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Abstract 

Experimental study consisting of both uniaxial and biaxial stress-controlled cyclic tests was performed 

to investigate the ratcheting behaviour of new flash butt welds in a heat-treated hypereutectoid steel 

rail used in Australian heavy haul railways. Digital image correlation technology was applied to 

capture the heterogeneous strain field and its evolution at every point on the surface of the weld 

specimen. The results show that the softened zone with a significant hardness drop is more sensitive 

to plastic deformation and results in a higher ratcheting strain than the region around the bond line. 

Moreover, the distribution of ratcheting strain can be correlated to the longitudinal hardness profile 

within the heat-affected zone of the weld. At the initial stage of cyclic tests, the softened zone tends to 

exhibit cyclic hardening while the region around the bond line is more likely to exhibit cyclic 

softening. Compared with the parent rail, the softened zone shows much worse ratcheting resistance, 

while the region around the bond line demonstrates slightly better ratcheting resistance. 

Metallographic analysis indicates that the microstructure and resulting ratcheting resistance of the 

weld vary with the longitudinal position. High ratcheting strain in the softened zone is mainly 

attributed to the existence of the spheroidised microstructure with a high amount of ferrite. The 

outcomes of this study can provide valuable information for further establishing the constitutive 

models to quantify the heterogeneous ratcheting of rail welds under practical wheel-rail contact 

situations by finite element simulations.  

Keywords: rail flash butt welds, ratcheting behaviour, cyclic loadings, digital image correlation, 

microstructural characterisation 
 

 

1. Introduction 

The freight transportation of mineral products by rail has made significant contributions to the 

Australian economy. To address the demanding conditions imposed by a combination of higher axle 

loads and increasing annual haulage rates, the application of premium high strength rail steels with 

hardness levels of 400 HV and above, which can effectively mitigate rail degradation such as wear and 

rolling contact fatigue (RCF), has improved the rail performance in Australian heavy haul railway 

systems since 1990s [1]. The use of such rail steels can also extend the interval of grinding maintenance 
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as rail grinding is the common approach to control the development of rail degradation. However, these 

benefits can be offset by the potential of localised degradation in rail welds. The increasing potential 

for damage in such welds is mainly caused by the variability of microstructure and mechanical 

properties between the heat-affected zones (HAZ) generated from the welding thermal input in the weld 

and the parent rail (PR). Although continuous welded rail segments have been widely used to provide 

more robust joints and more continuous running surface, the exist of the HAZs which exhibit lower 

hardness levels than the parent rail, may lead to severe localised plastic deformation and therefore result 

in higher sensitivity to RCF. Generally, RCF is the dominant damage mode in the case of high strength 

rail steels used in heavy haul operations. Moreover, RCF damage may propagate to greater depths than 

that found in PR, and therefore is more difficult to be mitigated by rail grinding [2]. If such damage in 

HAZs is not addressed at an early stage, it can facilitate the development of transverse defects and 

increase the risk of rail failures when combined with the higher dynamic loading which typically occurs 

at rail welds [3]. 

 

Aluminothermic welding (ATW) and flash butt welding (FBW) are the two major welding methods 

used in Australia. ATW is a cast welding method whereby two rail ends are bonded by the 

aluminothermic weld metal, while FBW is a resistance welding process which involves preheating and 

forging (upsetting) two rail ends [5]. Due to the nature of both welding processes, the HAZ in 

aluminothermic welds is usually much wider than that in flash butt welds, resulting in increased 

sensitivity to localised RCF damage. In order to eliminate the concern with aluminothermic welds, the 

application of such welds has been limited by the increased use of mobile flash butt welds in heavy haul 

railway systems. However, various localised RCF damage, i.e. spalling (Fig. 1) and squats, have 

recently been observed in the HAZ of flash butt welds, particularly located at the gauge corner of high 

rails [6]. In order to reduce the sensitivity to this damage, it is considered necessary to understand the 

mechanical response of flash butt welds under actual wheel-rail contact situations. 

 

In wheel-rail interface, the mechanical response of rail materials mainly depends on rolling contact 

conditions and rail material characteristics, particularly the ratcheting behaviour (incremental plastic 

flow). It is known that rail degradation will primarily initiate where the ratcheting strain reaches the 

limiting ductility of rail materials [7-9]. Since the yield strength in rail steels is roughly three times of 

the hardness value [10], the region with lower yield strength in HAZ will generate larger plastic 

deformation under the wheel-rail contact, which may increase the potential of damage initiation in rail 

welds. Porcaro et al. [11] performed the uniaxial tensile tests to obtain the basic mechanical parameters, 

such as yield strength and ultimate tensile strength, of flash butt welded joints in an intermediate 

strength pearlitic rail steel. The results illustrated that both yield strength and ultimate tensile strength 

of the tested welds are lower than those of the parent rail, and this was attributed to the hardness drop 

located between 8-14 mm from the weld centre line (also known as bond line). Nevertheless, yield 
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strength is not the only material parameter affecting the ratcheting behaviour of rail materials. Some 

studies were conducted to systematically investigate the ratcheting behaviour of high strength rail steels 

by cyclic loading tests, which showed that work hardening behaviour can also significantly affect the 

evolution of ratcheting [12-15]. Pun et al. [14] suggested that biaxial compression-torsion stress-

controlled cyclic test is a proper approach to simulate the loading experienced by rails in service. 

