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Abstract 

The phenomenon of ratcheting occurs under the influence of non-zero mean stress during 

cyclic loading operation, and it deteriorates low cycle fatigue life of engineering structures. 

The parameters like maximum stress, mean stress, stress amplitude, stress ratio and the 

metallurgical features of a material significantly control the accumulation of ratcheting strain 

and thereby its life. The performance of machine components, pipeline installations as well as 

structural materials can be affected owing to ratcheting. 42CrMo4 steel is such a material 

which is widely used in crankshafts, gears, axles etc. where chances of deformation dew to 

ratcheting cannot be ruled out. In this investigation, focus was laid to examine the ratcheting 

behaviour of 42CrMo4 steel under various combinations of stress parameters at varying heat 

treatment conditions. The associated variations in substructural features were also examined 

by transmission electron microscopy.  

 

Uniaxial ratcheting behaviour of the steel was investigated at ambient temperature using 

different combinations of mean stresses (m) and stress amplitudes (a) in three different heat 

treatment conditions (annealed, normalizing and quenched-tempered). The chosen stress 

parameters were equal percentages (max = 60 , 70 and 80%) of ultimate tensile strength 

(UTS) values of annealed, normalized and quenched-tempered specimens. The annealed and 

normalized specimens were ratcheted up to 200 cycles. A set of ratcheted annealed and 

normalized specimens were subjected to tensile tests and fractographic examinations were 

done. The quenched-tempered specimens were ratcheted up to failure. The induced 

dislocation densities in the ratcheted specimens were estimated by transmission electron 

microscopy and some alternate methods like x-ray diffraction profile analyses and hardness 

measurements. Finally, to predict the ratcheting life of the investigated steel, a new stress-

based model was developed. The model was also implemented to predict ratcheting lives of 

some other materials taking data from the literature. 

 

The obtained results indicated that accumulation of ratcheting strain increased with 

increasing number of cycles for all adopted combinations of m and a in all annealed, 

normalized and quenched-tempered conditions. This could be attributed to the increased 

remnant dislocation density. Post-ratcheting tensile strength of annealed and normalized 

samples reduced as compared to unratcheted ones happened due to prior cyclic softening. The 

dislocation densities of the ratcheted specimens were significantly higher than those 



 

XVIII 

 

estimated for the unratcheted steel, in both the annealed and normalized conditions. On 

contrary, in quenched-tempered condition the dislocation density value of ratcheted samples 

get reduces compared to the unratcheted one. The newly proposed stress-based model in the 

present investigation predicted the ratcheting fatigue life of steel efficiently in the life range 

of 102-104 cycles with a life factor of 1. 

 

 

Keywords: Ratcheting; 42CrMo4 steel; Heat treatments; Starin accumulation; 

Dislocation density; Mean stress based models; Life prediction 
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1.1 Introduction 

41xx steel is a family of steel grades, as specified by the Society of Automotive Engineers 

(SAE), USA. This grade of steel belongs to medium carbon variety with low alloying 

elements. Chromium and molybdenum are the main elements present in this grade steel so it 

often referred as ‘chromoly steel’. It has excellent strength to weight ratio and is considerably 

stronger and harder than many other steel grades [1]. AISI 4130, 4140 and 4145 are the most 

popular of such grades which is being used in many engineering applications that include 

tubes for transportation of pressurized gases, structural tubing, clutch and flywheel 

components, roll cages, bicycle frames and also in aircraft parts. 42CrMo4 steel is one variety 

of AISI 4140 steel which is widely used in various applications such as in automobiles 

(crankshafts, spindles, and steering components), forged parts, welded components, armour 

materials, and other applications [2-6]. It is characterized by its high strength, toughness, 

wear resistance and good machinability [7-9]. As mentioned earlier, 42CrMo4 steel mainly 

contains chromium and molybdenum as alloying elements and may be heat treated over a 

wide range to give the combined advantages of proper hardness, strength, and ductility [10].  

The continually increasing safety and quality levels for engineering and automotive 

industry, foreseen by global regulations, make compulsory the design and implementation of 

quality administration scheme to the entire supply series for failure prevention and 

continuous improvement. The performance and reliability of an engineering structure or 

assembly is a function of the quality of the various components [11]. It is understood that 

critical engineering structures and machine components are often subjected to cyclic loading 

of nominal to severe magnitude [12, 13]. Engineering component like crankshafts are 

frequently subjected to various kinds of forces, in particular, the failure in such components 

occurs due to repeated bending and twisting. The situation becomes more critical when these 

load transients become asymmetric in nature. It is well established that the conventional low 

cycle fatigue life of engineering components is predicted by Coffin – Manson relationship 

[14]. However, the application of load transients of asymmetric nature leads to increased 

damage accumulation in components and subsequently causes reduced fatigue life [15]. This 

happens due to the fact that plastic strain accumulates during asymmetric cyclic loading with 

non-zero mean stress. The phenomenon of strain accumulation in a material under the 

influence of positive and/or negative mean stress is known as ratcheting. Investigations on 

ratcheting behavior of materials were started during 1911 when Bairstow did some 

experiments on carbon steel [16]. It has gained some momentum during the 1980s and 

https://en.wikipedia.org/wiki/SAE_steel_grades
https://en.wikipedia.org/wiki/Society_of_Automotive_Engineers
https://en.wikipedia.org/wiki/Chromium
https://en.wikipedia.org/wiki/Molybdenum
https://en.wikipedia.org/wiki/Strength_of_materials
https://en.wikipedia.org/wiki/Hardness
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extensive works were reported from 1990s to till recent days [17-24]. Detailed review of 

ratcheting was reported by by Ohno [25] and Yoshida [26]. The ratcheting behaviour of 

various materials like stainless steel [27, 28], aluminum and its alloys [29, 30], copper alloy 

[29], composites as well as polymers [31, 32] were reported. The ratcheting–fatigue 

interaction was experimentally investigated by Rider et al. [33], Xia et al. [15], and Kang et 

al. [28]. Kang et al. studied uniaxial ratcheting and fatigue behavior of tempered 42CrMo 

steel with constitutive modeling of ratcheting behaviour [17]. Even, published reports on 

42CrMo4 steel are few and needs proper attention of the scientific community. Celik and 

Karadeniz reported the influence of plasma nitriding on the fatigue behavior of AISI 4140 

low alloy steel [34]. Holzapfel et al. studied the residual stress relaxation in 42CrMo steel due 

to quasistatic and cyclic loading at higher temperatures [35]. Totik et al. carried out a 

comparative study of the hot workability by hot torsion test of 42CrMo steel [36]. Kang and 

Liu simulated the whole life ratcheting behavior and predicted failure life of tempered 

42CrMo steels; respectively [17]. It was noted that the domain of research on 42CrMo4 steel 

were only based on the mechanistic approaches, but varying metallurgical parameters like 

microstructure, grain size, substructural features (in terms of dislocation density) were not 

investigated. Further, the ratcheting life prediction of 42CrMo4 steel was not attempted at all. 

The major aim of this investigation was thus to critically examine the above-said research 

gaps. 

Therefore, in this research work, an attempt was made to study the ratcheting behaviour of 

42CrMo4 steel under three different heat-treatment conditions. The investigation was a 

combined study of characteristic variation in cyclic stress-strain response, fractographic 

characteristics and microstructural features such as alteration of grain size, substructural 

change in terms of dislocation density as well as prediction of experimental ratcheting life. 

Major emphasis was given to study the ratcheting behavior of annealed, normalized and 

quenched - tempered 42CrMo4 steel under different combinations of mean stresses and stress 

amplitudes. Dislocation densities in the ratcheted specimens were assessed using X-ray 

diffraction profile analysis, hardness method and transmission electron microscopy. 

Characters of dislocations controlling evolution of ratcheting strain were determined. Finally, 

experimental ratcheting life of the material was correlated with various existing stress – based 

life prediction models along with a new proposed model. 
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1.2 Dissertation outline 

This dissertation has been arranged into eight chapters: Introduction about the earlier research 

and motivation behind this current investigation are briefed in Chapter 1. The relevant 

literature on this investigation areas are provided in Chapter 2. The objectives of the current 

research are also presented in this chapter. Chapter 3 consists of a basic characterization of 

the investigated material. The results obtained from the basic material characterization are 

explained in Chapter 4 like chemical composition, microstructural and mechanical 

properties. Chapter 5 includes the uniaxial ratcheting behavior of the 42CrMo4 steel under 

three different heat-treated conditions with various mean stresses and stress amplitudes. The 

cyclic stress-strain response is discussed with variations in characteristic microstructural 

features, substructural changes in terms of dislocation density with TEM studies. Further, 

post-ratcheting tensile test results are also incorporated in this chapter. Correlation between 

strain produced due to ratcheting and dislocation density of the ratcheted specimens as 

estimated by two different methods are described in Chapter 6. In association, the 

percentage variation of dislocation characters with cyclic loading and their respective role in 

controlling ratcheting are also incorporated in this chapter.  A new stress-based ratcheting life 

prediction model is proposed in Chapter 7, for better prediction of life. The results of 

implementation of the proposed model to satisfactorily predict fatigue life of other materials 

(taking data from literature) are also incorporated. An overview of conclusions derived from 

this investigation is summarized briefly in Chapter 8, simultaneously some future direction 

of work related to this investigation is also proposed. All the references used during this 

research work are compiled at the end of the dissertation along with the list of research 

publications generated from this work and a brief bio sketch of the researcher.   
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2.1 Introduction 

This chapter provides a detailed review of the literature that has been studied throughout this 

research work. Overview of this chapter is supposed to give the significant basic knowledge 

about the topic of the present investigation topic. This study deals with the ratcheting 

behaviour of 42CrMo4 steel under different heat treatment conditions. It is well known that 

ratcheting is one of the important deformation mechanisms in various engineering 

components and it occurs mostly under asymmetric cyclic loading conditions. In last few 

years the fatigue behaviour of various materials under symmetric and asymmetric loading 

was noticeably reported. It is usually controlled by various physical and mechanical factors 

like chemical compositions, microstructure, strength, environmental circumstances etc. Still, 

reports related to the effect of the parameters on ratcheting behaviour of materials are limited. 

A detailed review of most of the published reports on 42CrMo4 steel indicates that only a few 

investigators have studied its ratcheting behavior. Moreover, the studies were only based on 

the mechanistic approaches, but the effect of parameters like microstructure, grain size, and 

substructural features were not much elaborated in the literature. 

At first, it is essential to acquire knowledge about the classification of the steel, recent 

investigations on 42CrMo4 steel as well as ratcheting phenomenon, in general. Information 

about ratcheting facts, effect of heat treatments, characterization methodologies and 

variations in the dislocation density which plays the major role in strain accumulation due to 

ratcheting are provided. Fatigue life estimation models to predict the fatigue life of present 

material as well as for different alloys are then reviewed in brief. The present chapter is 

divided into the following sections: 

❖ Classification of Medium carbon steels  

❖ Recent investigations on 42CrMo4 steel  

❖ Fatigue: General aspects 

❖ Dislocation density 

❖ Fatigue life prediction models 

❖ Theoretical studies on ratcheting 

 

2.2 Classification of medium carbon steels 

42CrMo4 steel is one variety of AISI 4140 steel which is comes under the medium carbon 

steels. The medium carbon low alloy type of ultra-high strength steels includes AISI/SAE 

4130, the higher strength 4140, and the deeper hardening, higher strength 4340. Several 
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modifications of the basic 4340 steel have been developed. A 300M is one of the 

modifications; silicon content is increased to prevent embrittlement when the steel is 

tempered at the low temperatures required for very high strength. In AMS 6434, vanadium is 

added as a grain refiner to increase toughness, and the carbon is slightly reduced to promote 

weldability. Ladish D-6ac contains the grain refiner vanadium; slightly higher carbon, 

chromium, and molybdenum than 4340 and slightly lower nickel. Other less widely used 

steels that may be included in this category are 6150 and 8640 [37]. The general chemical 

composition of AISI 4140 are given in Table 2.1 [37]. 

 

Table 2.1: The general chemical composition of AISI 4140 steel [37]. 

 

The standard heat treatment procedures which are provided to AISI 4140 steel (i.e. 42CrMo4 

steel) include annealing, normalizing, quenching and tempering as well as spheroidizing. As 

the steel is not a deep-hardening steel the section size should be considered when specifying 

heat treatment, especially for high strength levels. Also, the steel shows sharp ductile to 

brittle transition having low impact strength at cryogenic temperatures [37]. 

AISI/SAE 4140 is similar in composition to 4130 except for a higher carbon content. 

It is used in applications requiring a combination of moderate hardenability and good strength 

and toughness, but in which service conditions are only moderately severe. Because of its 

higher carbon content, 4140 steel has greater hardenability and strength than does 4130, but 

with some detriment in formability and weldability. Tensile strengths of up to 1650 MPa are 

readily achieved in 4140 through conventional quenching and tempering heat treatments. 

This steel can be used at temperatures as high as 480 °C, above which its strength decreases 

rapidly with increasing temperature. The material can be readily nitrided. Like other 

martensitic and ferritic steels, 4140 undergoes a transition from ductile to brittle behavior at 

low temperatures, the transition temperature varying with heat treatment and stress 

concentration. If 4140 is heat treated to high strength levels, it is subject to hydrogen 

Trade name 

                             Composition, wt. (%) 

C Mn Si Cr Mo 

AISI 4140 

steel 
0.38-0.43 0.75-1.00 0.20-0.35 0.80-1.10 0.15-0.25 
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embrittlement, such as that resulting from acid pickling or from cadmium or chromium 

electroplating. This steel can also be named as chromium-molybdenum steels. Chromium 

contents of about 1% or more provide a nominal improvement in elevated-temperature 

properties. Cast steels containing chromium, molybdenum, vanadium and tungsten have 

given good service in valves, fittings, turbines, and oil refinery parts, all of which are 

subjected to steam temperatures up to 650 °C. Chromium leads the field as an alloying 

element for wear-resistant steels, it is rarely used alone; thus, the chromium-molybdenum 

steels are widely used [37]. 

The steel 4140 is available as bar, rod, forgings, sheet, plate, strip, and castings. It is 

used for many high-strength machine parts (some of them nitrided) such as connecting rods, 

crankshafts, steering knuckles, axles, oil well drilling bits, piston rods, pump parts, high-

pressure tubing, large industrial gears, flanges, collets, machine tool parts, wrenches, tong 

jaws, sprockets, and studs [37]. 

 

2.2.1 Nomenclature of steel  

American Iron and Steel Institute (AISI) together with Society of Automotive Engineers 

(SAE) have established four-digit (with additional letter prefixes) designation system for the 

carbon steel. Classification of steel category with areas of indications are shown in Table 2.2. 

