: The fatigue crack growth on 65G steel under 
low-, medium- and high-amplitude cyclic loading at normal tension and transverse shear 
was investigated. The fatigue crack growth rate values for a wide range of stress intensity 
factor are estimated. On the base of fractographical analysis the features of fracture of 
high tempered martensite in 65G steel at transverse shear are studied. It is shown that the 
transverse shear crack faces friction factor for high tempered martensite structure is less 
than for low tempered martensite.

Practical implications: Using the fatigue crack growth resistance characteristics of 65G 
steel at normal tension and transverse shear and related fatigue crack growth rate curves 
it is possible to predict the life-time of machine parts made of steels with high tempered 
martensite structure, working at rolling contact fatigue conditions.

Originality/value: Complete fatigue crack growth rate curves of 65G steel with tempered 
martensite structure at normal tension and transverse shear are built and the fatigue crack 
growth resistance characteristics for both modes of fracture are determined for the first time.

Keywords: 65G steel; High tempered martensite; Crack growth resistance; Fatigue crack 
growth rate; Normal tension; Transverse shear 
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PROPERTIES

 
 

1. Introduction 
 

Nowadays various experimental techniques and 

research results of high-strength structure materials which 

are being used in rolling pairs elements working at rolling 

contact fatigue conditions are quite well represented in 

literature [1-11]. However, there are some theoretical 

approaches [12-24] for the stress-strain state and contact 

strength evaluation of rolling bearings, rolling mills rolls, 

gears, railway wheels and rails, based on the criteria of 

contact-fatigue defects formation, such as pittings and shel-

lings (Fig. 1).  

 

 

Fig. 1. Shelling on the rail head surface, caused by sub-

surface fatigue crack spreading 

These models take into account the possibility of 

changing the fracture mode from transverse shear (Mode 

II) to normal tension (Mode I) and vice versa, kinetics of 

crack faces contact and friction between them, nonlinearity 

of crack trajectory and so on. 

The numerical calculations on the base of these theo-

retical approaches requires an appropriate fatigue crack 

growth rate curves of structural steels, obtained experi-

mentally by testing specimens at normal tension and 

transverse shear conditions. Due to the lack of effective 

experimental techniques for transverse shear fatigue 

testing, such curves and obtained from them fatigue crack 

growth resistance characteristics are rare in literature [25-

31]. So, the work dedicated to fatigue crack growth rate 

curves building and fatigue crack growth resistance 

characteristics determination of commonly used structural 

65G steel at normal tension and transverse shear is defi-

nitely relevant, and the obtained results will find their 

application in scientific and engineering practice. 

 

 

2. Experimental procedures 
 

The investigated material for fatigue testing was widely 

used structural steel of chemical composition given in 

Table 1 (65G mark according to GOST standards, 65Mn 

mark according to EN 10027-1:2016). In order to obtain  
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Table 1.  

Chemical composition of investigated steel 

Chemical element C Si Mn Ni Cr Cu S P 

Wt % 0.62-0.7 0.17-0.37 0.9-1.2 < 0.25 ≤ 0.25 ≤ 0.2 ≤ 0.035 ≤ 0.035 

 
homogeneous structure specimens were subjected to 

following heat treatment: quenching from 820°C in oil and 

subsequent tempering at 650°C for 1 hour. 

For determination of fatigue crack growth resistance at 

normal tension a standard compact specimens of basic 

dimension b = 45 mm and thickness t = 10 mm with edge 

crack were tested using a hydraulic testing machine 

Heckert EUS-20 at stress ratio R = 0.1 and frequency 15 Hz 

according to recommendations [33]. Fatigue testing at 

transverse shear were performed on a beam specimens of 

basic dimension b = 72 mm and wall thickness t = 3.2 mm 

with the edge longitudinal crack using an original testing 

setup [34] at stress ratio R = -1 and frequency 12 Hz 

according to standard [35]. For crack growth measurement 

an optical cathetometer B-630 equipped with digital 

camera ToupTech UCMOS 10000KPA was used. The 

crack growth rate was calculated as V = ∆a/∆N, where ∆a 

is a crack length increment during ∆N loading cycles. The 

stress intensity factor range ∆K was determined by 

dependence ∆K = (1 – R)K max. So, respectively, at normal 

tension ∆КІ = 0.9КІ max, and in the case of transverse shear 

∆КІІ  = 2КІІ max. To establish crack faces friction factor fc  

at transverse shear fragments of fractured beam specimen 

containing crack faces were cut out and tested as a friction 

pair according to Amontons Coulomb's law using the 

original device and technique described in [36]. On the 

base of test results the fatigue crack growth rate curves in 

logarithmic coordinates ∆K vs. V were built by 

approximation of experimental data points with S-lines. 

These graphical dependencies for normal tension and 

transverse shear were used for determination of fatigue 

crack growth resistance characteristics, namely: basic – 

fatigue threshold ∆Kth and fracture toughness ∆Kfc, as the 

values of ∆K for crack growth rate V = 10-10 and 10-4 

m/cycle, respectively; auxiliary – ∆K1-2 and ∆K2-3, which 

indicates the beginning and the end of middle-amplitude 

region of curve; ∆K* for crack growth rate 

V = 10-7 m/cycle; parameters C and n of Paris’s equation 

V = C(∆K)n, which approximates the middle-amplitude 

region of curve. 

Metallographic and fractographic analyses were 

performed on the scanning electronic microscope Zeiss 

EVO 40XVP. For fractographic analysis fragments of 

specimens containing crack faces were cut out. 