However, there are no corresponding experimental studies conducted on the ratcheting behaviour of 

rail flash butt welds to date. Li et al. [16] applied a dynamic vehicle-track model created by Wen et al. 

[17] to numerically study the plastic deformation in CN60 rail weld. Although different values of yield 

strength have been applied to the PR and the weld, the results were unable to sufficiently demonstrate 

the ratcheting behaviour of the weld. The authors suggested that a constitutive model which can describe 

the ratcheting behaviour of rail welds accurately is critical for further investigation. To achieve this, 

experiments are required to determine the relevant material parameters in the constitutive model. 

 

In heavy haul operations, the microstructure of steel rails is mainly pearlitic [18]. For rail flash butt 

welds, the variability of microstructure in HAZ can alter the mechanical properties compared with the 

PR. As illustrated by Mansouri and Monshi [19], HAZ can be classified into grain growth region, 

recrystallised region with fine grain and partially transformed region along the longitudinal direction of 

rail welds. Similar microstructures were also observed by [11, 20], and both works demonstrated that 

the hardness and therefore yield strength decreased at the grain refined and partially transformed regions 

due to the partial cementite (Fe3C) spheroidisation. Szablewski and LoPresti [21] showed that RCF in 

hypereutectoid steel rails may be related to the presence of grain boundary Fe3C which can have 

negative effects on the ductility and fracture toughness of rail materials. Mutton et al. [22] examined 

the microstructure of new and ex-service flash butt welds in hypereutectoid steel rails. However, the 

results revealed that although large amounts of grain boundary Fe3C existed and even formed 

continuous network, the initiation and propagation of RCF had no strong relation to the grain boundary 

carbide. The authors also suggested that the RCF cracks were more likely to be caused by the severe 

ratcheting deformation observed in the spheroidised region of HAZ. 

 

According to the previous research, there exists a knowledge gap on the ratcheting behaviour of rail 

flash butt welds and how it is linked to the microstructural characteristics. Therefore, the aim of current 

work is to investigate the ratcheting behaviour of flash butt welds in a hypereutectoid carbon steel rail 

that exhibits increased resistance to wear and RCF damage than standard pearlitic rail grades, and has 

been widely installed in heavy haul tracks in Australia [23]. The experimental program consisted of 

monotonic tensile tests, uniaxial stress-controlled cyclic tests and biaxial compression-torsion stress-

controlled cyclic tests. The results were then compared with those obtained from the similar tests on the 

PR. Additionally, metallographic analysis was conducted to examine the influence of microstructure on 

the ratcheting behaviour. The outcomes will provide valuable information for numerical descriptions of 
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the ratcheting behaviour and further understanding the RCF initiation in rail welds. 

2. Material and Experimental Setup 

2.1. Materials 

The materials considered in this study are new rail flash butt welds in an R400HT (hypereutectoid heat 

treated) rail steel grade with a carbon content of 0.88%. The hardness of such type rail steel grade is 

approximately 400 HV and its chemical composition is listed in Table 1. All the tested welds were 

manufactured using a Chemetron mobile flash butt welder with the same welding conditions. 

 

Thin-walled tubular specimens were prepared for the monotonic tensile test and uniaxial stress-

controlled cyclic tests due to the loading capacity of the test machine. Such type of specimens was also 

used for the biaxial stress-controlled cyclic tests to provide a nearly uniform strain distribution through 

the thickness of specimen gauge. Each specimen was only used for one test. It is known that RCF cracks 

currently observed in heavy haul rails or welds can propagate up to about 15 mm below the running 

surface [1]. Hence, as presented in Fig. 2a, the locations of specimen gauge in the cross-section 

(transverse direction) of each weld have reached such depth. In order to confirm the locations of 

specimen in the longitudinal direction of the welds, the longitudinal hardness of each weld was 

measured approximately 8 mm below the running surface on the examined section which showed the 

bond line (BL) and HAZ boundaries after being macro-etched by 2% Nital solution. 

 

Fig. 2b shows that the longitudinal hardness within the region about 7 mm to the BL is slightly higher 

than that of PR (396 HV approximately) except for a small drop at the BL, and then reduces significantly 

to around 270 HV at 18 mm to the BL. Finally, the longitudinal hardness increases back to the value of 

PR at about 28 mm to the BL. Based on the obtained hardness profile, specimens were extracted and 

machined from two positions in each rail weld head sample at the HAZ with the lowest hardness, so 

called softened zone (SZ), and the BL respectively. The hole in each tubular specimen was created by 

the deep hole drilling method. The machining was performed under conditions that minimised any 

heating of the specimens, to avoid introducing microstructural changes. Fig. 2c shows the dimensions 

of specimens in detail, and it is worth noting that each specimen has a gauge length of 15 mm so that 

both types of the specimens can almost cover the entire HAZ. In addition, the hardness value in any 

cross-section of the specimens is similar to that measured along the longitudinal direction of the weld. 