 

Table 2.2: Classification of steel category with areas of indications 

Steel Nomenclature 

SAE XXXX 

 

Detailed of nomenclature 

 

 

First digit 

(Type of alloy) 

1 - carbon steel (1xxx) 

2 - Nickel steels (2xxx) 

3 - Nickel-chromium steels (3xxx) 

4 - Molybdenum steels (4xxx) 

5 - Chromium steels (5xxx) 

6 - Chromium-vanadium steels (6xxx) 

7 - Tungsten-chromium steels (7xxx) 

8 - Nickel-chromium-molybdenum steels (8xxx) 
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8 - Silicon-manganese steels. (9xxx) 

 

Second digit 

(Modification of the steel) 

1 - Plain carbon, Non-modified  

2 - Resulfurized 

3 - Resulfurized and rephosphorized 

4 - Non-resulfurized, Mn over 1.0% 

Last two digits 

(Carbon concentration) 

Carbon concentration in 0.01%. 

 

2.3 Recent investigations on 42CrMo4 steel  

The 42CrMo4 (AISI 4140) steel comes under the molybdenum steel group. It is widely used 

as a structural material for the purpose of designing automotive components which are 

frequently subjected to various kinds of static as well as cyclic loadings. As mentioned in 

Chapter 1, 42CrMo4 steel has high strength and hardenability. Due to the high strength 

enhanced by alloying elements such as Cr, Mo, and Mn and the low thermal conductivity as a 

result of the high content of alloying elements, 42CrMo4 high-strength steel has poor 

machinability and belongs to difficult-to-machine materials with problems of high cutting 

resistance, high cutting temperature, difficulty in chip breaking, and severe tool wear [38-40]. 

This grade of steel is a versatile low alloy steel that possesses good tensile, high fatigue 

strength, shock resistance properties combined with ductility and low-temperature impact 

toughness. So, it is widely used for engineering purpose. Many researchers were carried out 

experimental investigations as well as simulations on the 42CrMo4 steel [41-51]. Recent 

development in 42CrMo4 steel on various research fields are briefly shown in Table 2.3. A 

detailed review of most of the published reports states about the effects of various kinds 

behaviours like fatigue behaviour, fretting wear behavior, tribological behaviour, elastic–

plastic behavior, torsional fretting and torsional sliding wear behaviours on 42CrMo4 steel 

[52-86]. However, only few were studied about the ratcheting behaviour of the 42CrM04 

steel.  

 

http://www.substech.com/dokuwiki/doku.php?id=classification_of_carbon_materials
http://www.substech.com/dokuwiki/doku.php?id=classification_of_carbon_materials
http://www.astmsteel.com/product/42crmo4-alloy-steel/
http://www.astmsteel.com/product/42crmo4-alloy-steel/
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Table 2.3: Recent development in 42CrMo4 steel on various research field 

 

Author Description 

M Seleznev et al. 2018 

[52] 

Investigated clustering properties of non-metallic 

inclusions in a dataset of 42CrMo4 steel.  

J Brnic et al. 2018 

 [53] 

Mechanical properties, creep resistance and fatigue limit 

of 42CrMo4 steel were determined. 

D Kusmic et al. 2018 

[54]  

Studied corrosion and wear tests of plasma nitrided and 

duplex treated (plasma nitriding and manganese 

phosphate coating) 42CrMo4 steel. 

Q Xu et al. 2017 

 [55] 

Comparative studied on the wear mechanisms and cutting 

performance of different tools in the machining of 

42CrMo4 high-strength steel. 

H Heirani et al. 2018 

[56] 

Fatigue crack propagation tests are performed with 

compact tension shear specimens for several stress 

intensity factor (SIF) ratios of mode I and mode II. 

A Zafra et al. 2018  

[57] 

Influence of hydrogen on the mechanical behaviour of a 

42CrMo4 tempered martensitic steel was investigated. 

C Sun et al. 2018  

[58] 

Effects of tempering temperature on the microstructures 

and low temperature impact toughness of 42CrMo4-V 

steel were investigated. 

A Zafra et al. 2019  

[59] 

Reported the effect of hydrogen on the fracture toughness 

of 42CrMo4 steel quenched and tempered at different 

temperatures.  

G Lesiuk et al. 2018 

[60] 

Fatigue crack growth of 42CrMo4 steels under different 

heat treatment conditions were studied. 

http://www.astmsteel.com/product/42crmo4-alloy-steel/
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P Zhang et al. 2018 

[61] 

Fretting wear behavior of CuNiAl against 42CrMo4 was 

investigated under different lubrication conditions. 

R Autay et al. 2015 

[62] 

Tribological behaviour of induction hardened ISO 

42CrMo4 low alloy steel was evaluated under 

unlubricated sliding conditions. The effect of hardening 

depth and test conditions on the friction and wear 

properties was investigated 

L Bertini et al. 2017 

[63] 

The fatigue strength at a high number of cycles with 

initial elastic–plastic behavior was experimentally 

investigated on quenched and tempered 42CrMo4 steel. 

D Niu et al. 2019  

[64] 

Reported the fatigue characteristics and oxidation 

characteristics of 38MnVS6 and 42CrMo4, under high 

temperature and high load conditions. 

M M Vasilievich et al. 

2016 [65] 

Induction surface hardened of 42CrMo4 steel tubes were 

reported. 

 

R Hild et al. 2018  

[66] 

 

Influence of surface integrity on the plastic flow in 

analogous testing of 42CrMo4. Investigated the surface 

textures of workpieces and their influence on the forming 

capability and friction reduction.  

T Zienert et al. 2015 

[67] 

Interface reactions between steel 42CrMo4 and mullite 

were investigated. 

M Franulovic et al. 

2016 [68] 

The paper presented the procedures required for the 

material behaviour simulation of 42CrMo4 steel, starting 

from the fatigue testing, through numerical procedures 

related to complex material model. 

Z Siemiątkowski et al. 

2017 [69] 

Metallurgical quality evaluation (chemical and 

mechanical analyses) of the wind turbine main shaft 

42CrMo4 steel during production are described. 
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F Klocke et al. 2018 

[70] 

Presented the model for the prediction of the 

microstructure evolution as well as simulation results 

regarding the influence of the electrochemical machining 

process on resulting surface topography for the ferritic 

perlitic steel 42CrMo4. 

D Panfil et al. 2017 

[71] 

Studied nanomechanical properties of iron nitrides 

produced on 42CrMo4 steel by controlled gas nitriding 

and laser heat treatment. 

D Fratila et al. 2016 

[72] 

Experimental and numerical methods concerning 

orthogonal cutting are proposed in order to study the 

thermal phenomena accompanying the turning process of 

42CrMo4 alloyed steel with respect to cutting parameters 

(depth of cut, feed rate, and cutting speed), such as 

cooling-lubrication method. 

 B A Behrens et al. 

2017 [73] 

 

Numerical and experimental investigations of the 

anisotropic transformation strains during martensitic 

transformation in a low alloy Cr-Mo steel 42CrMo4. 

F Klocke et al. 2016 

[74] 

The effect of different annealing and heat treatment states 

of 42CrMo4 (AISI 4140) on the S-EDM process were 

investigated 

W Qureshi et al. 2017 

[75] 

Prediction of fretting wear in aero-engine spline 

couplings made of 42CrMo4. 

J Feng et al. 2017 [76] Investigated conventional austempering above Ms and 

isothermal transformation below Ms were utilized to 

strengthen commercial 42CrMo4 steels. 

M Escalero et al. 2017 

[77] 

The growth of a hole-edge through-crack was predicted 

analytically, simulated and measured in a 42CrMo4 steel 

plate subjected to mode-I cyclic loading. 
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J Brnic et al. 2015 

 [78] 

Analyzed the experimental results of the effect of 

elevated temperatures on the engineering properties of 

steel 42CrMo4. 

R Basan et al. 2017 

[79] 

Studied on experiment-based characterization and 

modelling of normalized and quenched and tempered 

low-alloy steel 42CrMo4 subjected to monotonic and 

cyclic loading and possibility to determine parameters of 

more complex models from simple ones. 

S Henschel et al. 2018 

[80] 

Investigated the temperature effect on the fracture 

toughness behavior of 42CrMo4 steel at high loading 

rates.  

O Lupicka et al. 2017 

[81] 

Effect of adhesion of CrN hard coatings on modified 

42CrMo4 steel substrate was reported. 

M Kulka et al. 2016 

[82] 

Effects of laser surface modification on the 

microstructure and properties of gas-nitrided 42CrMo4 

steel were investigated. 

W Tarasiuk et al. 2015 

[83] 

Tribological properties of laser hardened steel 42CrMo4 

was studied. 

P Zhang et al. 2018 

[84] 

Torsional fretting and torsional sliding wear behaviors of 

CuNiAl against 42CrMo4 under dry condition was 

reported. 

P Zhang et al. 2018 

[85] 

Torsional fretting wear behavior of CuNiAl against 

42CrMo4 under flat on flat contact was studied. 

A Lanzutti et al. 2017 

[86] 

Uniaxial fatigue properties of surface treated 42CrMo4 

steel, analyzing the effect of surface and flash treatments. 
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2.4 Fatigue: general aspects 

Fatigue is a phenomenon of a material caused by repeatedly applied loads. It is progressive 

and localized structural damage that occurs when a material is subjected to cyclic loading. It 

is well known that almost 90 percent of all engineering service failures occur due to fatigue 

(Dieter, 1988). These failures need to be avoided as they occur without any warning or 

indication [87]. Generally, fatigue failure takes place by two different mechanisms which is 

based on the fatigue life. They are low cycle fatigue (LCF) and high cycle fatigue 

(HCF). In LCF (Number of cycles (N) <104 or 105 cycles), large loads act along with 

relatively short lives where significant plastic strain occurs. But in HCF (N >105 cycles), low 

loads are imposed and subsequently, long lives are expected where stresses and strains are 

largely confined to the elastic region and it is commonly characterized by S-N curve shown in 

Figure 2.1 (a). The S-N curve in HCF can be described by using Basquin equation [87]: 

                                             C
p
aN =                                                      (2.1) 

Where, 

a= stress amplitude 

N = number of cycles 

p and C are empirical constants. 

Representing LCF test results is by plotting plastic strain range versus N, according to Coffin-

Manson relation [37]: 

                                          cNfp )2(2 =                                   (2.2) 

2p  is the plastic strain amplitude 


f  is the fatigue ductility coefficient 

2N is the number of reversals to failure (N cycles) 

C is an empirical constant 

A typical log-log plot of Δεp vs. N is shown in Figure 2.1 (b). Even commonly fatigue 

is considered to be of two types, viz. LCF and HCF, recent studies indicated about the 

existence of very low cycle fatigue (VLCF) [88,89] and very high cycle fatigue (VHCF) [90-

93]. In general, fatigue life of a material depends on the various parameters like material 

microstructure, processing type, component geometry, nature of loading and environment of 

application. Once a specimen is subjected to cyclic loading (symmetric and asymmetric 

cyclic  
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loading conditions as depicted in Figure 2.2), the cyclic deformation response of the material 

differs depending upon the mode of input control variable. Either, stress-controlled tests or 

strain-controlled tests, the material may undergo cyclic hardening or cyclic softening under 

asymmetric cyclic loading condition, plastic strain accumulation takes place during cycling. 

The rate of plastic strain accumulation decreases with the number of cycles and reaches to a 

stable state for cyclically hardenable materials and the reverse phenomenon occurs for 

cyclically softenable materials.    

 

 

 

 

 

 

                         

 

 

 

 

 

 

 

 

 

 

                              

           

 

 

 

 

 

Figure 2.1: (a) Schematic representation of the S-N curve and (b) Low cycle fatigue curve 

(Δεp vs. N). 
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In each loading cycle, additional strain accumulation takes place due to non-zero mean stress. 

This phenomenon is commonly known as ratcheting [94-101]. A schematic representation of 

the ratcheting/cyclic creep phenomenon is shown in Figure 2.3 [102]. In ratcheting, the term 

"strain accumulation" means an increase in plastic strain by adding increments of plastic 

strain with their correct sign. In practice, the residual strain that persists after cyclic loading 

can be considered as a measure of the ratcheting strain. 

 

 

 

Figure 2.2: Schematic diagram of symmetric and asymmetric cyclic loading conditions. 

 

 

 

                                Figure 2.3: Schematic of ratcheting phenomenon 

 

2.4.1 Ratcheting phenomenon 

This phenomenon of ratcheting is of considerable importance for the purpose of design and 

safety assessment of engineering components, as accumulation of ratcheting strain degrades 

fatigue life [103], [104] of structural components, and consequently limits the predictive 

capability of the well-known Coffin–Manson relation [87]. It is thus essential to understand 

https://www.sciencedirect.com/topics/materials-science/fatigue-life
https://www.sciencedirect.com/science/article/pii/S0921509312000469#bib0030
https://www.sciencedirect.com/science/article/pii/S0921509312000469#bib0035
https://www.sciencedirect.com/science/article/pii/S0921509312000469#bib0025
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ratcheting behavior of materials in order to safe guard engineering components or structures 

which may possibly get subjected to asymmetric cyclic loading. The nature of ratcheting 

deformation is such that the hysteresis loops produced for subsequent cycles translate towards 

the direction of higher plastic strain.  

Ringsberg [104] reported that the accumulation of ratcheting deformation continues until the 

material ductility is exhausted. The rate of strain accumulation continuously decreases with 

increasing number of cycles, indicating material response towards a steady state. Ratcheting 

strain is measured as the mean strain for a particular cycle [96, 97, 105, 106]. Ratcheting 

strain rate ( rε ) is defined as the increment of ratcheting strain in every cycle [101, 107-110]. 

   

                           Ԑr = (Ԑmax + Ԑmin)/2                                                      (2.3) 

Where,  

Ԑr= ratcheting strain 

Ԑmax = maximum strain at a particular cycle 

Ԑmin= minimum strain at the cycle. 

The parameters to define ratcheting strain are illustrated in Figure 2.4. 

 

 

 

 

 

 

 

 

 

 

  

     Figure 2.4: Schematic representation of the ratcheting behavior. 