 

 

3. Results and discussion 
 

It is well known that during tempering of quenched 

carbon steel the diffusion process of martensite 

disintegration and carbide transformation occurs, resulting 

formation of ferrite-cementite microstructure of different 

dispersion and morphology. So, tempering at 650°C causes 

formation of high tempered martensite consisting of plate-

globular cementite formations of irregular shape that fill 

ferritic matrix. It should be noted that cementite plates in 

structures after hardening and high tempering (Fig. 2) are 

similar in appearance to granular pearlite and is 

characterized by higher dispersion caused by increasing 

their sphericity, unlike oblong shape of cementite plates in 

cases when tempering is performed at lower temperatures 

[37]. 

 

Fig. 2. Microstructure of high tempered 65G steel 

Comparing the results of static tension tests of 

cylindrical specimens (Table 2) with those obtained 

previously for steel 65G tempered at 600°C [36] it can be 

seen that slight increase of temperature leads to some 

increase of characteristics of ductility. Strength 

characteristics in their turn slightly reduce. 

3.  Results and discussion
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Table 2.  

Mechanical properties of investigated high tempered steel 

Tempering 

temperature 

tα, ºС 

Yield stress 
σy, МPa 

Ultimate stress 
σu, МPa 

Elongation 
δ10, % 

Reduction of area 
ψ, % 

Hardness 
HRC 

650 830 950 16 52 30 

 
The fatigue crack growth rate curves of investigated 

steel with high tempered martensite structure were built 
for crack growth rate in a range that covers up to 6 orders 
for normal tension (Fig. 3a) and transverse shear  
(Fig. 3b), taking into account experimentally determined 
crack faces friction factor fc = 0.43. The curves describe 
the fatigue crack growth at low- (∆KI < 15 MPa√m, 

∆KII < 24 MPa√m), medium- (∆KI = 15-72 MPa√m,  
∆KIІ = 24-116 MPa√m) and of high-amplitude loading 
(∆KI > 72 MPa√m, ∆KII > 116 MPa√m) for both modes of 
fracture. The medium-amplitude area for normal tension, 
as so as for transverse shear lies within the range of 
fatigue crack growth rate V ≈ 2·10-8-10-6 m/cycle. 

 
a) b) 

    
 
Fig. 3. Fatigue crack growth rate curves of high tempered 65G steel: a – normal tension; b – transverse shear (fc = 0.43) 

 
For transverse shear mode we can see the greater scatter 

of points on this region of curve (Fig. 3b). In contrast, the 
normal tension experimental points have much less scatter 
(Fig. 3a). This proofs that fatigue crack growth at trans-
verse shear has intermittent nature that makes more 
complicated the process of approximation of experimental 
points. The fatigue crack growth resistance characteristics 
obtained from fatigue crack growth rate curves are 
represented in Table 3. 

On the base of fractographic analysis it was found that 
at normal tension grooves and pits forms on the crack 
surface, whereas the cleavage facets are practically absent 
(Figs. 4a,b). It is well correspond with the results obtained 
previously [38] for vanadium alloyed steel. In contrast, at 
transverse shear smooth delamination regions and cut 
tongues appears (Figs. 4c,d). It should be noted that at 
relatively low fatigue crack growth rate V ≈ 2·10-8 m/cycle 
(Fig. 4c) the cut tongues appears quite often, while at high  
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Table 3.  

Fatigue crack growth resistance characteristics of investigated high tempered steel 

Fracture mode 

Main characteristics Auxiliary characteristics Paris’s equation parameters 

∆Kth ∆Kfc ∆K1–2 ∆K2–3 ∆K* С 

n 

MPa√m (MPa√m)-n×m/cycle 

Mode I 7.4 118 15 72 30 2.853·10-11 2.42 

Mode II 13.8 170 24 116 43 3.359·10-12 2.75 

 
a) b) 

   
 

c) d) 

   
 

Fig. 4. Microfractograms of investigated high tempered steel for normal tension (a, b) and transverse shear (c, d):  
a), c) V ≈ 2·10-8 m/cycle,  b), d) V ≈ 10-6 m/cycle 
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speeds V ≈ 10-6 m/cycle the smooth delamination regions 
dominates (Fig. 4d). 

Comparison of the crack faces friction factor fc = 0.43 
of steel with structure with values established earlier [36] 
for finer high tempered martensite and low tempered 
martensite structure is represented on Figure 5. As can be 
seen, there is a clearly visible tendency of crack faces 
friction factor reducing due to reduction of the yield stress 
of steel. 

 
 

Fig. 5. Dependence of crack faces friction factor on yield 
stress of investigated tempered steel. The white markers 
correspond to the results, obtained earlier [36] 

 
The explanation for this is that the crack faces friction 

factor is highly affected by fracture surface relief features 
formed on both cracks faces at transverse shear fatigue 
fracture. Moreover, the most important are geometrical 
parameters of microroughnesses, which in their turn are 
affected by the phase composition and microstructure of 
steel, that is by the form of cementite formations and by 
distance between carbide particles. 

 
 

4. Conclusions 

The main ∆KI th = 7.4 MPa√m, ∆KII th = 13.8 MPa√m, 
∆KI fc = 118 MPa√m, ∆KII fc = 170 MPa√m and auxiliary 
fatigue crack growth resistance characteristics and 
parameters of Paris’s equations at normal tension and 
transverse shear are determined. These characteristics can 

be used for workability assessment of high tempered 65G 
steel at rolling contact fatigue conditions. 
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