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Abstract. In this paper a detailed investigation about the early phases of the corrosion fatigue 

process of this material is presented. The corrosion pits appears in the early stage of the corrosion 

fatigue life and a preferential site of pit nucleation has been observed at the ferrite-ferrite grain 

boundary. At the bottom of these primary pits has been observed the formation, due to 

electrochemical action of a secondary pit that works as a trigger for the pit-to-crack transition. The 

growth of micro-cracks has, also, been analyzed and results dependent on the stress level and 

strongly affect by the coalescence phenomena with other growing cracks. Key points for the 

development of a new model for the corrosion-fatigue life prediction of railway axles are defined. 

 

Introduction  
The design of railway axles is performed for infinite fatigue life related to loads level depending on 

the railway vehicle type, and did not usually consider different in-service degradation and damage 

mechanisms such as environmental corrosion and corrosion fatigue [1, 2].  

In recent years, the degradation due to corrosion shown by railway axles has increasingly become an 

area of concern. Some references report cases of axle failure due to crack propagation from 

corrosion pits. Hoddinott [3] reports that about five mid-span failures of in-service axles occurred in 

the UK from 1996 to 2003, with four being connected to the presence of diffused axles surface 

corrosion and corrosion pits. On the other side of Atlantic, the Transportation Safety Board of 

Canada [4] reported that, in one case, axle failure was caused by corrosion pits under the journal 

bearing. It also mentioned that another seven similar failures occurred between 1998 and 2000. 

Among the different types of corrosion damage, pitting is one of mechanism in triggering 

widespread fatigue crack initiation and reducing fatigue life of the material. Hidden corrosion pits 

are also difficult to detect nondestructively.  

Previous research [5, 6] has provided some features about the effects of atmospheric corrosion on 

fatigue properties of A1N steel. Under the interaction of cyclic load and corrosive environment 

cyclic load facilities the pitting, and corrosion pits, acting as geometrical discontinuities, lead to 

nucleation of a consistent number of small cracks. These small cracks are then able to cross the 

microstructural barriers with ease and at a much faster growth rate than in air. These effects result in 

a considerable decrease in the fatigue life of the material and in the disappearance of the ‘‘knee” of 

the S–N diagram. 

In this paper a detailed investigation about the early phases of the corrosion fatigue process of this 

material is presented. The corrosion pits appears in the early stage of the corrosion fatigue life and a 

preferential site of pit nucleation has been observed at the ferrite-ferrite grain boundary. At the 

bottom of these primary pits has been observed the formation, due to electrochemical action of a 

secondary pit that works as a trigger for the pit-to-crack transition. The growth of micro-cracks has, 

also, been analyzed and results dependent on the stress level and strongly affect by the coalescence 



phenomena with other growing cracks. When the crack length became greater than 1 mm the crack 

growth rate tends to the crack growth rate in air.  

On the basis of the detailed analysis of the different stage of the corrosion fatigue process, a 

discussion about application of the corrosion fatigue models present in literature to the life 

estimation of railway axles is presented and key points for the development of a new predictive 

model are defined. 

 

Material and experimental procedures  
Material. A1N is a normalized 0.35% carbon steel, widely used in the manufacture of railway 

axles: the matrix consists of a ferritic-pearlitic microstructure with a 20–40 m ferrite grain size. Its 

basic mechanical properties are: ultimate tensile strength UTS = 597 MPa and monotonic yield 

strength y,monotonic = 395 MPa. Cyclic properties are as follows: 0.2% cyclic proof stress y,cyc0.2 = 

357 MPa, 0.05% cyclic proof stress y,cyc0.05 = 289 MPa. The parameters of the cyclic Ramberg–

Osgood relationship are equal to Ecyc = 209,303 MPa, n = 0.150395 and H = 907.34 MPa. 

Specimens Specimens are hourglass shaped with a minimum diameter of 10 mm. Following 

machining, the specimens were polished up to #1000 grit emery paper and then mirror polished with 

diamond paste.  