 



Chapter 2         Literature Overview 

18 

 

2.4.2 Ratcheting types  

Based on experimental observations, usually the nature of accumulation of ratcheting strain 

can be divided into three types. The variation is based on loading axes, ranges, direction as 

well as ratcheting rate progression and its interaction with other phenomena such as low‐

cycle fatigue (LCF) within the domain of plasticity [111]. Figure 2.5 schematically shows the 

possible results of cyclic deformations categorized by three different types. This ratcheting 

types involve elastic shakedown and plastic shakedown. Ratcheting induced by 

isotropic/kinematic hardening has to be considered in connection with the fatigue damage 

(ratcheting – fatigue interaction). Moreover, phenomena of cyclic plasticity such as non-

proportional and plastic instability are considered.  

 

 

 

 

 

 

 

 

 

 

 

 

 

                 Figure 2.5: Schematic representation of various types of ratcheting [112]. 

 

In type I, ratcheting strain evolves with high rate which decreases gradually after that 

till ratcheting is blocked and elastic/plastic shakedown takes place. Certain situations, 

shakedown takes place on stress cycles within LCF method. In materials, the fatigue damage 

could accelerate and leads to failure in following cyclic stage. Generally, ratcheting is defined 

as type II. Initially a steep rise, followed by achievement of steady state and then again 

increased strain accumulation gradually till specimen failure of the subsequent cyclic period. 

This type II is called as constant rate of ratcheting. Type III, ratcheting strain rate declines 

quickly to a certain value and then goes up rapidly leading the specimen to failure [112]. 
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These ratcheting (stage I and II) types are also associated with the loading directions. Some 

literature is highlighted these directions being influenced by the primary and secondary 

ratcheting [113,114] 

 

2.4.3 Ratcheting in different materials 

Many reports exist in literature on ratcheting behavior of materials to understand the effects 

of various test parameters like mean stress (σm), stress amplitude (σa), stress ratio (R), 

temperature (T) etc. for a variety of materials such as carbon steel, stainless steel, ferrous 

alloy, nonferrous alloys, titanium, Inconel alloys, aluminum and aluminum alloys, copper 

alloys, solder materials, composites as well as polymers [97-99, 116-132], Dutta and Ray 

reported about ratcheting behaviour of 6063-aluminum alloy [133] and interstitial free steel 

[134], Kang et al., described the uniaxial ratcheting behaviour of several materials which 

includes 316L stainless steel, pure copper, pure aluminium, and a carbon steel [101]. Figure 

2.6 compares with the same stress level, the ratcheting behaviors of three FCC metals (316L 

stainless steel, pure copper, pure aluminium).  It was reported that, strain accumulation varied 

based on the extent of cyclic hardening of the metals. The ratcheting of pure aluminum is the 

most significant one among these three. On the other hand, pure copper presents the least 

ratcheting behavior due to its strongest cyclic hardening phenomenon among the three 

prescribed FCC metals. It means that the quicker the stable dislocation structures, such as 

dislocation cells formed, the least the ratcheting in metals. However, different from those of 

the suggested FCC metals, for the BCC carbon steel, a constant ratcheting strain rate was 

reached after a certain number of cycles due to its cyclic stable feature and no quasi-

shakedown of ratcheting occurs within the prescribed number of cycles, as shown in Figure 

2.7. Also, the ratcheting behavior of the metals with different crystal structures are 

investigated, i.e., for the FCC pure aluminum and BCC 20# carbon steel. Figure 2.8 shows 

the comparison of ratcheting behaviour of FCC pure aluminum and BCC 20# carbon steel 

(taken from literature).  

The ratcheting of BCC 20# carbon steel is more significant than those of three 

prescribed FCC metals due to its cyclic stable feature [101]. Figure 2.9 shows the ratcheting 

strain data (taken from literature) of four different alloys which was tested under uniaxial 

stress cycles. The alloys are 1020 carbon steel, Copper, SA333 steel and 42CrMo steel which 

are all used for structural purpose at high temperatures [127, 135-137]. 1020 carbon steel and 

copper possessed constant rate of ratcheting as called it as type II. For the 42CrMo and SA 
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333 steels, ratcheting strain rate drops rapidly to a certain value and then goes up instantly 

heading towards to failure (type III).  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.6: Comparison of uniaxial ratcheting results for the prescribed FCC metals (pure 

aluminum, SS316L and pure copper) with different values of fault energy [101]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.7: Uniaxial ratcheting results of 20# carbon steel with constant mean stress and 

various stress amplitudes [101]. 
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Figure 2.8: Comparison of ratcheting behaviour for the prescribed metals with different 

crystal structures [101]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.9: Experimental ratcheting strain values over stress cycles for 1020 carbon steel 

[127], 42CrMo steel [136], SA333 steel [137], and copper [135] under various mean and 

amplitude stresses 
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The effect of creep could switch the cyclic hardening to cyclic softening response in 

polycrystalline alloy when combined with mechanical stresses which promoting dislocation 

motion at high temperatures [138]. Yoshida et al. [139] conducted tests at which both creep 

and ratcheting happend together. The ratcheting outcomes were influenced by strain rate, 

stress levels, load holding time, and temperature. Many researchers reported the progress of 

ratcheting rate at room temperature of 304 stainless steels [139-142]. The cyclic hardening of 

this particular steel was attributed partly to dislocation generation as well as phase 

transformation from austenitic to martensitic structures that interrupt the dislocation motion. 

The cyclically hardening of SA 333 was severe due to rapid multiplication of dislocation 

during cyclic deformation. NiTi shape memory alloys lacked a plastic deformation evolution 

over stress cycles due to its superelastic natures [100]. The polytetrafluoroethylene (PTFE) 

polymer exhibited a progressive ratcheting overloading cycles especially when the creep 

phenomenon was coupled. Chen and Hui reported that ratcheting of PTFE polymer was 

highly rate dependent and rate overloading process [122]. The ratcheting strain used to 

increase with decreasing loading in it [122]. Investigations of ratcheting behaviour of 

composites not much available in literature. During 1990s, some researchers did on ratcheting 

studies of metal matrix composites under non-zero mean stresses [143-145]. Recently, Kang 

et al [146] provided the detailed analysis of ratcheting in Al6061‐SiC composites with 

different loading conditions, volume fractions of SiC particulates and temperatures [146-

148]. Based on the impact of ratcheting on the materials response from Bairstow’s work in 

1911 [149] to the recent days, the work on this field has increased many [149-164]. Figure 

2.10 shows the chronological development of the investigations carried out on ratcheting 

response of different structural materials.  

 

2.4.4 Factors effecting racheting 

Evolution of ratcheting strain and its rate are dependent on the applied stresses like mean 

stress, stress amplitude, stress ratio etc. and the nature of the material. The effect of mean 

stress and stress amplitude were studied extensively for the ratcheting behavior of materials 

[123,124]. Effect of stress ratio and maximum stress were also reported [164-167]. Dutta et 

al. [164], Kang et al. [146,147], Hassan and Kyriakides [115,130] concluded that the 

accumulation of ratcheting strain increases with increasing stress levels. Paul et al. [137] 

reported that accumulation of strain due to ratcheting is positive for positive mean stress and 

is negative for negative mean stress.  
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Figure 2.10: Sequential development of the investigations carried out on ratcheting response 

of different structural materials. 
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The effect of stress ratio on the nature of accumulation of ratcheting strain was reported by 

various researchers [116, 168,169]. Bharathi and Dutta [168] investigated the effect of 

different stress ratios on ratcheting deformation of AISI 4340 steel. They reported that the 

accumulation of ratcheting strain increased with increasing stress ratio as shown in Figure 

2.11. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.11: Effect of stress ratio on ratcheting strain (re-plotted following Bharathi et al. 

[168]) 

 

Yoshida [116] reported the effect of different stress ratio (R is both positive and negative) on 

accumulated ratcheting strain of SUS304 stainless steel. Figure 2.12 provides a comparative 

analysis between different stress ratios (positive, negative, zero and -1) on ratcheting strain. It 

was noted that for the positive, negative and zero values of R, a significant amount of 

ratcheting strain was accumulated in the material. On the other hand, when R = -1 (i.e. at zero 

mean stress), significantly lower amount of accumulation of ratcheting strain was observed.          

Wang et al. examined the effects of prestrain on uniaxial ratcheting and fatigue failure of 

austenitic stainless steel samples. They reported that both tensile and compressive prestrains 

influence the ratcheting progress [170]. Figure 2.13 (a) shows that ratcheting initially 

obtained in first 2000 loading cycles with higher rate, after that the ratcheting rate dropped 
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noticeably as the magnitude of tensile prestrain level increased for austenitic steel samples. 

Compressive prestrain accelerated the ratcheting strain, leading fail the sample in shorter 

lifespan. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.12: Variation of strain with number of cycles at different stress ratio (re-plotted 

following Yoshida [116]). 

 

Figure 2.13: Ratcheting strain versus number of cycles, (A) tensile and (B) compressive 

prestrains [170]. 
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Ratcheting curves in Figure 2.13 (b) shows a decreasing trend as the magnitude of 

compressive prestrains induced in steel samples exceeded −1% [123, 170, 171]. This may 

verify that the influence of compressive prestrains greater than −1% in this material induces 

compressive residual stress and reduces the detrimental effect of ratcheting in austenitic steel 

samples.      Kang et al. [140] reported the ratcheting behaviour of SS304 at room and 

elevated temperatures. The stress level of each loading case at high temperatures is lower 

than that at room temperature and the ratcheting strain increases with the ambient 

temperature [140]. Ruggles and Krempl, Chaboche and Nouailhas, and Wen et al. 

investigated the ratcheting response of stainless steel at various loading rates [171-173]. They 

reported that ratcheting rate decreased with an increase in the loading rate over the transient 

stage. In the steady‐state ratcheting stage, loading rate influenced the ratcheting magnitude as 

shown in Figure 2.14. Wen et al further examined the effect of compressive mean stress on 

ratcheting and reported the reversed response of ratcheting in Zircaloy‐ 4 tubes tested at room 

temperature [174]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.14: Influence of loading rate on the ratchetting rate and magnitude of 304 stainless 

steel at room temperature [172]. 

 

 

The ratcheting strain in multiaxial loading is more complicated than that under uniaxial 

loading. Aubin et al. reported that the influence of loading nonproportionality was more 
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noticeable in the ratcheting response than that of stress level as showed in Figure 2.15 [175]. 

They concluded that the ratcheting strain rate was highly influenced by loading path and 

nonproportionality.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.15: Ratcheting response of stainless steel for uniaxial and various nonproportional 

loading paths while applied stress kept unchanged [175]. 

 

 

2.5 Dislocation density 

The dislocation density is a measure of the number of dislocations in a unit volume of a 

crystalline material [176].  Transmission electron microscopy is the most powerful and 

commonly applicable technique for examining the dislocations in solids [87]. Dislocation 

networks, stacking faults, dislocation pile up at grain boundaries etc. can be observed. Dutta 

et al showed the dislocations in typical TEM bright field images which is illustrated in             

Figure 2.16 (a) [123] and Figure 2.16 (b) [164].  

However, TEM has its own limitations to provide information related to dislocation 

densities when a material possesses complicated dislocation substructures. The dislocation 

structure of a crystal can be detected by X-ray microscopy. The most common techniques are 

the Berg-Barrett reflection method [87] and the Lang topography method [87]. Unfortunately, 
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the limiting resolution of these techniques is about 103 dislocations per square millimetre. X-

ray peak profile studies are indirect as well as statistical method and it depends on dislocation 

structure to relate their results to dislocation behavior.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.16: Typical TEM bright field images of the deformed samples of (a) aluminum 

alloy [123] and (b) AISI 304LN stainless steel [164] showing remnant dislocation densities. 
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2.6 Fatigue life prediction models 

Frequently increasing safety and quality levels for engineering components, make mandatory 

the design and implementation of quality management systems to the entire supply chain for 

failure prevention and continuous improvement. So, the methods for fatigue life estimation 

plays a major role in industrial sector as well as field of engineering component designing. 

Estimation of total life of fatigue failure with their aspects are concerned by most of the 

investigations. So, the attempts to describe an appropriate damage parameter and determine 

the relationship between the damage parameter and the life to failure. Fatigue life estimation 

can be classified into three methods [102]. 

1. Stress based method, 

2. Strain based method, and  

3. Energy based method 

 

2.6.1 Stress-based method 

First systematic fatigue study by using stress-based method was initiated by Woheler in 1871 

[102]. Engineering stress amplitude S and number of cycles to failure N, on a semi–log or a 

log–log scale was the basically represented in the form of S–N curves for all fatigue data. 

In 1910, Basquin established the power law description of fatigue life are given below: 

b
ffa N )( =                    (2.4)                 

where f   stands for fatigue strength coefficient and b is the fatigue strength exponent, and 

these are called as Basquin’s coefficients. Fatigue strength exponent b is related to cyclic 

strain hardening exponent n  that has been reported by Ellyin as follows [102]: 
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The Basquin equation under the mean stress ( m ) effect can be accounted as follows. 
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2.6.2 Strain-based method 

The strain-based fatigue life prediction method also follows same tendency which was 

followed by stress-based method (linear semi log plot between plastic strain amplitude and 

fatigue life). The plastic component can be obtained by Coffin-Manson equation [102] as 

follows: 

c
ff

p
a N )( =                          (2.7)  

  

where, 
p
a  is the plastic strain amplitude, f   is fatigue ductility coefficient which 

corresponds to the plastic strain at one reversal and c is the fatigue ductility exponent. The 

fatigue ductility exponent can also be computed through Morrow’s energy consideration as 

follows: 

n
c

+
−=

51

1
                                       (2.8)  

  

The fatigue resistance relationship in terms of the total cyclic strain amplitude is obtained by 

adding both the elastic and plastic strain amplitude. The log-log plot between total strain 

amplitude and number of cycles is shown in Figure 2. 17. 

The fatigue resistance relationship in terms of the total cyclic strain amplitude is obtained by 

adding both the elastic and plastic strain amplitude. The mean strain (m) effect in low cycle 

fatigue can be accounted by modifying the Coffin-Manson equation as follows [102]. 

                                                 
c

fmf
p
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Figure 2.17: Plots of plastic strain, elastic strain and total strain against cycles to failure, showing the 

“fatigue ductility and strength” parameters as well as the fatigue limit [102] 
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2.6.3 Energy-based method 

Hysteresis loop area is the measure of energy absorbed by the material in every fatigue cycle. 

This fatigue life equation (based on Smith-Watson-Topper) provided the relationship between 

the stress- strain results associated with the life parameter are given as [178]: 

cb
fff

b
f

f

maaa NN
E

++=+= )()()( 2

2

max 


            (2.10)     

Apart from these basic fatigue life prediction methods, there are many other models were also 

suggested by many researchers. 