 

Extra specimens with the same dimensions were also machined at the similar transverse locations from 

head of the PR at approximately 100 mm to the BL. It should be noted that the residual stress in welds 

is not considered in this work as previous research [24-26] has shown that most of the residual stress 

should be released during the machining of the specimens. All the specimens were finally polished by 

a polisher before the tests. During the preparation of the specimens, the extent of the increase in 
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temperature was not enough to cause any change to the microstructure. 

2.2. Experimental Tests 

All the tests were performed at room temperature using a MTS858-Bionix electro-hydraulic test 

machine, which can control axial force and torque simultaneously, and has a loading capacity of 15 kN. 

Data covering force, torque, displacement and rotational angle were collected and recorded by the Flex-

Test 40 system during the experiments. The axial and equivalent shear stresses were determined from 

the axial force and the torque, respectively. Due to the heterogeneity of welds, a 3D non-contact digital 

image correlation (DIC) equipment, ARAMIS-5M from GOM GmbH Ltd. in Germany, was also used 

to measure the strain field and its evolution at every point on the gauge surface of specimens. DIC is a 

method to evaluate the deformation by image analysis [27]. Specifically, the change of random patterns 

on gauge surface caused by the deformation can be obtained, and then the strain value is determined by 

correlating the surface brightness distributions before and after the deformation [28]. It should be noted 

that all the strain results provided in the following contexts were obtained by averaging the values within 

specific zones presented in Section 3. For example, the strain of SZ means the average of the strain 

value at each point within the SZ. 

 

Monotonic tensile tests were firstly carried out to obtain some basic mechanical parameters of the tested 

welds, i.e. yield strength and ultimate tensile strength. Such parameters were applied to determine the 

loading conditions of the uniaxial and biaxial stress-controlled cyclic tests for investigating the 

ratcheting behaviour. Specifically, the applied maximum stress during cyclic tests should be higher than 

the yield strength to cause ratcheting, but should not be too close to the ultimate tensile strength to avoid 

specimens failing prematurely [14]. All the cyclic tests were performed under a loading rate of 100 

MPa/s and stopped at 100 cycles which was sufficient to obtain a stabilised ratcheting strain rate. It 

should be noted that the current study did not examine the fatigue life of the rail welds and the influence 

of ratcheting on the fatigue life, since the aim was to only investigate the ratcheting behaviour of the 

rail welds. 

 

Uniaxial stress-controlled cyclic tests were conducted under varied mean stresses and stress amplitudes 

in order to evaluate their effects on the ratcheting behaviour of the welds, while biaxial compression-

torsion stress-controlled cyclic tests were performed to simulate the loading experienced by wheel-rail 

weld contact situations. As mentioned in Section 1, similar tests were also performed on the PR 

specimens. The specific loading condition of each test is illustrated in Section 3. From each cyclic test, 

the ratcheting strain (axial: 𝜀 , torsional: 𝛾 ) in each cycle was obtained by averaging the corresponding 

maximum and minimum strains of a specific zone. The ratcheting strain rate (axial: 𝑑𝜀 /𝑑𝑁; torsional: 

𝑑𝛾 /𝑑𝑁) were then determined as the increment of the ratcheting strain per cycle. Taking the axial 

direction as an example, the following criterion (Eq. 1) is applied to judge if the ratcheting strain rate 
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reaches cyclically stabilised: 

/  /

/
5%                                                                                                                 (1) 

where 𝑑𝜀 /𝑑𝑁  is the axial ratcheting strain rate in the current loading cycle and 𝑑𝜀 /𝑑𝑁  is 

the axial ratcheting strain rate in the previous loading cycle. If such criterion is satisfied in five 

continuous cycles, the specimen will be considered as cyclically stabilised. In order to judge if the 

material exhibit cyclic hardening or softening, strain amplitude 𝜀  in each cycle of the cyclic tests was 

obtained from half of the difference between the maximum and minimum strains of a specific zone. 

2.3. Metallographic Analysis 

Extra specimens with the same geometry as shown in Fig. 2c were prepared from the new welds for 

metallographic analysis. According to Fig. 3, the gauge section was cut out from each specimen, and 

then cut into half along the longitudinal direction. The cross-section of the sample was the examined 

surface. It was firstly ground, polished and etched using 2% Nital solution to reveal the HAZ boundary, 

followed by scanning electron microscopy (SEM) under × 20000 magnification to characterise the 

microstructure. The same procedures were also applied to selected specimens after the biaxial cyclic 

tests mentioned in Section 2.2. 