Corrosion-fatigue tests. In order to investigate the evolution of the corrosion fatigue damage of 

A1N steel a series of corrosion–fatigue tests were run at R = -1, using a four point rotating bending 

machine (capacity of 35 Nm) working at a frequency of 10 Hz. This frequency value is 

representative of axles during a service speed equal to 100 km/h. Corrosion was continuously 

applied to specimens by means of a dedicated dropping system with a dripping flow rate of 40 

cc/min (Fig. 1a). The artificial rainwater solution [7], characterized by pH = 6, was formulated as 

follows: ammonium sulfate 46.2 mg/dm
3
, sodium sulfate 31.95 mg/dm

3
, sodium nitrate 21.25 

mg/dm
3
 and sodium chloride 84.85 mg/dm

3
. The corrosion–fatigue behavior of the A1N steel was 

also characterized by freely corroding condition. Corrosion potential is monitored according to the 

diagram shown in Fig. 1b [8]. 

Tests were carried out at stress levels S in the range of 180–400 MPa that include both the 

EN13103/4 design limit (design = 332 MPa), and the BASS design limit (design = 220 MPa), 

which is valid for steels with UTS of 550–650 MPa, and corresponds to a median corrosion–fatigue 

life of 4 10
7
 cycles. 

This range, below the fatigue limit in air of the material (S = 510 MPa) shows a finite life in 

presence of atmospheric corrosive environment which eliminates the fatigue limit of the material, as 

can be observed in Fig. 2. 

Tests on smooth specimens has been interrupted, and not restarted, at different stages (5÷50%) of 

the corrosion fatigue life, as estimated by the SN diagram of Fig 2a. 
 

 
 

a) b) 

Figure 1  (a) Set up of the corrosion fatigue experiments. (b) schematic drawing for corrosion 

potential measurements. 
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a) b) 

Figure 2 a) SN diagram in corrosive environment for A1N material [6]. b) Surface appearance of the 

specimen broken in corrosive environment after 8.5 10
6
 cycles at S= 320 MPa. 

 

At the end of the test, the corroded surface of the specimen has been chemically cleaned for rust 

removal and the damaged surface has been examined by means SEM analysis. Corrosion–fatigue 

damage has been investigated by collecting data about the number and the size of pits/cracks in a 

representative area of the specimen surface, at different stress levels and at different fatigue life 

stages. Data were collected by taking SEM images of a 9 mm
2
 superficial area, centered on the 

minimum diameter of the specimen. Then the specimen has been sectioned, etched with 2% Nital to 

reveal the microstructure and also optical and SEM analysis of the etched section has been 

performed to correlate the corrosion fatigue crack initiation and growth with the microstructure. 
 

Evolution of the damage 

A broad overview of the damaged surface of the specimens run to corrosion-fatigue end life (data of 

Figure 1a) always revealed the presence of a long crack accompanied by multiple short cracks which 

interact with the main fracture (Figure 2b). The zig-zag pattern of the main fracture is due to the fact 

that crack advance for coalescence with these micro-cracks. At stress levels where cracks would not 

be able to nucleate and propagate in the air, the presence of a corrosive environment allows multiple 

short crack nucleation, and environmental assisted crack growth that finally leads to rupture. 

The main objective of this paper is to describe the role played by the atmospheric corrosion at 

different stages in the development of corrosion fatigue cracks.  

Several studies have been carried out in order to understand each stage of corrosion fatigue damage 

using different tools and analysis methods. The vast majority of research work regarding the 

behavior of long cracks [9, 10], while it is clear that for examined material under atmospheric 

corrosion the fatigue lifetime is controlled by the nucleation and propagation of very small cracks. 

Five major stages have been defined and will be discussed in detail in the following: corrosion pits 

nucleation, pit growth, transition from pit to short fatigue crack, short crack propagation and 

coalescence, and long crack propagation.  

Corrosion pits nucleation and growth behavior Pitting usually occurs on passive-covered metals 

and is related to the film breakdown, as proposed in the classic pitting theory. Since the A1N mild 

steel remains active in artificial rainwater solution, there is no passive film formed on the steel 

surface. To date, pitting studies in an active system have been limited. In [11] the fundamentals of 

pitting corrosion of carbon steel pipelines occurring in an active system are discussed. Corrosion pits 

generally initiate due to some chemical or physical heterogeneity at the metal surface, such as 



inclusions, second phase particles, or dislocations, when the geometric defect undergoes a temporary 

anodic potential field, resulting in the local anodic dissolution to nucleate pits. 