 

2.7 Theoretical studies on ratcheting 

The simulation of ratcheting response of engineering materials is not straight-forward, as 

during cyclic loading in the plastic domain hardening/softening takes place. In this way, the 

investigation has demonstrated that under plastic loading conditions, there is growth in yield 

surfaces, transform as well as change their shapes [177,179]. Therefore, it is important to 

model the ratcheting behaviour of materials; to be a challenge to estimate the plastic modulus 

exactly. In general, it can be classified as: coupled constitutive models and uncoupled 

constitutive models. The method which considers earlier, the calculation of plastic modulus 

coupled with the kinematic hardening rule through the consistency condition of the yield 

surface [180]. To the contrary, the final method describes that plastic modulus may be 

indirectly influenced by kinematic hardening rule but its calculation does not depend on it 

[179]. 

Plasticity features on which modeling of ratcheting depends on: 

(i) von-Mises yield criterion:  
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(ii) flow rule: 
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where, 

ij = stress tensor, 
p

ij = plastic strain tensor, sij = deviatoric stress tensor, ij = current centre 

of the yield surface, aij = current centre of the yield surface in deviatoric space, 0 = size of 

yield surface, H = plastic modulus,  = MacCauley bracket. 

(iii) kinematic hardening rule: 

               ...),.........,,,,( p

ijijij

p

ijijij ddagda =        (2.13) 

In theoretical studies on ratcheting, literature revealed that different models primarily 

consider variations of the kinematic hardening rule. Possibly, the simplest kinematic 

hardening rule to simulate plastic strain response of materials was considered by Prager [143] 

as: 

             
p

ijij dCda 2=                                     (2.14) 

where C2 is a constant. 

It clearly shows that, this kinematic hardening rule is linear, According to this model, 

the uniaxial loading the yield surface moves linearly with plastic strain. This model predicts a 

bilinear hysteresis loop and it cannot represent the experimental hysteresis curve during the 

initial nonlinear part. Further, this model fails to distinguish between shapes of forward and 

reverse loading hysteresis curves for a prescribed stress cycle with mean stresses and 

consequently, produces a closed loop resembling ratcheting (Figure 2.18, [179]).  

By modified the Prager’s linear rule, Armstrong and Frederick [152] suggested a kinematic 

hardening rule and is given as: 

             dpaCdCda ij

p

ijij 43 −=                                                       (2.15) 

where, 

              

5.0

3

2








•== p

ij

p

ij

p

ij ddddp                                            (2.16) 

and C3, C4 are constants. 
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                                         Figure 2.18: Prediction of the hysteresis loop. 

For uniaxial loading, this rule mainly predicts an exponential path which starts with a 

modulus given by: 

                        xCCH 43 =                         (2.17) 

where, x is the trace of strain path of the hysteresis loops. For any uniaxial stress cycle with 

mean stresses, Armstrong-Frederick rule makes change in shapes between the forward and 

the reverse loading paths. Therefore, the loop does not close and results in ratcheting. But it is 

important to mention that the experimental ratcheting curves may not be exponential in 

nature. Stress-strain hysteresis loops generated by this model deviate significantly from the 

experimental curves and the ratcheting strain is usually overpredicted. 

To overcome the above limitations of Armstrong-Frederick proposition, several rules 

were subsequently developed. For example, Chaboche et al. [181] [153] have proposed a 

nonlinear kinematic hardening rule as: 

          
=

=
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where, dp is defined as that in eqn. 2.16. In order to improve the simulation of the hysteresis 

loops, Chaboche et al. [153] have proposed to decompose a stable hysteresis loop into three 

segments (i) the initial high modulus region at the onset of yielding (ii) the constant modulus 

segment at a higher strain range, and (iii) the transient nonlinear segment. It suggested that 

the first part of the rule should indicate hardening with large modulus which stabilizes 
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rapidly. The second part of the rule should simulate the transient nonlinear portion of the 

stable hysteresis curve, whereas the third part should show linear hardening (C4 = 0) to 

represent the subsequent linear part of the hysteresis curve at high strain range. Subsequently, 

the simulated results of hysteresis loops are improved; a comparison of the ratcheting curves 

according to Armstrong-Frederick and Chaboche models is presented in Figure 2.19 (a) and 

(b), respectively [179].  

It can be noted from Figure 2.19 (b) that Chaboche model makes some over-

prediction of hysteresis loop at the end of the cycle. To overcome this, Chaboche [182] has 

later introduced a fourth part in his hardening rule which could simulate hysteresis loop and 

accumulation of ratcheting strain reasonably well. Based on Armstrong-Frederick or 

Chaboche models, a few more models [147,148, 183] are also existing in literature which 

simulates ratcheting behaviour. All these models mentioned above, are categorized as 

coupled models since plastic modulus calculation is coupled with the kinematic hardening 

rule. The models that use coupled constitutive equations to calculate plastic modulus, do not 

fit well to simulate ratcheting behaviour under multiaxial loading. To overcome this 

difficulty, uncoupled models were proposed by some investigators [130, 182, 184-187] where 

calculation of plastic modulus is not directly tied to the kinematic hardening rule. The 

estimation of plastic modulus from the kinematic hardening rule using the approach of 

uncoupled model allows the plastic modulus parameters to be determined from uniaxial 

ratcheting responses and the kinematic rule parameters from multiaxial ratcheting responses 

[179]. However, due to variation of yield surfaces in plastic domain these models also 

attained some limitations. 
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Figure 2.19: Prediction of hysteresis loop of ratcheting behaviour using (a) 

Armstrong-Frederick (AF) model, (b) Chaboche model with 3 decomposed rules (C-

H3) (re-plotted following Bari, 2000 [179]). 
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2.8 The knowledge gap in earlier investigations 

In the above sections, the steel classification, general aspects of ratcheting, dislocation 

evolution, and some theories of ratcheting were discussed. The detailed review of most of the 

published reports on 42CrMo4 steel indicated that only a few investigators studied its 

ratcheting behavior. Moreover, the studies are only based on the mechanistic approaches, but 

effect of varying metallurgical parameters are not existing in the literature. Uniaxial 
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behaviour of 42CrMo4 steel with certain heat treatment condition is available in literature.  

But comparative study of investigated 42CrMo4 steel in three different heat-treated 

conditions is not existing. One of the major lacunas in earlier works is the lack of importance 

on understanding the internal structural variations. It emerges from the existing literature that 

strong efforts were not directed towards understanding of substructural variations and of 

dislocation density estimation.  The substructural variation due to ratcheting is very essential, 

even some information is available in literature on this aspect. Hence, qualitative and 

quantitative assessment of dislocation generation in ratcheted specimen is highly required; 

because the dislocation distribution can significantly control fatigue life. So, efforts were 

devoted towards understanding the ratcheting behavior by estimating the total fatigue life.  

Although varies life prediction models exist, even research is continued to develop a new 

model for better understanding. In present investigation, an attempt is directed to attain 

knowledge in order to overcome some of these limitations. 

 

2.9 Objectives of the research work 

Based on the obtained knowledge gap in earlier investigations, the objectives of the present 

work are summarized as follows: 

 

1. To characterize the investigated steel 

The characterization techniques involved with this are determination of tensile, chemical 

composition, microstructural studies by optical microscopy and scanning electron 

microscopes. 

2. To study the nature of strain accumulation due to ratcheting in the selected material 

under different heat-treatment conditions 

The major experiments to fulfil this objective are (i) heat treatments like 

annealing, normalizing, quenching - tempering, (ii) asymmetric cyclic loading tests under 

various combinations of stress amplitude and mean stress in order to examine the nature of 

accumulation of ratcheting strain at ambient temperature. 
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3. To assess the substructural variations during ratcheting 

This part consists to examine the variation of dislocation density and their character in 

undeformed and deformed specimens. X-ray diffraction profile analyses and Hardness 

method were used for doing these. Transmission electron microscopy was also used to 

evaluatively examine the dislocation evolution. 

4. To predict the ratcheting life by using existing models 

 Some existing models were used to predict the experimental ratcheting life to show their 

efficacy. Additionally, a new model was proposed by using modifying an existing life 

prediction equation. 

 

2.10 Summary 

This chapter provided 

• An in-depth review of the research works on various aspects of 42CrMo4 steel 

reported by the earlier investigator. 

• The knowledge gap obtained from earlier investigations. 

• Objectives of the current investigation. 
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3.1 Introduction 

This chapter aims to describe the material that was selected for this investigation and the test 

methods adopted to carry out their various basic characterizations. In the present 

investigation uniaxial ratcheting behaviour of the 42CrMo4 steel was investigated at ambient 

temperature using different combinations of mean stresses (m) and stress amplitudes (a) in 

different heat treatment conditions. The experimental works pertaining to chemical 

composition of the selected steel, different heat treatments, microstructural analyses, basic 

mechanical behaviour, all ratcheting and post ratcheting tests and dislocation density 

determination are discussed in the following sections.  

 

3.2 Material and basic metallography 

3.2.1 Material selection 

Commercially pure 42CrMo4 steel was procured in the form of 16 mm diameter rods. The 

chemical composition of the selected steel was assessed using optical emission spectrometer 

(model: ARL 3460 Metals Analyzer, Thermo Electron Corporation Limited, Switzerland). 

 

3.2.2 Heat treatment 

The heat treatment was carried out in accordance with the standard procedure to remove any 

pre-existing anomalies of material properties. The as-received steel rods were cut it into 

pieces (~22 cm) and these were heat treated under three different conditions, viz. annealing, 

normalizing and quenching – tempering by using a muffle furnace. For annealing and 

normalizing treatments, the specimens were first heated up to 900 °C for 1 h. The 

temperature dropped down while the specimens were placed inside the furnace and 

correspondingly the time counting was started only after attainment of required temperature 

(i.e. 900 °C). A set of the specimens were taken out after 1 h for air cooling, to provide 

normalizing treatment while the rests were furnace cooled by switching it off. Another set of 

steel rods, chosen for quenching - tempering, were first heated up to 900 °C for 1 h followed 

by rapid cooling in water. These rods were reheated at 600 °C for 1 h in order to impart 

tempering. The schedule of heat treatment processes is schematically shown in Figure 3.1. 

Figure 3.2 (a) and (b) show typical pictures of samples before and after the heat treatment, 

respectively. 



Chapter 3                Experimental Procedure 

40 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.1: Schematic heat treament schedules for (a) annealing (b) normalizing and                               

(c) quenching – tempering. 
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Figure 3.2: Photographs of specimens  (a) before and (b) after heat treament process. 
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3.2.3 Metallographic sample preparation 

Samples of approximately 12 – 15 mm height were cut from the three differently heat-treated 

rods for microstructural studies. Theses samples were ground roughly on a belt grinder and 

then polished by a series of emery papers. Emery papers contain consecutively finer abrasive 

particles such as grades of 1/0, 2/0, 3/0 and 4/0. After polishing with emery papers, samples 

were further polished by using wet rotating wheel covered with specific cloth. Alumina 

powder was used as abrasive. Finally, the samples were polished with diamond paste 

comprising of 0.25 μm particles. The totally scratch – free samples were etched with 2% nital 

solution (2% HNO3 + 98% ethanol). 

 

3.2.4 Optical microscopy 

The microstructural constituents of the heat-treated samples were examined using an optical 

microscope (Carl Zeiss, Germany) connected to an image analyzer (Software: Axio vision 

release 4.8 S. P 3) and images were captured at different magnifications. Optical study 

revealed the characteristics of microstructural constituents under different heat-treated 

conditions. The image analyzer was used to assess grain size. In this investigation, the 

average grain size was estimated using linear intercept method following ASTM standard E-

112 [188]. In this method, a linear test grid was superimposed on the microstructure and the 

number of grains intercepted by the test line was counted. Such measurements were repeated 

at least on 20 randomly chosen fields. The grain size (d) was calculated as:  

                                      
L

T

N

L
d =                                                         (3.1) 

where, NL = Number of grains intercepted by a unit true test line. The true length LT of a test 

line is defined as the length of the test line at unit magnification.  

 

3.3 Mechanical testing 

3.3.1 Hardness testing 

The specimens for hardness measurements were first ground flat and the opposite faces were 

made parallel to each other using a belt grinder to ensure accuracy of measurements. The 

samples were then polished using emery papers of 1/0, 2/0, 3/0 and 4/0 grades. The hardness 
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measurements were done by using a Vickers Hardness tester (LECO LV400) at a normal load 

of 0.5 kgf with dwelling time of 10 sec. 

 

3.3.2 Specimen fabrication 

Round bar specimens, for tensile and fatigue tests having gauge length of 25 mm and 13 mm 

with diameters of 6 mm and 7 mm respectively were fabricated as per ASTM standards E 8M 

and E 606 respectively [189,190]. The lower length to diameter ratio of the fatigue specimens 

were considered to avoid the problem of buckling during the compressive loading part during 

fatigue cycling. Care was taken to make the machined surface polished up to 4/0 emery 

papers by holding the specimens in a lathe machine. Typical configurations of tensile and 

fatigue specimens along with snapshot of the actual specimen are shown in Figure 3.3.  

Figure 3.3: Typical configuration of (a) tensile, (b) fatigue specimen and (c) snapshot of 

actual specimen. 

 

3.3.3 Tensile tests 

The tensile tests were done on servo-hydraulic universal testing machine of ±100kN capacity 

(BISS, India). A snapshot of the whole experimental setup is shown in Figure 3.4. These tests 

were carried out at room temperature at a cross head speed of 1mm/min. This cross-head 

speed corresponds to a nominal strain rate of 6.66 × 10-4/s.  
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3.3.4 Fatigue tests 

Stress controlled fatigue that is ratcheting experiments were carried out at room temperature 

using servo-hydraulic universal testing machine (BISS ±100kN, India). All the tests were 

done at different combinations of mean stress (m) and stress amplitude (a). It is expected 

that different heat treatments produced different tensile properties in the specimens 

 

Figure 3.4: Snapshot of a tensile specimen fitted in the Servo-hydraulic universal testing 

machine. 

 

Therefore, to keep similarity in the applied stresses for different specimens, max 

values of ratcheting tests were considered as 60, 70 and 80 % of ultimate tensile strength 

values of annealed, normalized and quenched - tempered samples. The combination of the 

adopted m and a value for annealed, normalized and quenched – tempered conditions are 

illustrated in Table 3.1, 3.2 and 3.3, respectively. The ultimate tensile strength values of the 

specimens, as mentioned in the table, were obtained from the tensile tests. The detail of these 

test results is described in Chapter 4. All the tests were done at a constant stress rate of 50 

MPa/s. Fatigue tests of all annealed and normalized specimens were done up to 200 cycles 

followed by post-fatigue tensile tests using the same cross head speed as mentioned in section 
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3.3.2. The strain values of these tests were collected by using a 12.5 mm dynamic 

extensometer fitted to the gauge portion of the specimen (shown in Figure 3.4). Care was 

taken not to allow any slippage of the extensometer arms. About 250 data points per cycle 

were collected for each cycle of fatigue. The quenched-tempered specimens were ratcheted 

up to failure for all combinations of the m and a. 