3. Results and discussion 

3.1. Monotonic tensile tests 

Fig. 4 shows the stress-strain curves of the BL section, SZ and PR from the monotonic tensile tests. The 

basic mechanical properties of Young’s modulus 𝐸, yield strength 𝜎 . , ultimate tensile strength 𝜎 , 

elongation 𝛿 at specimen fracture, reduction of area 𝑅 and ductility limit 𝐷 are summarised in Table 2. 

The ductility limit 𝐷 is estimated by the same equation used in [29]: 

𝐷 𝑙𝑛                                                                                                                                            (2) 

The results show that both the BL section and SZ have almost the same Young’s modulus as the PR 

while the SZ has the lowest yield strength and ultimate tensile strength among all the test locations, due 

to lower hardness. When the specimens fractured, the BL section gave the smallest elongation of 2% 

and ductility limit of 2.2%. This indicates that the BL section is far less ductile than the SZ and PR. It 

is worth noting that the SZ showed the largest reduction of area and therefore is the most ductile among 

all the three locations, with a ductility limit of 30.9%. However, the elongation of the SZ is only 4.2%, 

which was even much lower than the PR. This is mainly because the elongation measured is the average 

value within the entire gauge section of the specimen, while the localised elongation at the fracture 

point reaches up to 13%. Such results can be attributed to the heterogeneity of the SZ, which will be 

further explained in the following context. 

 

To investigate the evolutions of the strain fields, the strain contours of the entire BL and SZ gauge 

sections at different stages of the monotonic tensile tests are presented in Figs. 5 and 6, respectively. It 
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shows that the strain distribution of the BL section is almost homogeneous with the increase in stress, 

even though some fluctuations can be observed. In comparison, when the applied stress passes the 

localised yield point, the strain starts to be concentrated approximately at the midpoint of the SZ 

specimen, which corresponded to the location with the lowest hardness as shown in Fig. 2b. This 

indicates that SZ is more sensitive to plastic deformation and therefore, it is more valuable to investigate 

the localised deformation in the SZ under different loading tests. 

 

Subsequently, the SZ has been divided into multiple subzones, and their corresponding hardness and 

strain at the specimen fracture are shown in Fig. 7a. It should be noted that the specimen fracture in the 

SZ refers to the subzone 1B with the lowest hardness. The results also identify that the strain gradients 

in the SZ almost correspond to the hardness gradients. Fig. 7b presents the stress-strain curve and the 

corresponding yield strength of each selected subzone defined in Fig. 7a under the monotonic tensile 

test. It clearly shows that at the specimen fracture, the subzone 1B with the lowest yield strength 

experiences the highest strain of approximately 13%, which is 4.5% higher than that of the PR. Such 

phenomenon indicates that the SZ has better ductility than the PR as shown in Table. 2. In addition, 

other subzones with relatively higher yield stress, i.e. the subzone 5B with a strain value of only 3%, 

offset the strain of the whole SZ section when the subzone 1B fractured. 

 

Based on the design criteria illustrated in Section 2.2 and the obtained yield strength of the HAZ, the 

peak stress applied in the cyclic loading tests was selected within the range of 1000-1100 MPa for BL 

section and 600-700 MPa for SZ as presented in Figs. 5 and 6, respectively. According to Table 2, the 

PR has similar values of yield strength and ultimate tensile strength as the BL section. Hence, the same 

range of peak stress was applied to the cyclic loading tests on the PR. 

3.2. Uniaxial stress-controlled cyclic tests 

Generally, ratcheting behaviour can be observed when the material is subjected to asymmetrical cyclic 

loading. According to this, all the uniaxial stress-controlled cyclic tests were conducted under non-zero 

mean stress. To clearly illustrate the influence of stress amplitude on the ratcheting behaviour of the 

entire SZ gauge section, the ratcheting strain 𝜀  and the ratcheting strain rate 𝑑𝜀 /𝑑𝑁 versus number of 

loading cycles 𝑁 under different stress amplitudes 𝜎  and a constant mean stress 𝜎  of 200 MPa are 

demonstrated in Figs. 8a and 8b, respectively. The results show that both ratcheting strain and ratcheting 

strain rate increase with stress amplitude. Such relationship was also observed by Kolasangiani et al. [ 

30]. Moreover, the ratcheting strain rate decreases with the increase in number of loading cycles and 

reaches cyclically stability after approximately 80 cycles, which indicates that the ratcheting behaviour 

is dominated by kinematic hardening. Similar information can also be summarised from the results 

showing the influence of mean stress 𝜎  on the ratcheting behaviour of the entire SZ in Fig. 9. 

Additionally, it was found that the evolution of the ratcheting strain under the mean stress of -100 MPa 
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and 100 MPa is not perfectly symmetrical, which indicates that the ratcheting behaviours of SZ under 

tension and compression are slightly different. 