It seems that pitting occur on the surface of the A1N specimens according this mechanism. The 

initiation and growth characteristic of the corrosion pits were investigated by observation of 

specimens interrupted in the early stage of the corrosion fatigue cracking. The observed pitting are 

randomly generated on the surface of the specimen and shows a preferential nucleation site at the 

ferrite-ferrite grain boundary (Fig. 3a), where may be that the segregation of second phases has 

created a local galvanic cell with an anodic state at the grain boundary (secondary particles) while 

the non-defect area is in a cathodic state. This mechanism results in a symmetric slightly conical pit 

profile as can be seen in the same Fig 3a. The pit profile changes its shape to non-symmetric one 

and then to more hemispherical one, with increasing corrosion time (Fig 3b). The findings of pit 

shape evolution are interesting and this might be due to local current fluctuations within the pit with 

encompassing of adjacent grains boundary, as far as, of perlites grains [12]. Pit nucleation results a 

process affected by the corrosion time (number of fatigue cycles in the present paper) and seems not 

depending on the stress level. 

In order to quantify the pit size evolution the growth behavior of a number of corrosion pits has been 

observed at macroscopic scale. It has been found that each of the corrosion pits differed in its 

nucleation time and growth rate from the others and it was therefore difficult to reflect the statistical 

nature of this process with a description of the time variation of the corrosion pits density [13]. As 

an alternative procedure, it has been decide to study the distribution of the diameter of corrosion pits 

at time of starting of the pit to crack transition stage. The results are presented in Fig. 4 for a 

representative area of 9 mm
2
. The corrosion pits diameter follows a logarithmic normal distribution. 

When the load level increases and the number of cycles decrease the average diameter of the pits 

increases.  
Pit-to-crack transition The cause of crack initiation from corrosion pits is generally addressed to 

the effect of stress concentration. However, experimental evidences have clearly shown that cracks 

initiate at the bottom of the corrosion pits despite the fact that elastic stress concentration factor for 

hemispherical pits is maximum at the free surface. This focused attention then on a dissolution 

based explanation for the localization of the crack initiation site at the bottom of the pit. SEM 

micrograph of the sectioned specimen and of the surface of the specimens have been performed and 

a localized dissolution in the depth direction (secondary pit) has often observed at the bottom of a 

surface pit (primary pit) as can be seen in the detail of Fig. 5. This corrosive attack at the bottom of 

large curvature primary pit has a high potential for crack nucleation. The severity of a secondary is 

given as results of FEM analysis for the secondary pit formation at the bottom of the hemispherical 

primary pit with dimension and aspect ratio as observed experimentally. 

 

  
a) b) 

Figure 3 Sectional image of corrosion pits: a) nucleated at the ferrite-ferrite grain boundary; b) 

encompassed adjacent ferritic-perlic grains.  

2 m 



 

The elastic stress intensity factor can be read directly on the stresses palette as the nominal stress is 

equal to one. It is obvious that stress concentrates within the secondary pit cavity and the high value 

of elastic stress intensity factor, about 4, can account for a mechanical based crack initiation at this 

weak location rather than at the pits mouth. 

This novel concept of secondary pit growth must be now considered as a possible factor triggering 

the transition from pit to fatigue-corrosion crack and provide a more substantive explanation for the 

three phases pit-to-crack transition experimentally observed (Figure 6): electrochemical dissolution 

at the bottom of the surface pit and formation of a secondary pit; nucleation of a microcrack at the 

bottom of the surface pit, growth of microcrack and going out of the pit boundary.  

The most significant observation from the surface analysis of the specimens interrupted a different 

stage of the fatigue life is that only corrosion pits with primary plus secondary morphology works as 

sites of corrosion fatigue crack initiation. Corrosion fatigue microcracks did not initiate from these 

sites have not been discovered. 
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a) b) 

Figure 4 Population of corrosion pits size at time of starting of the pit-to-crack transition stage.  

a) Diameter at 8 10
5
 cycles varying the stress level. b) Diameter at stress level S=400MPa 

varying the number of cycles.  