 

 

  Table 3.1: The adopted combinations of m and a values of annealed conditions 

Serial 

no. 

m (MPa) a (MPa) max (MPa) Percentage of 

UTS 

() 

UTS 

(MPa) 

1 40 360, 390, 420 400 60   

 

650 

2 70 360, 390, 420 460 70  

3 100 360, 390, 420 520 80  

 

Table 3.2: The adopted combinations of m and a values of normalized conditions 

Serial 

no. 

m (MPa) a (MPa) max (MPa) Percentage  

of 

UTS 

() 

UTS 

(MPa) 

1 55 480, 533, 587 535 60   

 

897 

2 90 480, 533, 587 623 70  

3 125 480, 533, 587 712 80  
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Table 3.3: The adopted combinations of m and a values of quenched - tempered conditions 

Serial 

no. 

m (MPa) a (MPa) max (MPa) Percentage  

of 

UTS 

() 

UTS 

(MPa) 

1 55 499, 554, 609 554 60   

 

950 

2 92 499, 554, 609 646 70  

3 129 499, 554, 609 738 80  

 

3.3.5 Scanning electron microscopy 

Scanning electron microscopy (Model: JEOL JSM-6480L) was done for two purposes: (i) to 

study the microscopic details of the differently heat-treated specimens and (ii) to observe the 

fracture surfaces. The fractured surfaces of the broken tensile and fatigue specimens were cut 

out carefully to examine the nature of failure. Typical configurations of a broken specimen is 

shown in Figure 3.5. Compositional analysis of the specimen surface was carried out by the 

energy dispersive spectroscopy (EDS).  

 

Figure 3.5: Photograph of the broken tensile specimen. 
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3.3.6 Transmission electron microscopy 

Transmission electron microscopy (Model: JEM 2100, Tokyo, Japan) was done on selected 

specimens in order to determine the micro-mechanism associated with ratcheting. For this, 

thin slices of the specimens were cut from the gauge portion of ratcheted specimens using 

slow speed diamond cutter. These slices were approximately of 500 m thickness. The slices 

were then sequentially prepared by manual polishing on emery papers, disc punching, 

dimpling and ion milling.  

 

3.3.7 X-ray diffraction (XRD) analysis 

In this investigation, X-ray diffraction profile analysis was done in order to determine the 

dislocation density. For this, undeformed as well as deformed samples were mechanically 

polished using emery papers to make the surface ready for XRD analysis. X-ray diffraction 

(Rigaku, Ultima-IV, Japan) tests were carried out using Cu-Kα (λ=1.5418Å) radiation in the 

scanning range of 20°-110° (2θ). The scanning rate for the specimens were 1°/min for initial 

identification of the peak positions. For XRD analyses, ratcheted specimens were cut from 

the gauge portion using wire-Electro Discharge Machining (EDM) (Model: Electronica, 

ELPULS 15/Ecocut). Failed specimens were cut below fracture surface; transverse sections 

from the gauge portion of the broken specimens. The specimen thickness was kept 

approximately 3-4 mm. A very slow scan was performed on all the well-identified peaks of 

the fast scan for each sample with angular steps of 0.05º and counting time of 15 s; this 

corresponds to a scanning rate of 0.2°/min.  In this study, only the peak obtained from Cu 

Kα1 radiation was required. Hence, each peak was separated into Kα1 radiation and Kα2 

radiation using Lorentzian function and the Full Width Half Maxima (FWHM) value of each 

peak was estimated from the software for peak profile fitting.  

 

3.3.8 Post-ratcheting hardness 

Post-ratcheting hardness tests were done by the same samples (both ratcheted and failed 

specimens) which was used for XRD analyses. Specimens were prepared for hardness studies 

as mentioned in Section 3.2.5. 
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3.3.9 Post-ratcheting tensile test 

Post ratcheting tensile test were carried out on specimens which have been ratcheted for 200 

cycles of asymmetric fatigue loading. These tests were performed to know the variations of 

tensile properties after the ratcheting. For this study, the test conditions were followed as 

mentioned in section 3.3.3. 
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4.1 Introduction 

This chapter aimed to describe the chemical composition, microstructural characteristics, and 

basic mechanical properties of the selected material. The fatigue behaviour of a material is 

greatly dependent on the microstructural constituents, variation in grain size and its 

distribution, the hardening/softening feature of the material, surface condition etc. [191,192]. 

Hence, a thorough basic characterization is needed before the actual fatigue experiments. In 

the upcoming sections of this chapter the results of such basic characterization are reported.  

 

4.2 Results and discussion  

4.2.1 Chemical composition and microstuctural analysis  

The chemical composition of the selected steel is represented in Table 4.1. According to 

ASM handbook [193], this composition is analogous to AISI 4140 steel. The main alloying 

elements of the steel are Cr, Mo and Mn with % C up to 0.384. The 42CrMo4 steel may be 

heat treated over a wide range of temperature to give the combined advantages of hardness, 

strength, and ductility [194]. Chromium is noted to provide high toughness, good torsional 

strength and adequate fatigue strength [193]. 

Table 4.1: Chemical composition of the investigated 42CrMo4 steel 

 

Typical microstructures of the annealed, normalized and quenched – tempered 

42CrMo4 steel are illustrated in Figure 4.1 (a), (b) and (c), respectively. In Figure 4.1 (a) and 

(b) the microstructures consist of pearlite colonies having dark contrast and ferrite grains 

having light contrast, as expected. Average grain sizes assessed by linear intercept method 

were 20.66 ± 0.83 μm and 8.69 ± 0.60 μm for annealed and normalized samples, respectively. 

The normalized microstructure shows finer grain size as compared to the annealed 

microstructures. The faster rate of cooling during normalizing process has led to the 

formation of finer grain size as grain growth occurs during slow cooling in annealing process. 

The optical microstructure of the quenched – tempered 42CrMo4 steel is depicted in Figure 

Element C Cr Mo Si Mn Al P Fe 

Wt. (%) 0.384 0.926 0.222 0.210 0.678 0.035 0.020 Balance 
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4.1 (c), which consists of lath type tempered martensitic structure [195]. Figure 4.2 illustrates 

the high magnification scanning electron microscopic images of the steel at different heat-

treated condition. The pearlite lamellar colonies clearly appear in SEM images as shown in 

Figure 4.2 (a) and (b) for annealed and normalized conditions, respectively. In association to 

that, granular bainite was detected in the normalized specimens as shown in Figure 4.2 (b) 

[196]. Volume fraction of bainite was measured using an image analyzer software and it was 

found to be 6.04 ± 0.7 %. For quenched and tempered condition, Figure 4.2 (c) shows 

different contrast at the inter lath boundaries which indicate formation of  or  carbides as 

well as cementite after tempering. At high temperatures, more stable carbides may form and 

eventually this grow, depending upon the condition of tempering. To attest, elemental 

composition of the material was examined in energy dispersive spectroscopy (EDS). A 

typical EDS plot is shown in Figure 4.3.  

 

4.2.2 Tensile properties 

As mentioned in Chapter 3, the tensile properties of the investigated 42CrMo4 steel for 

annealed, normalized and quenched – tempered conditions have been studied using 

cylindrical samples. Characteristic engineering stress – strain diagrams of the selected steel 

for the differently heat-treated conditions are shown in Figure 4.4 (a) (b) and (c). The curves 

show that there is no sharp yield point, and therefore, the values of yield strength were 

determined using 0.2% strain offset procedure, as recommended in ASTM standard E8M 

[189]. It can be seen from the Figure 4.4 (a) that the annealed steel possesses lowest yield 

strength (YS), ultimate tensile strength (UTS) with highest ductility, as expected. The 

obtained values of YS and UTS for annealed 42CrMo4 steel were 387 ± 3 MPa and 650 ± 2 

MPa, respectively. Similarly, YS and UTS values of the normalized steel were 704 ± 4 MPa 

and 897 ± 3 MPa, respectively, as can be assessed from Figure 4.4. (b). 
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Figure 4.1: Typical optical microstructures of the 42CrMo4 steel in (a) annealed, (b) 

normalized and (c) quenched – tempered conditions 
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Figure 4.2: Typical SEM images of the 42CrMo4 steel in (a) annealed, (b) normalized (B 

stands for Bainite, P stands for Pearlite and F stands for Ferrite), (c) quenched – tempered 

conditions 
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Figure 4.3: Elemental composition of the investigated material showed in energy dispersive 

spectroscopy (EDS) plot. 

 

Figure 4.4. (c) represents the engineering stress–strain plot for the quenched – tempered 

condition; shows that there is a bit sharp yield point. It exhibits highest YS and UTS as 

compared to annealed and normalized conditions. All the tensile properties of the steel 

subjected to three different heat-treatment conditions are summarized in Table 4.2.  It was 

noted that the YS and UTS values were in good agreement with the results available in 

literature, for a similar steel [193, 197].  
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Figure 4.4: Engineering stress strain curve for (a) annealed (b) normalized and (c) quenched-

tempered 42CrMo4 steel. 
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Table 4.2: Tensile properties of the 42CrMo4 steel under three different heat-treated 

conditions. 

 

The differences in YS, UTS as well as total elongation were attributed to the difference in 

grain size and microstructural constituents. The strain hardening exponent (n) of the selected 

steel for all three heat treated conditions were also estimated using the true stress (σ) and true 

strain (ε) diagram. The log-log plot of true stress-strain curve at the plastic region for all three 

heat treated conditions is shown in Figure 4.5. The magnitudes of strength coefficient (K) and 

strain hardeing exponent (n) were calculated by using Hollomon equation:  = Kn [198]. 

 

4.2.3 Hardness test 

The micro vickers hardness test was carried out for all three different heat-treated samples. 

The hardness values of annealed, normalized and quenched – tempered conditions are 179 ± 

6, 204 ± 2 and 329 ± 6, respectively. Quenched – tempered specimen possesses higher 

hardness value as compared to annealed and normalized specimens.  

 

 

 

 

 

 

 

 

 

 

Figure 4.5: Comparison of the log (σ) – log (ε) plots for annealed, normalized and     

quenched – tempered samples of investigated steel. 

Heat treatment Yield Strength 

(MPa) 

Tensile Strength 

(MPa) 

Total Elongation 

(%) 

Annealing 387 ± 3 650 ± 2 26.4 ± 0.3 

Normalizing 704 ± 4 897 ± 3 17.3 ± 0.4 

Quenching - Tempering 843 ± 3 950 ± 2 19.1 ± 0.2 



Chapter 4       Basic Characterization of the 42CrMo4 Steel 

57 

 

 

4.3 Summary 

The characteristics of the chemical composition, microstructural variations, hardness and the 

mechanical properties of the investigated 42CrMo4 steel with three different heat-treated 

conditions are incorporated in this chapter. The obtained results can be summarized as 

follows: 

1. Microstructures in both annealed and normalized conditions consist of pearlite 

colonies and ferrite grains. Average grain sizes assessed by linear intercept method 

were 20.66 ± 0.83 and 8.69 ± 0.60 μm for annealed and normalized samples, 

respectively. The microstructure of the quenched – tempered steel consists of lath 

type tempered martensitic structure. 

2. The obtained YS and UTS for annealed 42CrMo4 steel were 387 ± 3 MPa and 650 ± 

2 MPa, respectively while those for normalized steel were 704 ± 4 MPa and 897 ± 3 

MPa, respectively. Quenched – tempered specimen exhibited highest yield strength 

(843 ± 3 MPa) and ultimate tensile strength (950 ± 2 MPa) as compared to annealed 

and normalized conditions. The total elongation values were 26.4 ± 0.3 %, 17.3 ± 0.4 

% and 19.1 ± 0.2 % for annealed, normalized, and quenched – tempered specimens, 

respectively. 

3. The obtained average micro hardness value for annealed, normalized, and quenched – 

tempered conditions are 179 ± 6, 204 ± 2 and 329 ± 6, respectively. 
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5.1 Introduction 

Ratcheting may well be regarded as one of the important deformation mechanisms in 

engineering components. It is manifested by changes in the internal structure of the material 

and modification of the stress – strain response. The crystal structure, level of stacking fault 

energy, microstructural constituents, grain size and inherent dislocation density of the 

material are figured as the major controlling factors of fatigue [199,200]. The steel under 

investigation has very extensive use in engineering practice and therefore, researchers 

reported various mechanical behaviour of it including low cycle fatigue [201-207]. However, 

proper understanding of the ratcheting behaviour of the steel with respect to structural 

alterations is still not there [208].  

In view of this, in this investigation, it was aimed to investigate the ratcheting behaviour of 

42CrMo4 steel possessing different microstructural constituents imposed by various heat 

treatments. The fatigue test procedure was mentioned in detail in Section 3.3.4. The 

characteristic variation in cyclic stress–strain response and microstructural features such as 

alteration of grain size, substructural change in terms of dislocation density was studied. 

Strain accumulation with varying stress parameters was correlated with induced dislocation 

densities, by using transmission electron microscopy (TEM). Post-ratcheting tensile tests 

were carried out for selected combination of test conditions.   

 

5.2 Results and discussion 

5.2.1 Ratcheting strain of annealed, normalized and quenched – tempered 

steels 

The variation of accumulated ratcheting strain with the number of cycles (N) obtained at 

different combinations of stress conditions for annealed, normalized and quenched – 

tempered specimens are shown in Figure 5.1, 5.2 and 5.3, respectively. It may be mentioned 

here that ratcheting strain is usually estimated by averaging the maximum and the minimum 

strain for a particular cycle [201,204,219]. Figure 5.1 (a), (b) and (c) show the variations of 

accumulated ratcheting strain with number of cycles (up to 200 cycles) for the annealed 

specimens at constant levels of σa with varying σm, whereas, Figure 5.1 (d), (e) and (f) 

represent the same at constant σm level with varying σa. All graphs presented in Figure 5.1 

indicate that ratcheting strain increases monotonically with increasing number of cycles for 

any combination of σa and σm. The nature of accumulation of ratcheting strain with number of 
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cycles is almost similar to the strain accumulation during conventional creep deformation 

[209,210]. 