 

Fig. 10 demonstrates the axial strain contours of the entire SZ under the case of -100 ± 500 MPa at 

different loading cycles. Such test dominated by the compressive stress is close to the practical wheel-

rail contact situation. With the increasing number of loading cycles, the strain starts being concentrated 

in the subzones with relatively lower hardness, i.e. subzones 1B, 1A, 2B and 2A, and gradually extends 

to other subzones. Moreover, the strain distribution roughly corresponds with the hardness gradient of 

the SZ. Such results indicate that the ratcheting behaviour and its evolution are different in each 

subzone. To further understand the heterogenous nature of ratcheting behaviour in the SZ, the 

evolutions of ratcheting strain 𝜀  and ratcheting strain rate 𝑑𝜀 /𝑑𝑁 for selected subzones in the SZ are 

shown in Figs. 11a and 11b, respectively. The results indicate that the ratcheting strain of each selected 

zone increases quickly in the first few cycles, particularly the subzones 1B and 2A. After a certain 

number of loading cycles, the ratcheting strain continues increasing in an almost constant rate. At the 

100th cycle, the ratcheting strain of subzone 1B reaches about -2.4%, approximately four times higher 

than that of the whole gauge section. For the ratcheting strain rate, the subzone 1B shows a stabilised 

value of 0.012% after 90 cycles, while the whole section only gives a stabilised value of 0.003% after 

80 cycles. Since the yield stress of subzone 5B is higher than the peak stress of 600 MPa, the 

corresponding ratcheting strain can be considered negligible compared with the other subzones, and the 

corresponding stabilised ratcheting strain rate is significantly lower than that of the entire section. Such 

heterogeneities become more evident with the increasing number of loading cycles and directly related 

to the difference in yield strength and kinematic hardening behaviour of the subzones. 

 

The ratcheting behaviour of the BL section under different stress levels is illustrated in Fig. 12. The 

results also show that both ratcheting strain and ratcheting strain rate increase with stress level, and a 

stabilised ratcheting strain rate can be obtained after a certain number of loading cycles. However, due 

to the higher yield stress (963 MPa), the ratcheting strain is much lower than that of the SZ. For example, 

the entire SZ gives a ratcheting strain of 2.65% at the 100th cycle under the case of 200 ± 500 MPa as 

demonstrated in Fig. 8a. In comparison, the BL section shows a value of 1.7% even though the applied 

peak stress (1100 MPa under the case of 200 ± 900 MPa) is much higher than that of the SZ. Such 

discrepancy can also be observed in the tests dominated by compressive loading (the case of -100 ± 500 

MPa for the SZ and the case of -100 ± 900 MPa for the BL section). Furthermore, the ratcheting strain 

under the case of -100 ± 900 MPa can be considered negligible, while that under the same stress 

amplitude 𝜎  but with a mean stress 𝜎  of 100 MPa reaches a value of 1.03%. This information 

indicates that the region around the BL has the greatest ratcheting resistance, and the larger ratcheting 

strain under tension than that under compression. 
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Uniaxial stress-controlled cyclic tests were also conducted on the PR, and the results of ratcheting strain 

𝜀  and ratcheting strain rate 𝑑𝜀 /𝑑𝑁 are compared with those obtained from the tests on the BL section 

and subzone 1B as illustrated in Fig. 13. The reason why the test conditions are different is that the SZ 

would fracture earlier if it were tested under the same stress level as the BL section and PR. The results 

show that although the subzone 1B is subjected to only 600 MPa peak stress, the corresponding 

ratcheting strain is still much higher than those of both the BL section and PR under 1000 MPa peak 

stress. In addition, the PR experiences higher ratcheting strain than the BL section under such test 

conditions, which can be mainly attributed to the difference in yield strength. Regarding the ratcheting 

strain rate, the subzone 1B also provides the largest value among all the test sections while the BL 

section gives the smallest value. According to these results, the SZ due to its lower yield strength has 

the highest sensitivity to ratcheting, followed by the PR and then the region around the BL under cyclic 

loading. Such finding supports the previous evidence that severe plastic deformation was observed in 

the SZ where the RCF cracks initiated [22].  

 

Fig. 14a demonstrates the strain amplitudes 𝜀  of the subzone 1B versus number of loading cycles 

𝑁 under different stress levels. The results indicate that the evolution of strain amplitudes depends on 

the stress applied, but no specific relationship can be identified. It also shows that the subzone 1B 

exhibits cyclic hardening in the first few cycles, then gradually becomes cyclic softening and finally 

reaches almost cyclically stabilised under most of the tests. Fig. 14b compares the evolutions of strain 

amplitudes 𝜀  under different stress levels for the BL section, subzone 1B and PR. It can be found that 

both the PR and BL section exhibit cyclic softening initially and then gradually become cyclically 

stabilised while the subzone 1B experiences cyclic hardening at the beginning of the test. A possible 

explanation for such phenomenon is related to the microstructure, which is determined by the welding 

process. In particularly the cementite morphology can influence dislocation behaviour, hence the 

tendency for cyclic hardening/softening of materials [31]. Previous research [32] indicated that when 

relatively soft materials (with coarse interlamellar spacing) are subjected to plastic deformation, more 

dislocations will be generated and constrained to form dislocation cells with the existing dislocations. 