 
Figure 5 Stress distribution in the surface hemispherical pit with the secondary pit formation. 
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For each crack the early crack growth follows the phases of Fig 6 and the statistical nature of the 

corrosion fatigue damage process only accounts for a time shift of the different phases. 

Crack propagation and coalescence The mechanism of short crack propagation has been 

investigated by means of propagation tests as described in the Corrosion-fatigue tests paragraph. It 

has been found from the observation of sectioned specimens that short crack propagated with a 

transgranular crack path (Figure 7a). It is well established [14] that in an environment that does not 

passivate the material being exposed corrosion occurs at the crack tip and on the crack walls as well.  

This mechanism account for the blunting of the crack tip also when the creep related blunting is 

attenuated by low temperature and high loading frequency. As result, transgranular cracking can 

occurs only if there exists a mechanism that could constantly resharpes the crack tip to counterpart 

the blunting o could maintain the crack tip a t sharp state (e.g. at high growth rate at which the crack 

tip blunting is negligible). Under scenario of corrosion fatigue loading the mechanisms governing 

crack resharpening may be fatigue related and/or hydrogen related. The above suggestion can 

explain the crack path shown in Figure 7b. The figure clearly shows the first stage of the crack 

propagation inside an oxide path, corrosion at the crack tip slower than the crack growth, and the 

second stage of propagation without oxide path, more quickly of the corrosion at the crack tip. It is 

worth to note that present experiments do not allow us to elucidate the mutual interaction between 

hydrogen and cyclic loading, but specially designed crack growth tests should be performed. 

The history of short crack propagation has also been obtained in term of crack length and crack 

growth rate in a previous work [6]. It has been observed that the number of cracks that occur during 

the initial phase of corrosion fatigue depends on the applied stress range, while the increase in length 

with the number of cycles is accompanied by a marked reduction of crack density. 

 

 

 

 

 

 

 
                         

                         a)                                       b)        c) 

Figure 6 Surface observations of the three phases of the pit-to crack transition stage.  

a) Electrochemical dissolution at the bottom of the surface pit and formation of a secondary pit. 

 b) Nucleation of  a microcrack. c) The microcrack extends out of the pit.  
 

(a) (b) 

Figure 7 Fig.5. (a) Transgranular path of the crack. (b) First stage of the crack growth inside a path 

of oxide and second stage more quickly of the oxide formation. 
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Figure 8 Evolution of the corrosion fatigue damage of the a1N material. NOTES: Yellow points are 

the performed interrupted test. The marker is 100 m in all the images. 

 

This because a key mechanism of the crack growth is the coalescence phenomena between small 

cracks on adjacent propagation planes. Figure 8 show a graphical summary of the time evolution of 

the corrosion fatigue damage of the A1N material. 

 

Conclusion remarks 

In this paper a detailed investigation about the early phases of the corrosion fatigue process of this 

material is presented. The presented results can allow us to improve the model proposed in [6] to 

predict the corrosion fatigue lifetime of the A1N railway axles. The model, based on the Hobson-

Brown model, modified in the work of Murtaza and Akid, describe the corrosion fatigue crack 

growth rate of short cracks may by the following equation: 
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where  is the stress range, and B, , and n are material constants obtained by propagation tests.  

By adopting equation (1), a description of the S-N diagram in terms of propagation of corrosion 

fatigue cracks from the transition length from short crack to long crack to the final crack length can 

be also obtained: 
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   (2) 

 

where a0 was the initial crack length, assumed in the range of the grain size (20÷30 m), and af was 

the final crack length corresponding to failure assumed equal 3 mm.  

Despite the lack of knowledge about the first stages of the corrosion fatigue damage, the prediction 

of the adopted model describes the median S-N diagram fairly accurately. 

The results of the present study gives a physical meaning for the assumed value of the initial crack 

growth. It represents the critical diameter of the corrosion pit at which the pit-to-crack transition 

N cycles 



occurs. The proposed model can be completed adding the number of cycles  (Npit) that account for 

the growth of the corrosion pit from the nucleation to the pit-to-crack transition:  
 

proppitt NNN            (3) 

 

where Nt  is the total corrosion fatigue lifetime. 
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