A typical creep curve (strain vs time) possesses three distinct zones of strain 

accumulation (which is detailed in Chapter 2: Section 2.2.1). Similar features are also 

observed in ratcheting curves. In the present investigation, the loading of annealed and 

normalized specimens was stopped after 200 cycles and accordingly, only two stages of strain 

accumulation were observed, as shown in Figure 5.1. For any material the extent of 

deformation in each stage varies with the stress parameters used during cyclic loading. In the 

present investigation it was observed that the rate of ratcheting strain initially decreased until 

it reached a steady-state. The steady state formation took place owing to generation of a 

stable dislocation substructure in the material. Overall, the strain accumulations of annealed 

samples varied from 0.85% to 7.5% for minimum to maximum stress parameters, 

respectively. Also, the ratcheting strain rate ( rε ) of annealed samples varies from 0.002 to 

0.06 for minimum to maximum stress parameters, respectively. 

Similar investigation was done on normalized samples, which yielded substantially 

different results, as illustrated in Figure 5.2. In case of normalized samples, initially 

ratcheting strain decreased and reached a secondary steady-state. In normalized samples, the 

occurrence of stage one strain accumulation is insignificant and the achievement of steady-

state is very quick. At higher stress amplitudes the occurrence of stage three is visible in the 

results. Overall, the strain accumulation of the normalized samples varies from 0.14% to 

0.78% for minimum to maximum stress parameters, respectively. Also, the ratcheting strain 

rate ( rε ) of normalized samples varies from 0.004 to 0.012 for minimum to maximum stress 

parameters, respectively. 

Thus, the strain accumulation in normalized condition is less than that in annealed one. It 

may be inferred that the maximum accumulation of ratcheting strain is directly proportional 

to grain size. If the grain size is small, it is easy to produce dislocation sub-cells, accordingly, 

sub-cells attain a stable configuration upon cyclic loading [211]. The stable sub-cells do not 

allow further  

deformation/generation of dislocations. Thus, less strain gets accumulated for materials with 

lower grain size. The ratcheting behaviour of the steel in quenched – tempered condition was 

examined up to failure, for a selected combination of stress parameters. However, the details 

of these tests results are reported in Chapter 7. Hence, in this chapter, the graphs are 

presented only up to 200 cycles for comparison. Figure 5.3 (a), (b) and (c) show the 
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variations of accumulated ratcheting strain with number of cycles (up to 200 cycles) of the 

quenched-tempered specimens at constant level of σa with varying σm, whereas, Figure 5.3 

(d), (e) and (f) represent the same at constant σm level with varying σa. Overall, the values of 

strain accumulation vary from 0.01% to 0.46% for minimum to maximum stress parameters, 

respectively. Also, the ratcheting strain rate ( rε ) of quenched – tempered samples varies 

from 0.001 to 0.004 for minimum to maximum stress parameters, respectively. The obtained 

results of ratcheting strain with adopted tests conditions of annealed, normalized and 

quenched - tempered specimens are summarized in Table 5.1. Thus, the comparison of strain 

accumulation in three different heat treatment conditions indicates that the annealed steel 

accumulated maximum amount of strain whereas, the quenched-tempered steel accumulated 

the least strain at a comparable applied stress. It was already discussed for normalized steel 

that finer grain size promoted less accumulation of strain. Further, for quenched-tempered 

steel the microstructural constituents would restrict the strain accumulation; thus, helped to 

accumulate least ratcheting strain. 

 

5.2.2 Stress – strain hysteresis loops  

The accumulation of ratcheting strain is best manifested by examining the shifting of 

hysteresis loops [212]. Accumulation of plastic strain can be estimated by measuring the 

gradual shifting of hysteresis loops towards positive plastic strain direction under positive σm. 

Figure 5.4 (a), (b) and (c) show the stress-strain hysteresis loops for applied max of 60, 70 

and 80% of the UTS for the 1st, 20th and 200th cycles generated during asymmetric cyclic 

loading of annealed samples. The characteristics of the hysteresis loop for stress-controlled 

tests are generally are described by its width. The width of the hysteresis loop will depend on 

the level of cyclic strain. The loops shrink/ widen in their width if the material is cyclically 

hardenable/ softenable in nature. Further, strain accumulation during ratcheting attains 

saturation after initial 50-100 cycles for most of the materials [213,214].  
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Figure 5.1: Variation of ratcheting strain with number of cycles in annealed condition; (a) (b) 

and (c) at constant a with varying m; (d) (e) and (f) at constant m with varying a. 
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Figure 5.2: Variation of ratcheting strain with number of cycles in normalized condition; (a) 

(b) and (c) at constant a with varying m; (d) (e) and (f) at constant m with varying a.. 
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Figure 5.3: Variation of ratcheting strain with number of cycles in quenched – tempered 

condition; (a) (b) and (c) at constant a with varying m ; (d) (e) and (f) at constant m with 

varying a. 



Chapter 5: Ratcheting Fatigue Behaviour of 42CrMo4 Steel 

68 

 

 

Table 5.1: The average values of ratcheting strain of annealed, normalized and quenched- 

tempered specimens for corresponding test conditions. 

 

 

 The abbreviations used for loading condition represent the corresponding mean stress and stress amplitude 

values; e.g. M40A360 indicates mean stress 40 MPa and stress amplitude 360 MPa 

 

 

Specimen Loading condition* Ratcheting strain (%) 

 

 

 

 

Annealed 

M40A360 0.420 

M40A390 0.860 

M40A420 1.890 

M70A360 1.520 

M70A390 1.900 

M70A420 4.530 

M100A360 2.460 

M100A390 3.400 

M100A420 7.500 

 

 

 

 

 

Normalized 

M55A480 0.149 

M55A533 0.153 

M55A587 0.438 

M90A480 0.107 

M90A533 0.333 

M90A587 0.469 

M125A480 0.253 

M125A533 0.413 

M125A587 0.784 

 

 

 

Quenched –

tempered  

M55A499 0.010 

M55A554 0.023 

M55A609 0.031 

M92A499 0.122 

M92A554 0.209 

M92A609 0.237 

M129A499 0.265 

M129A554 0.373 

M129A609 0.457 
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However, the cycle counts may vary for different materials. The deformation due to 

ratcheting could even accumulate continuously till fracture [215,216]. Significant structural 

variations in almost all the materials could occur up to the saturation cycles. Depending on 

the material behaviour, it may undergo cyclic hardening, cyclic softening or remain cyclically 

stable [217]. Predominantly, the ratcheting behaviour of a material depends upon the cyclic 

softening/hardening features [218]. It is clear from Figure 5.4 (a), (b) and (c) that the widths 

of the hysteresis loops increase with increasing number of cycles. This is attributed to cyclic 

softening behaviour of the material. Further, the increase or decrease of hysteresis loop width 

is associated with the extent of plastic damage which takes place during cyclic loading. This 

can quantitatively be expressed by measuring the hysteresis loop areas. In the current 

investigation, the loop areas were measured and the outcomes for the particular case of the 

loops are mentioned along with corresponding hysteresis loops.  

 

The phenomenon of cyclic softening in the investigated material can be explained following 

the proposition of Hussain [219]. According to this, in a high strength material, initially the 

dislocation density is high and cyclic loading causes re-arrangement of the dislocations into a 

new configuration that offers less resistance to deformation and therefore, the material shows 

cyclic softening. Figure 5.5 (a), (b) and (c) show the stress-strain hysteresis loops for applied 

max of 60, 70 and 80 % of the UTS for the 1st, 20th and 200th cycles generated during 

asymmetric cyclic loading of normalized specimens. Normalized steel, however, showed 

some distinct variation in the trend of loop area as compared to that of the annealed 

specimens. It was noted from the Figure 5.5 that in normalized condition the hysteresis loop 

energies of the 20th cycle reduced as that compared to the 1st cycle. The loop areas 

sequentially decreased up to 20th cycle, after which it increased gradually up to 200 cycles. 

Therefore, in this case, the material initially cyclically hardened which was followed by 

cyclic softening due to the residual stress distribution. As the cooling rate is fast during 

normalizing, it is generally expected to have some residual stress in the specimen. The 

residual stress was compressive in nature and its magnitude was measured as 143 ± 3.2 MPa 

for the normalized specimen. This compressive residual stress might contribute to the initial 

hardening of the specimen. Further, the microstructural analyses revealed that normalized 

steel contains about 6.04 ± 0.7 % bainite. It may be considered that other than residual stress, 

bainite helped to contribute the initial hardening of the normalized steel, which was not 

prevalent at higher number of cycles [220]. 
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Figure 5.4: Typical stress–strain hysteresis loops of the annealed specimen for applied           

max value of (a) 60% (b) 70% and (c) 80% of the UTS; the numbers given with hysteresis 

loops are the corresponding energy values in MJ/m3. 
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Figure 5.5: Typical stress–strain hysteresis loops of the normalized specimen for applied       

max value of (a) 60% (b) 70% and (c) 80% of the UTS; the numbers given with hysteresis 

loops are the corresponding energy values in MJ/m3. 



Chapter 5: Ratcheting Fatigue Behaviour of 42CrMo4 Steel 

72 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.6: Typical stress–strain hysteresis loops of the quenched - tempered specimen for 

applied max value of (a) 60% (b) 70% and (c) 80% of the UTS; the numbers given with 

hysteresis loops are the corresponding energy values in MJ/m3. 
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Typical nature of shifting of hysteresis loops for the quenched - tempered 42CrMo4 

steel for applied max value of 60, 70 and 80 % of the UTS for the 1st, 20th and 200th cycles 

are illustrated in Figure 5.6 (a), (b) and (c). Figure 5.6 shows clearly that widths of the 

hysteresis loops increase with increasing number of cycles from initial to final cycles, similar 

to annealed condition. It is obviously attributed to cyclic softening behaviour of the material.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.7: Variation of hysteresis loop energy of different heat-treated conditions at 

constant mean stress with different stress amplitude.  

 

Figure 5.7 shows comparison of the hysteresis loop areas for the 1st cycle of different 

loading conditions (constant σm with varying σa) for annealed, normalized and quenched-

tempered conditions. It shows, lower accumulation of ratcheting strain by the normalized and 

quenched – tempered specimens could be reflected from the lower values of loop energy for 

these specimens. Overall, the results indicate that hysteresis loop energy increases with 

increase in stress amplitude indicating increased accumulation of cyclic damage in the 

specimens. It can be stated that any increase in ratcheting strain would induce higher extent 

of plastic deformation, consequently strain accumulation increases with increasing maximum 

stress. The phenomenon can be further elaborated from materialistic point of view. Kang et.al 

[218] and Dutta et.al [133] discussed in their recent reports that strain accumulation due to 

ratcheting depends on dislocation formation and their redistribution. Once cyclic loading is 
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initiated, dislocations get piled up ahead of any obstacle in the first quarter of the loading; a 

few of these dislocations gets annihilated in opposite direction (2nd and 3rd quarter). However, 

a considerable number of dislocations retain in the substructure due to asymmetry of loading. 

Hence, a pileup of dislocations generates and these remains in the substructure of material in 

each cycle [133]. The amount of remnant dislocations increases with increasing maximum 

applied stress of loading. Therefore, accumulation of ratcheting strain increases with 

increasing stress parameters. The variations in the nature of the generated dislocations during 

the course of cyclic loading are further discussed in the subsequent section using TEM 

images. 

 

5.2.3 Transmission electron microscopy analysis 

The substructural variations during ratcheting deformation were examined by a few groups of 

researchers [23-27]. It is established that dislocations lines, walls, cells etc. form during 

ratcheting through some sequential steps. Variations in the substructures of ratcheted samples 

of metallic materials are commonly revealed by dynamic changes in dislocation density 

[225]. The dislocation arrangements change from low density patterns such as dislocation 

lines and pile ups to those with higher dislocation density such as dislocation tangles, veins, 

walls, and cells [221-225]. Illustrative bright field TEM images were taken to understand the 

substructural variation during ratcheting deformation. Figure 5.8 shows the observed 

dislocation patterns in the 42CrMo4 steel subjected to uniaxial stress controlled cyclic tests 

under annealed condition. Figure 5.8 (a to d) show the images of the specimens which were 

subjected to ratcheting deformation with different mean stresses and stress amplitudes.  

Higher dislocation density type such as thick twin strips along with some dislocations are 

observed even the ratcheting strain is about 1%, as shown in Figure 5.8 (a) for the specimen 

tested at minimum stress condition (m=40 MPa, a=360 MPa). Moreover, it is illustrated in 

Figure 5.8 (b) that dislocation pattern can differ from the previous one with same loading 

condition. It shows discrete incipient walls with many dislocation lines between them. As the 

ratcheting strain increases to 7%, dislocation density increases significantly; specifically, 

dislocation patterns become well-organized thick dislocation walls, as shown in Figure 5.8 (c) 

for the specimen tested at maximum stress condition (m=100 MPa, a=420 MPa). The 

degree of organization in the dislocation structures depends on the characteristics of 

dislocation conditions in earlier fatigue life [223]. Dislocation density continuously increases 

with increase in ratcheting strain and dislocation pattern evolves from easy dislocation strips 
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Figure 5.8: TEM micrographs of the annealed 42CrMo4 steel during ratcheting deformation 

with different applied stress (a) thick strips, (b) discrete incipient walls (m = 40 MPa, a = 

360 MPa), (c) organized dislocation walls, and (d) dislocation walls with incipient cells (m = 

100 MPa, a = 420 MPa). 
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to more complicated ones such as heavy dislocation walls and cells. Figure 5.8 (d) shows the 

thick dislocation walls with tendency to form cells (incipient cells) under similar loading 

condition. However, the cells formed are not so complete. Some dislocations still exist in the 

interior zones of cells. Since dislocation wall is not a kind of stable dislocation pattern, it is 

expected that final stable dislocation pattern will consist of only dislocation cells with further 

increasing stress parameters as well as number of cycles [223]. 

The results observed in the specimens with different stress parameters represent the 

dislocation patterns and their evolution of ratcheting deformation. As the ratcheting strain 

increases with the number of cycles, dislocation multiplies in the material and accordingly, 

dislocation density progressively increases. Dislocation slip changes from planar to cross slip 

gradually, and then some complicated dislocation patterns are formed at the end of ratcheting 

deformation [223]. 