Such phenomenon can enhance dislocation-dislocation interactions and lead to cyclic hardening of the 

materials. In contrast, cyclic softening occurs more readily in hardened materials (with fine 

interlamellar spacing) under cyclic loading since the existing dislocations tend to rearrange into a 

configuration with greater mobility. Additionally, the extent of change in dislocation configuration is 

also strongly influenced by the cyclic stress which determines the amount of imposed plastic 

deformation. 

 

To confirm the effect of ratcheting on hardness, the hardness of each test section presented in Fig. 14b 

was measured after 100 loading cycles. The results show that both the BL section and PR provide 

slightly lower average hardness (399 HV and 388 HV respectively) than the original specimens (405 
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HV and 396 HV respectively), which indicates that both test sections became slightly soft. However, 

the hardness of subzone 1B increases from 272 HV to 294 HV, and this means that apparent hardening 

occurred in the subzone 1B. 

 

Previous research by Luo et al. [33, 34] investigated the heterogeneous ratcheting behaviour SUS301L 

stainless steel butt weld joint under uniaxial cyclic loading. The width of HAZ is approximately 12 mm, 

which is much less than the weld considered in current work owing to the different welding technique 

applied. Five subzones were defined and the fusion zone (FZ) with a yield stress of only 314 MPa was 

the weakest region of the weld joint. Nevertheless, the ratcheting strain also gradually concentrated at 

the FZ and extended to other surrounding zones under the case of 100 ± 340 MPa. Severer ratcheting 

was observed with the increase in stress levels. Furthermore, the FZ experienced cyclic hardening, 

which is similar to the cyclic characteristics of SZ in present study. Yu et al. [35] reported the 

heterogeneous ratcheting behaviour of a gas tungsten arc welding welded joint for primary coolant 

piping under a uniaxial cyclic loading case of 290 ± 150 MPa. It is worth noting that the hardness of 

the HAZ is higher than the base metal (BM) and no SZ was observed in such welded joint, so the most 

remarkable ratcheting strain was found in the BM and gradually extended to the HAZ. According to 

such information, each type of welds has its unique hardness distribution, which affects its ratcheting 

heterogeneity significantly. 

3.3. Biaxial compression-torsion stress-controlled cyclic tests 

To investigate the ratcheting behaviour of welds in both axial and torsional directions under biaxial 

compression-torsion cyclic loading, the tests with non-zero mean axial stress with symmetrical 

equivalent shear stress and non-zero mean equivalent shear stress with symmetrical axial stress were 

performed, respectively. As shown in Fig. 15, the loading path for both types of biaxial tests was set as 

elliptical, which is more relevant to the actual wheel-rail contact situations [14]. Fig. 16 presents the 

axial ratcheting strain 𝜀  and the axial ratcheting strain rate 𝑑𝜀 /𝑑𝑁 versus number of loading cycles 

𝑁 under an axial stress σ of -300 ± 300 MPa and an equivalent shear stress √3𝜏 of 0 ± 600 MPa 

(equivalent stress 𝜎  = 671 MPa) for selected subzones in the SZ. Similar to the results from the 

uniaxial stress-controlled cyclic tests, the subzones 1B and 2A with relatively lower hardness provide 

much higher axial ratcheting strain (-6.6% and -5.7% respectively at the 100th cycle) than the whole 

section (-3.3% at the 100th cycle). Regarding to the subzone 5B with relatively higher hardness, the 

axial ratcheting strain is lower than those of the other subzones. This relationship is also reflected 

between the axial ratcheting strain rate and the hardness of subzone. The axial ratcheting strain rate of 

each subzone shows a dramatic decreasing trend in the first few cycles and finally reaches a cyclically 

stabilised state. Moreover, such findings are applied to the ratcheting behaviour in torsional direction 

as presented in Fig. 17, which demonstrates the shear ratcheting strain 𝛾  and the shear ratcheting strain 

rate 𝑑𝛾 /𝑑𝑁  versus number of loading cycles 𝑁  under an axial stress σ  of 0 ± 300 MPa and an 
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equivalent shear stress √3𝜏 of 100 ± 600 MPa (equivalent stress 𝜎  = 700 MPa) for selected subzones 

in the SZ. 

 

Fig. 18 demonstrates the cyclic hysteresis shear-axial strain loops of the subzone 1B under the biaxial 

compression-torsion stress-controlled cyclic tests. It shows that with the increasing number of cycles, 

the loops shift along both axial and torsional directions, but mainly along the direction in which the 

asymmetric loading was applied. This indicates that ratcheting also slightly evolves in the direction in 

which the symmetric loading was applied, i.e. the torsional direction in Fig. 18a. Since such 

phenomenon is also found in other subzones, i.e. 1A, 2A and 2B, but much less obvious in the BL 

section and PR, it is likely to be related to the heterogenous microstructure in the SZ. Based on Fig. 