 

5.2.4 Post ratcheting tensile behaviour 

To understand the influence of plastic damage on tensile properties of the investigated 

42CrMo4 steel, a series of tensile tests for annealed and normalized samples were carried out 

on the samples which was ratcheted for 200 cycles of asymmetric fatigue loading. Typical 

engineering stress–strain diagrams obtained from the annealed samples ratcheted at constant 

level of σa with varying σm are shown in Figure 5.9 (a), whereas, Figure 5.9 (b) represents the 

same at constant σm level with varying σa. In order to understand the post ratcheting tensile 

properties in normalized condition, the similar kind of investigation were carried out and the 

results are illustrated in Figure 5.10. Further, post–ratcheting tensile tests were done for two 

typical quenched–tempered specimens. The m–a combinations for these tests were 92 MPa 

– 554 MPa and 129 MPa – 499 MPa, respectively. The typical post ratcheting tensile graphs 

of quenched-tempered condition, are illustrated in Figure 5.11.  The values of tensile 

properties of post-ratcheted specimens for annealed, normalized and quenched-tempered 

samples are listed along with those for un-ratcheted ones in Table 5.2. The results indicate 

that in general, UTS values for the ratcheted annealed samples (except for M40A390) 

reduced significantly as compared to that of the unratcheted ones. On the contrary, the 

reduction in UTS values for normalized samples were not very significant. The steel in the 

present investigation in both annealed and normalized conditions exhibited considerable 

cyclic softening during ratcheting. The reduction in UTS and increase in YS upon normalized 

samples attributed to microstructural refinement and its effect on the hardenability of steel. 
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However, the effect of prior cyclic softening was not reflected much on the post-ratcheting 

tensile properties of the normalized specimens.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.9: Characteristic stress–strain diagrams showing variations in post-ratcheting tensile 

strength of annealed specimens (a) at constant a with varying m and (b) at constant m with 

varying a.. 
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Figure 5.10: Characteristic stress–strain diagrams showing variations in post-ratcheting 

tensile strength of normalized specimens (a) at constant a with varying m and (b) at 

constant m with varying a. 
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Figure 5.11: Characteristic stress–strain diagram showing the typical results of post-

ratcheting tensile strength of quenched-tempered specimens. 

 

The typical results show that, UTS and YS values for the ratcheted quenched-tempered 

samples reduced while TE increased significantly as compared to that of the unratcheted 

ones. Therefore, it is attributed to the presence of lath martensite and bainite, high density of 

dislocation is the responsible for high strength and ductility in quenched -tempered samples 

as compared to the normalized samples [196, 226].  

Representative plot showing the variations of strain hardening rate (d/d) with true strain () 

during post-ratcheting tensile tests along with unratcheted samples is shown in Figure 5.12 

(a) for both the annealed, normalized and quenched-tempered samples (prior ratcheted at max 

of 70% of UTS). The values of strain hardening exponent (n) for the same post ratcheting 

tensile tests were calculated as well and shown in Figure 5.12 (b).   

 

 

 

 

 

 



Chapter 5: Ratcheting Fatigue Behaviour of 42CrMo4 Steel 

81 

 

Table 5.2: Tensile properties of the specimens subjected to 200 cycles of ratcheting 

deformation in annealed, normalized conditions and typical results of quenched-tempered 

conditions 

 

 

 

 

 

Specimen Loading 

condition 

Tensile 

strength 

(UTS) / 

MPa 

Yield 

strength 

(YS) / 

MPa 

Uniform 

elongation /  

% 

Total 

elongation / 

% 

Annealed  Unratcheted 650 387 15.56 26.40 

M40A360 626 418 15.24 27.39 

M40A390 647 456 14.63 25.50 

M40A420 636 488 15.14 28.67 

M70A360 629 585 9.720 22.79 

M70A390 639 513 13.13 26.13 

M70A420 634 554 11.52 22.20 

M100A360 620 529 12.52 22.62 

M100A390 624 558 11.93 24.75 

M100A420 639 571 8.713 17.46 

Normalized Unratcheted 897 704 9.130 17.34 

M55A480 891 660 12.44 27.52 

M55A533 902 713 12.27 24.17 

M55A587 889 752 12.99 26.69 

M90A480 894 709 13.10 28.90 

M90A533 885 718 14.90 30.80 

M90A587 887 758 11.81 27.80 

M125A480 892 723 11.76 24.89 

M125A533 896 745 13.02 27.91 

M125A587 891 790 11.58 25.29 

Quenched-

tempered 

Unratcheted 950 843 6.74 19.10 

M92A554 875 743 17.49 42.13 

M129A499 910 803 17.25 29.46 
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Figure 5.12: Representative variations of (a) strain hardening rate with true strain and (b) 

strain hardening exponent during post-ratcheting tensile tests along with unratcheted samples 

for annealed, normalized and quenched-tempered samples. 
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It is obvious that the values of d/d and n for the annealed sample were decreased compared 

to the unratcheted annealed one owing to the cyclic softening behaviour. Thus, the relatively 

higher strain hardening during post-ratcheting tensile tests of the normalized samples 

significantly compensated the cyclic softening from the ratcheting tests resulting negligible 

reduction in UTS values. 

 

5.2.5 Tensile fracture surface analysis 

Typical fracture surfaces of the broken tensile specimens of annealed and normalized 

conditions (unratcheted and ratcheted) are illustrated in Figure 5.13 and 5.14 respectively. All 

the fractographs revealed dimple morphology. The fracture surface of the unratcheted 

annealed specimen (Figure 5.13 (a)) indicates bimodal distribution of dimples with the 

presence of large voids near an inclusion. The dimple morphology became uniform for the 

ratcheted sample with either lowering or similar values of % total elongation. On the other 

hand, for normalized samples the % total elongation values increased considerably after the 

ratcheting deformation. Increased post-necking (non-uniform) elongation was responsible for 

the increase in total elongation of the ratcheted normalized specimens. This phenomenon of 

increased post-necking elongation can be clearly understood from preferential growth of few 

microvoids (marked) observed in Figure 5.14 (b). Similar observations were also reported by 

earlier investigators [133]. 

 

5.2.6 Evaluation of grain size in deformed specimens 

To understand the influence of plastic damage on the microstructural variation of the 

investigated 42CrMo4 steel, a series of fatigue tested samples were characterized by optical 

microscopy. Typical optical microstructures of the deformed specimens for both annealed 

and normalized conditions are shown in Figure 5.15 (a) and (b), respectively. 

 

 

 

 

 



Chapter 5: Ratcheting Fatigue Behaviour of 42CrMo4 Steel 

84 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.13: Tensile fracture surface of (a) unratcheted annealed and (b) ratcheted annealed 

specimens. An inclusion is shown in the marked region. The ratcheting deformation of the 

samples was done at a maximum stress of 80% of UTS. 
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Figure 5.14: Tensile fracture surface of (a) unratcheted normalized and (b) ratcheted 

normalized specimens. A preferential void growth is shown in the marked region. The 

ratcheting deformation of the samples was done at a maximum stress of 80% of UTS 
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Figure 5.15: Microstructures of the deformed conditions for (a) annealed and (b) normalized 

specimens. 
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These microstructures are with compared the microstructure of undeformed specimens from 

Figure 4.1 (a) and (b) of Chapter 4. It can be seen that the grain sizes decreased after fatigue 

deformation for both annealed and normalized samples. The average grain sizes decreased 

from 20.66 ± 0.83 μm (undeformed) to 17.09 ± 0.70 μm (deformed) for annealed and from 

8.69 ± 0.60 (undeformed) to 6.06 ± 0.50 μm (deformed) for normalized samples. Apparently, 

it can be said that the difference in grain size after deformation is not very significant. 

However, considering the relatively lower value of standard deviation of the grain sizes there 

is difference in grain sizes between the undeformed and deformed samples in both conditions.  

Further, it can be stated that the decrease in grain size is also dependent on the applied stress 

parameters or ratcheting strain; with increasing stress parameter or ratcheting strain the grain 

size decreases gradually. Thus, it is evident from all the measured grain sizes that decrease in 

grain size may be up to 17.27 % and 30.26 % for annealed and normalized specimens, 

respectively. Lorenzo and Laird were proposed that the ratcheting fatigue deformation 

predominantly occurs by successive generation and break down of dislocation cells during 

the course of cyclic loading [227]. This break down of dislocation cells produce localized 

regions of high uniform dislocation density. On subsequent cycling, new dislocation cells 

form from this dense dislocation regions. Thus, ratcheting strain proceeds cycle by cycle. The 

cell formation during ratcheting deformation was observed experimentally by several 

researchers as well [224, 225]. In this investigation, as it was observed that the grain size 

reduced during fatigue, it can be postulated that recrystallization took place during 

deformation (by means of dislocation distribution). The newly recrystallized grains which 

were observed very near to the central gauge portion of the specimen were smaller, compared 

to the grain sizes of the undeformed material. Away from this region, grain size was 

unaltered. Thus, variation in grain size during fatigue was localized in nature, in the 

investigated steel. 

5.3 Summary 

In this investigation, ratcheting behaviour of the 42CrMo4 steel was studied using different 

combinations of mean stresses and stress amplitudes in three different heat treatment 

conditions. The experimental results and their pertinent discussion lead to infer the following 

conclusions: 

1. Accumulation of ratcheting strain increases with increasing number of cycles for all 

adopted combinations of m and a in all annealed, normalized and quenched-
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tempered conditions. Increase in accumulation of ratcheting strain is attributed to the 

increased remnant dislocation density.  

2. The accumulation of ratcheting strain in quenched-tempered normalized conditions 

are less as compared to annealed one. Overall, the strain accumulation of annealed, 

normalized and quenched-tempered conditions varies from 0.85 to 7.5 %, 0.14 to 0.78 

% and 0.01 to 0.46 % for minimum to maximum stress parameters, respectively. The 

phenomenon is correlated with the variation in grain sizes. With the small grain size, 

it is easier to produce dislocation sub-cells, and accordingly, sub-cells attain a stable 

configuration upon further cyclic loading. Thus, less strain gets accumulated in the 

steel with lower grain size in normalized condition. In quenched-tempered steel the 

microstructural constituents would restrict the strain accumulation; thus, helped to 

accumulate least ratcheting strain. 

3. The 42CrMo4 steel in annealed condition has shown cyclic softening feature. The 

phenomenon is explained in terms of dislocation activities during asymmetric cyclic 

loading. This kind of cyclic loading reduces the resistance to dislocation motion and 

thus, the steel undergoes cyclic softening. In contrast, the normalized steel cyclically 

hardens during initial 20 cycles followed by cyclic softening. The phenomenon may 

be attributed to the residual stress distribution in the normalized steel. Quenched-

tempered specimens exhibited an apparent cyclic softening feature due to the fact that 

cyclic loading would reduce the resistance to dislocation motion and thus cyclic 

softening took place. 

4. The average grain sizes of deformed specimens decreased from 20.66 ± 0.83 μm 

(undeformed) to 17.09 ± 0.70 μm (deformed) and from 8.69 ± 0.60 μm (undeformed) 

to 6.06 ± 0.50 μm (deformed) for annealed and normalized samples, respectively.  

5. TEM results indicate that the dislocation substructure varies from thin stripes to walls, 

then to cells, as the cyclic load was continuously increased. 

6. The post ratcheting tensile strength of annealed and normalized samples reduces 

compared to unratcheted ones. This fact may be attributed to the nature of cyclic 

softening during cyclic loading of the investigated steel. Post ratcheting tensile 

fracture surfaces show distinct variation in dimple morphology compared to the 

unratcheted specimens. 
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6.1 Introduction 

It is well known that the progressive accumulation of ratcheting strain is generally associated 

with variation of material’s internal dislocation substructure. Both dislocation pattern and 

their density change with the type of cyclic loading [224, 228-230]. This in turn controls the 

strain accumulation during the load excursions. Thus, there is a need to quantify the 

dislocation density of ratcheted specimens in order to establish the interrelation between 

dislocation density and ratcheting strain. Further, the character of dislocations in the 

substructure of the deformed material also seems to be important, as it is directly related to 

the dislocation slip as well as strain accumulation. Lorenzo and Laird [227] suggested that 

cross slip plays an important role in attainment of ratcheting strain. Dutta et al. [231] reported 

the role of dislocation character in controlling the accumulation of ratcheting strain of 

austenitic stainless steel. The dislocation density in metals is evaluated by several direct 

experimental methods, which include transmission electron microscopy (TEM), etch pit 

techniques etc. TEM analysis is the most recommended technique to quantify the dislocation 

density, but is not suitable when large numbers of samples are to be tested, as the process of 

TEM sample preparation is time consuming. Moreover, the information obtained by this 

method is from very small interaction area. For instance, in severely deformed metals where 

very high dislocation densities are found in a complex substructure, TEM is less advisable 

since counting of individual dislocations using quantitative metallographic methods becomes 

quite difficult [232]. Thus, indirect methods of estimation of dislocation density have come 

up which include X-ray and neutron diffraction profile analyses, hardness measurement etc. 

X-ray diffraction (XRD) profile analysis is a technique that estimates dislocation density 

quite satisfactorily as it reveals the average data over a relatively large area exposed to 

irradiation and thus becoming popular in the scientific community [233,234]. Moreover, 

dislocation character can also be determined using XRD technique, which is not possible by 

any other technique. 

In the present investigation, dislocation densities in the ratcheted specimens were 

assessed using X-ray diffraction profile analysis following the modified Williamson-Hall 

method [234] as well as hardness measurements following the modified Nix and Gao model 

[235]. The dislocation densities estimation using inter-relation between geometrically 

necessary dislocations and microhardness measurements were investigated. Dislocation 

density was also measured from typical TEM images in order to cross check the density 
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values obtained from the above indirect (XRD and hardness) methods. The dislocation 

character in the ratcheted specimens were also determined. Finally, correlations between 

strain produced due to ratcheting and dislocation density obtained by different methods as 

well as dislocation character were established. 

6.2 Results and discussion 

6.2.1 Quantitative estimation of dislocation density from hardness 

measurement 

It is known that unlike spherical indenters, pyramidal or conical indenters (e. g. Vickers, 

Berkovich, Knoop) produce constant strain during the process of indentation due to their 

geometric similarity. This is expected to result in constant hardness at various loads using any 

of these indenters [236]. In a practical case, however, obtained hardness values may vary 

with varying loads [236]. The dislocation densities of materials can be evaluated by several 

experimental methods. However, it is indeed important to cross check the dislocation density 

values by some other method. In last few years Nix and Gao [234], Mukhopadhyay and 

Paufler [236] reported the estimation of dislocation density by using hardness measurements. 

In this method, an interrelation between geometrically necessary dislocations and depth of 

indentation during hardness testing of crystalline materials was proposed to estimate 

dislocation density [235,236]. It is known that the measured microhardness of solids usually 

depends on the applied indentation test load [236]. This phenomenon is known as the 

indentation size effect (ISE). There are two types of ISE: (1) normal and (2) reverse ISE 

(RISE). Normal ISE usually involves a decrease in the apparent microhardness with 

increasing applied test load [237-240], while it is the opposite for the reverse ISE [241-244]. 