18b, the hysteresis loop shifts towards the tensile direction when the SZ is subjected to symmetrical 

loading in the axial direction. As it can also be observed in other subzones, this implies that the SZ may 

be more sensitive to deformation under tensile loading than that under compressive loading. Similar 

feature was also reported by Lim et al. [36] which investigated the ratcheting behaviour of a copper 

alloy under uniaxial cyclic loading. It is also worth noting that the hysteresis loop changes from an open 

loop at the initial stage of the tests to an almost closed one at the 100th cycle, which indicates that the 

SZ gradually becomes cyclically stabilised after a certain number of cycles. 

 

Figs. 19a and 19b compare the axial ratcheting strain 𝜀  and shear ratcheting strain 𝛾  of the BL section, 

entire SZ and PR versus number of cycles 𝑁 under the biaxial compression-torsion stress-controlled 

cyclic tests. It clearly shows that the ratcheting strain of the SZ in both axial and torsional directions is 

significantly higher than those of the BL section and PR, even though the peak equivalent stress applied 

is the lowest. Combining the results of ratcheting strain in the subzones 1B and 2A presented in Figs. 

16a and 17a, it is predicted that the SZ, particularly the region with the lowest hardness, is the most 

sensitive to ratcheting under the actual wheel-rail contact situations. In comparison, the PR with higher 

hardness is expected to experience less ratcheting than the SZ. Based on the results from Figs. 12a and 

19, the region around the BL with the highest shows almost negligible axial ratcheting strain under both 

uniaxial and biaxial cyclic tests dominated by compressive loading in the axial direction, and the lowest 

shear ratcheting strain under the biaxial cyclic test dominated by torsional loading. This highlights that 

the region around the BL has the best resistance to ratcheting, and is almost unlikely to be the critical 

location for rail degradation initiated by ratcheting. 

 

Fig. 20 illustrates the evolutions of axial strain amplitudes 𝜀  of the BL section, entire SZ, subzone 1B 

and PR under biaxial compression-torsion stress-controlled cyclic tests. The results reveal that the axial 

strain amplitudes of both BL section and PR increase in the first few cycles and then gradually become 

almost constant, while that of the SZ decreases initially. This indicates that both the BL section and PR 
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firstly exhibit cyclic softening and then gradually become cyclically stabilised after approximately 10 

cycles, while the SZ exhibits hardening initially and stabilises after around 20 cycles, particularly the 

subzone 1B with the lowest hardness. Furthermore, the measured average hardness of BL section and 

PR after 100 loading cycles decreases by 8 HV and 10 HV respectively while that of subzone 1B 

increases by 27 HV. Such finding is consistent with the cyclic hardening/softening behaviour identified 

from the uniaxial stress-controlled cyclic tests mentioned in Section 3.2 and also supports the fact from 

the previous research [32] that softened materials tend to become harder under cyclic loading, and vice 

versa. Another possible explanation for the cyclic hardening behaviour of the SZ is related to the 

elliptical loading path. According to Fig. 15, the ratio of the axial stress to the torsional stress varies 

during each loading cycle as the torsional loading was applied 90⁰ phase lag. This means that the 

direction of maximum shear stress is always changing, which can cause crystal planes in the SZ slipping 

with each other and therefore may lead to additional hardening [31]. 

3.4. Microstructural characterisation 

Figs. 21-25 show representative SEM micrographs for both the original weld material and after the 

biaxial cyclic loading test with asymmetrical axial stress. According to the welding thermal cycles [37], 

the peak temperature in the region near BL is high enough to cause re-austenitisation and formation of 

fine pearlite as presented in Fig. 21a, which was at 3 mm to the BL. The compact microstructure with 

small interlamellar spacing can significantly prevent the cementite lamellae moving when being 

subjected to external loading. This may be the main reason why the BL section shows a strong ratcheting 

resistance, and also explains the much lower ductility of the BL section obtained from the tensile test. 

From Fig. 21b, no obvious lamellae distortion occurs and most of the lamellae are still predominantly 

linear, which demonstrates that less plastic deformation occurs in this region. Such phenomenon 

corresponds to the ratcheting strain of the BL section demonstrated in Fig. 19a. 

 

In the subzone 5B, partial re-austenitisation occurred due to the relatively lower peak temperature than 

that at the BL section. It is observed from Fig. 22a that the pearlite morphology was changed distinctly 

with partial cementite spheroidisation and increased amount of ferrite (dark area). Previous research 

[38, 39] demonstrated that ferrite with lower hardness and higher ductility, tends to deform readily 

under external loading. However, there is no obvious change in appearance induced by plastic 

deformation after the biaxial test (Fig. 22b) and this is mainly because the applied peak stress is lower 

than the yield stress (686 MPa). Fig. 23a presents the SEM micrograph of the subzone 1B before the 

biaxial test. It clearly shows that the pearlite morphology becomes almost fully spheroidised and large 

amount of ferrite exists, which can significantly decrease the overall hardness of the subzone 1B that 

corresponds to the position of minimum hardness in the weld as shown in Fig. 7a. After the biaxial test, 

it is found that some spheroidised carbide was distorted to a shape with polygonal-like boundaries by 

plastic deformation (Fig. 23b). Garnham et al. [39] identified that thick ferrite zones lightly constrained 
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by pearlite have less resistance to deformation. According to Fig. 23a, large ferrite mean free paths 

between spheroidised carbide can provide much less resistance to dislocation movement than the 

cementite lamellae in the BL section and subzone 5B. Such information can explain why the subzone 

1B shows the highest ratcheting strain. 

 

The subzone 2A is located in the HAZ-PR transition zone based on Fig. 7a. The SEM micrograph before 

the biaxial test (Fig. 24a) shows the co-existence of spheroidised carbide and cementite lamellae. Such 

microstructure reflects the fact that the subzone 2A is slightly harder than the subzone 1B with fully 

spheroidised microstructure. Nevertheless, the cementite lamellae after the biaxial test present a ‘zigzag’ 

feature and appear to be fractured in some area, which indicates that the subzone 2A also suffered severe 

ratcheting. Regarding to original PR, the SEM micrograph from 100 mm to the BL also shows fine 

pearlite microstructure (Fig. 25a) but not as compact as the BL section. In addition, the relatively thinner 

cementite lamellae are more ductile than the slightly coarser cementite close to the BL, and provides 

slightly wider pearlite spacing, which slightly decreases the resistance to deformation. After the biaxial 

test, the ‘zigzag’ character and fracture are also observed in some lamellae as demonstrated in Fig. 25b. 

This phenomenon reveals that the PR deforms more than the BL section, which supports the ratcheting 

results presented in Fig. 19a. 

 

According to the microstructural characterisation presented above, the spheroidised region in SZ 

reduces the overall mechanical strength of rail welds and increases the sensitivity to ratcheting. Hence, 

it is considered essential to minimise the effects of such region and therefore improve the weld quality 

by reducing the width of HAZ. To achieve this, some research work has modified the welding process 

by, i.e. decreasing the preheating cycles [20] and increasing the upsetting force [40]. However, no 

further investigation has been conducted on the influence of such procedures on the ratcheting 

behaviour of these welds with a narrow width of HAZ. Additionally, the residual stress levels may be 

higher than those in conventional welds and therefore increase the sensitivity to fatigue failures in the 

web region under high axle loads [22]. Another option would be altering the chemical composition of 

PR since the extent of carbide spheroidisation during the welding process depends on the presence of 

alloying elements, i.e. silicon and vanadium [41-43]. Further optimisation of the welding process and 

comprehensive evaluation of the weld quality are still required to weaken the influence of 

microstructure difference on the performance of rail welds. 

4. Conclusions 

The ratcheting behaviour of new rail flash butt welds in R400HT steel grade, which is currently used in 

Australian heavy haul operations, has been investigated by uniaxial stress-controlled and biaxial 

compression-torsion stress-controlled cyclic tests. The results indicate that the softened zone with a 

significant hardness drop is more sensitive to ratcheting, while the region around the bond line provides 
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much lower or almost negligible ratcheting. Furthermore, the ratcheting strain (rate) and its 

heterogeneity can be correlated to the longitudinal hardness profile (yield strength) within the heat-

affected zone of the weld. The ratcheting strain rate decreases dramatically in the first few cycles and 

then gradually becomes almost stabilised within the applied loading cycles. 

 

Compared with the ratcheting behaviour of parent rails, it is expected that the softened zone, particularly 

the region with the lowest hardness, suffers more severe ratcheting than the parent rail under actual 

wheel-rail contact situations, while the region around the bond line has the best resistance to ratcheting 

and is almost unlikely to fail due to ratcheting. The softened zone tends to exhibit cyclic hardening at 

the start and become cyclically stabilised after certain number of cycles. In contrast, both the region 

around the bond line and parent rail are more likely to initially exhibit cyclic softening. It was also 

observed that slight ratcheting can be observed along the direction in which the symmetric loading was 

applied under the biaxial cyclic loading, which is probably attributed to the variability of the 

microstructure in rail welds. 

 

The microstructure and resulting mechanical properties of the weld vary with the longitudinal position 

to the BL due to the thermal history. The spheroidised microstructure with high amounts of ferrite and 

longer ferrite mean free paths can significantly reduce the hardness and therefore the ratcheting 

resistance of the softened zone, while the region around the BL shows great ratcheting resistance due 

to the presence of fine pearlite. Future work on optimising the welding process is required to address 

the negative effects of the differences in microstructure on the performance of rail welds. 

 

The outcomes of this study will be useful for the numerical description of the heterogeneous ratcheting 

behaviour of rail welds, and assist rail operators further understanding the initiation of localised 

degradation in rail welds.  
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