It is reported that the strain gradient plasticity is responsible for the ISE which in turn dictates 

the extent of the geometrically necessary dislocations. The density of the geometrically 

necessary dislocations that is proportional to the strain gradient may be considerable when 

the associated indentation size is small [236]. Mukhopadhyay and Paufler [236] reviewed the 

various possible reasons behind such ISE or RISE. Nix and Gao [235] developed a 

mechanism-based strain gradient model to rationalize the ISE. It is generally expected that 

the indentation depth varies with applied load. Further, the density of geometrically necessary 

dislocations (GND) and thereby the total dislocation density is proportional to the inverse of 

indentation depth. Thus, it is postulated that total dislocation density can be estimated from 
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the variation of hardness. Meyer proposed a power law equation to correlate the indentation 

load and the average diagonal length of an indentation. It may be expressed as [245]: 

            
nkdP =               (6.1) 

where, P is the applied load in kgf; d is the average diagonal length in mm; n is the material 

constant related to strain hardening of metal; k is the material constant expressing resistance 

to penetration. It is reported that ISE persists if n < 2 during microhardness tests.  If n > 2, the 

RISE condition prevails [246].  

In this investigation, in order to estimate the variations in the total dislocation density 

during cyclic loading, post-ratcheting hardness tests were carried out on ratcheted samples. 

Typical plots of Vickers ‘Microhardness vs. Indentation load’ for the unratcheted and 

ratcheted specimens are illustrated in Figure 6.1 (a), (b) and (c) for annealed (ratcheted at m 

= 100 MPa and a = 420 MPa), normalized (ratcheted at m = 125 MPa and a = 587 MPa) 

and quenched – tempered (ratcheted at m = 129 MPa and a = 609 MPa) conditions, 

respectively. It was noticed that microhardness decreased with increasing indentation load, 

indicating ISE for the investigated material. The ISE was further confirmed by calculating the 

value of n. Figure 6.2 (a), (b) and (c) represent the log–log plots of the ‘Indentation load vs. 

Average diagonal lengths’ of indentation. It was noticed that all the values of n for annealed, 

normalized and quenched - tempered specimens were less than 2. 

According to Nix and Gao [235], the conditions of ISE prevail by increasing the 

density of the geometrically necessary dislocations in order to accommodate the plastic strain 

gradient around the indentation. This leads to the depth dependence of hardness in the 

following form: 

h

h

H

H *
1

0
+=      (6.2) 

where, H is the hardness for a particular depth of indentation h; H0 is the hardness in 

the limit of infinite depth; ℎ∗ is the characteristic length related to the shape of the indenter 

and the tested material. The model suggests that the hardness of a material should not depend 

strongly on the depth of indentation if the material is intrinsically hard. Specifically, large 

values of H0 would cause ℎ∗ to be very small and not a constant. It depends on statically 

stored dislocations through H0 and this would cause the hardness to depend less strongly on 

depth. Nix and Gao [234] in their investigation, established only a simple model to 

substantiate the influence of GND to the depth dependence of hardness.  
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Graca et al. [232] for the first time used this model to represent the dislocation density of Ni 

using microhardness determination. To estimate the value of h*, equation 6.2 was squared in 

both sides and (H/H0)
2 vs. (1/h) was plotted for all annealed, normalized and quenched - 

tempered specimens. These graphs are shown in Figure 6.3 (a), (b) and (c), respectively. The 

magnitudes of h* were determined from the obtained slopes of these graphs. The dislocation 

density was estimated following the corrected Nix and Gao model [235], proposed by Durst 

[247]. A correction factor was introduced to the Nix and Gao model in order to accommodate 

the plastic zone formed during the indentation process [247]. The corrected equation can be 

expressed as: 

*

2tan

3

1

2

3

bhf
s


 =      (6.3) 

where, b is the Burgers vector of the dislocations; s is the density of the statistically 

stored dislocations (SSD); θ is the angle between the surface of the material and the surface 

of the indenter; f is the correction factor. In this investigation, b = 0.2485nm [11], θ = 20° and 

f = 1.9 [247] were considered. Setting these values in equation (6.3), the statistically stored 

dislocation densities were obtained, which were considered as total dislocation density by 

Graca et al. [231]. Following this method, the dislocation densities of all the ratcheted 

specimens under various stress parameters were calculated and the obtained results are listed 

in Table 6.1. It was quite clear that with increase in ratcheting strain, dislocation density of 

the specimens increased for both the annealed and normalized specimens. However, it was 

noted that the dislocation density of the normalized specimens was marginally more as those 

compared to the annealed ones. It may be inferred that, once the grain size is small, it is easy 

to produce dislocation sub-cells, accordingly sub-cells attain a stable configuration upon 

cycling [229]. Thus, high dislocation density gets in normalized condition for material with 

lower grain size.  
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Figure 6.1: Variations of microhardness with indentation load for (a) annealed, (b) 

normalized and (c) quenched – tempered condition. 
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Figure 6.2: log-log plot of average diagonal length versus indentation load for (a) annealed, 

(b) normalized and (c) quenched – tempered condition. 
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Figure 6.3: (H/H0)
2 vs. 1/h plots for (a) annealed: unratcheted and ratcheted at                                        

m = 100MPa, a = 420 MPa ,(b) normalized: unratcheted and ratcheted at m = 125MPa,            

a = 587 MPa and (c) quenched – tempered unratcheted and ratcheted at m = 129MPa,               

a = 609 MPa 
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6.2.2 Quantitative estimation of dislocation density from X-ray diffraction 

profile analysis 

The quantitative estimation of dislocation density can also be done from X-ray diffraction 

profile analyses using the modified Williamson-Hall method; significant numbers of research 

papers exist which are based on utilization of this method to estimate dislocation density in 

deformed specimens [248-250]. Broadening of the peaks in X-ray profile occurs due to the 

dislocations generated during ratcheting deformation. The modified Williamson-Hall 

equation can be expressed as: 

                          ( ) ( )221219.0 KCOKCDK +=       (6.4) 

where              

        sin2=K           (6.5)  

and 

                        ( )   2cos =K                                          (6.6) 

where θ is the diffraction angle, Δ(2θ) is full width half maximum (FWHM), λ is the 

wavelength of the X-rays, D is the average grain size, b is the magnitude of the Burgers 

vector of the dislocations and ρ is the average dislocation density. M is a constant depending 

on both the effective outer cut-off radius of dislocations and the dislocation density. The 

value of M varies in between 1 and 2 for deformed materials [251,252]. Here, the value of M 

= 2 was used for all the specimens subjected to ratcheting deformation. C is the average 

contrast factor due to strain field of dislocation and O stands for higher-order terms in 2/1CK

and hence this term is neglected in the present evaluation. The contrast factor (C) values for 

iron in <110> {111} slip system for all concerned reflection were calculated from elastic 

compliance values (C11 = 228, C12 = 132 and C44 = 116 GPa) [243] with the help of ANIZC 

program [253]. 

Figures 6.4 (a), (b) and (c) show the X-ray diffraction profiles obtained from the 

unratcheted and ratcheted specimens for all annealed, normalized and quenched - tempered 

conditions. The high intensity diffraction peaks used for the analysis were (110), (200), (211), 

and (220) corresponding to α (bcc) phase. As mentioned earlier, all the important peaks were 

further obtained using a slow scan. One representative (110) peak of the ratcheted specimen 

which was scanned at 0.2°/min is provided in Figure 6.4 (a) as an insert. The magnitudes of 

FWHM and the corresponding diffraction angles of all the peaks were obtained from such 

slowly scanned profiles and used for the subsequent analyses. 
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Figure 6.4: XRD profiles for the unratcheted and ratcheted specimens of (a) annealed, (b) 

normalized and (c) quenched- tempered conditions. One representative slow scan peak is 

inserted in the figure (a). 
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The magnitude of the Burgers vector (0.2485 nm) of the α phase were calculated from the 

respective lattice constants as well as elastic constants of the steel. The ΔK for each (hkl) 

peak was plotted as a function of KC1/2 following the modified Williamson–Hall equation and 

is shown in Figure 6.5. Figure 6.5 (a) and (b) represent for unratcheted and maximum stress 

condition of annealed specimens; whereas, Figure 6.6 (a), (b) and Figure 6.7 (a), (b) represent 

the same test conditions for normalized and quenched – tempered specimens, respectively. 

The slope () of the fitted curve is used to calculate the dislocation density from the 

following equation: 

22

22

bM


 =       (6.7) 

The estimated dislocation density values obtained from annealed, normalized and quenched – 

tempered specimens are presented in Table 6.1. It is evident from the results that the 

calculated dislocation densities for annealed and normalized specimens increased with 

increase in ratcheting strain as also obtained from the hardness method. Dutta et al. [254] and 

Kang et al. [255] discussed in their recent reports that strain accumulation due to ratcheting 

depends on dislocation formation and their redistribution. According to Lorenzo and Laird 

[230], dislocation cells form during ratcheting deformation and ratcheting strain increases by 

breakdown of cell walls that produces localized areas of high uniform dislocation density. A 

number of new dislocation cells can form from these localized high dislocation density 

regions or it may sustain as it is, forming tangles. The phenomenon is schematically shown in 

Figure 6.8. The extents of remnant dislocations increase with increasing maximum applied 

stress which is detailed in Chapter 5. On contrary, in quenched-tempered condition the 

dislocation density value of ratcheted samples reduced compared to the unratcheted one. 

From Table 6.1, it can be seen that the unratcheted specimen in quenched-tempered 

conditions possessed maximum dislocation density. During ratcheting a considerable fraction 

of stored dislocations annihilated and the percentage of annihilations was higher than that 

generated and remained in the substructure be means of ratcheting. The amount of 

accumulated strain during ratcheting (least in quenched-tempered conditions) also supports 

the proposition that generated dislocations was less in case of quenched-tempered conditions. 

Hence, the remnant dislocation density is less in case of ratcheted quenched-tempered 

specimens.  
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Figure 6.5: ΔK vs. KC1/2 plots for (a) unratcheted and (b) ratcheted at m = 100 MPa, a = 

420 MPa for annealed specimens. 
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Figure 6.6: ΔK vs. KC1/2 plots for (a) unratcheted and (b) ratcheted at m = 125 MPa, a = 

587 MPa for normalized specimens. 
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Figure 6.7: ΔK vs. KC1/2 plots for (a) unratcheted and (b) ratcheted at m = 129 MPa, a = 

609 MPa for quenched-tempered specimens. 
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Table 6.1: The average values of ratcheting strain, dislocation densities and their character 

(Hardness and XRD) of annealed, normalized and quenched-tempered conditions 

 

 

Specimen Loading 

condition 

Ratcheting 

strain (%) 

Dislocation 

density  

× 1013  

(m-2) 

(Hardness) 

Dislocation 

density 

 × 1014  

(m-2) 

(XRD) 

Edge 

dislocation 

(%) 

Screw 

dislocation 

(%) 

Annealed  Unratcheted - 0.328 0.339 9.1 90.9 

M40A360 0.420 3.123 2.161 15 85 

M40A390 0.860 3.671 2.918 39 61 

M40A420 1.890 4.173 3.225 49 51 

M70A360 1.520 4.396 2.032 21 79 

M70A390 1.900 5.738 2.128 10 90 

M70A420 4.530 6.805 6.356 24 76 

M100A360 2.460 3.188 0.721 26 74 

M100A390 3.400 3.887 2.496 35 65 

M100A420 7.500 4.278 3.851 51 49 

Normalized Unratcheted - 0.699 0.888 10 90 

M55A480 0.149 2.723 0.345 18 82 

M55A533 0.153 4.560 1.916 28 72 

M55A587 0.438 5.561 4.216 37 63 

M90A480 0.107 4.735 0.746 26 74 

M90A533 0.333 5.021 1.059 33 67 

M90A587 0.469 5.567 1.929 72 28 

M125A480 0.253 3.394 1.136 21 79 

M125A533 0.413 4.003 2.880 48 52 

M125A587 0.784 6.145 2.941 69 31 

Quenched-

tempered 

Unratcheted - 17.16 2.700 20 80 

M55A449 0.010 0.568 0.031 15 85 

M55A554 0.023 0.571 0.040 35 65 

M55A609 0.031 0.642 0.075 57 43 

M92A499 0.122 0.121 0.022 48 52 

M92A554 0.209 0.392 0.102 62 38 

M92A609 0.237 6.153 0.107 25 75 

M129A499 0.265 0.345 0.057 30 70 

M129A554 0.373 0.778 0.085 34 66 

M129A609 0.457 3.712 0.244 29 71 
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Figure 6.8: Schematics of (a) dislocation cell formation, (b) breakdown of cell walls,                       

(c) refinement and redistribution of dislocation cells and (d) formation of dislocation tangles 

 

6.2.3 Comparison of dislocation densities obtained by different methods 

The variations in dislocation densities (obtained from both XRD profile analysis and hardness 

measurement) with ratcheting strain are shown in Figure 6.9 (a), (b) and (c) for annealed, 

normalized and quenched – tempered specimens, respectively. In all cases dislocation density 

values increased with increase in stress parameters/ratcheting strain. Further, in annealed and 

normalized conditions the ratcheted specimens exhibited higher dislocation density as 

compared to the unratcheted ones. It was observed that the dislocation densities obtained by 

XRD profile analysis were one order higher than the values obtained from hardness 

measurements. On contrary, in quenched-tempered condition the dislocation density value of 

ratcheted samples reduced compared to the unratcheted one. In addition, the dislocation 

densities obtained by XRD profile analysis and hardness measurements are almost similar in 

quenched - tempered conditions.  

In order to validate the dislocation density estimated using hardness and XRD 

analysis, the dislocation density of a typical selected specimen was measured from TEM 

micrograph as provided in Figure 6.10 (a), using image analysis method. The total length of 

the available dislocations was obtained from this method. Finally, the dislocation density was 

measured from the ratio between total dislocation length and the volume of the specimen.  
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Figure 6.9: Variations of ratcheting strain and dislocation densities at various stress 

amplitudes (a) and mean stresses (m) in (a) annealed (b) normalized and (c) quenched – 

tempered conditions. 
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This analysis indicated that the dislocation density of the specimen ratcheted at m = 70 MPa 

and a = 390 MPa was 5.767 × 1013 m-2 and thus it is similar in the magnitude with the 

dislocation density values obtained from hardness method. Hence, the hardness method can 

be considered as statistically more representative to calculate the dislocation density of 

deformed specimens. The method is simpler and faster than the XRD profile analysis method 

as well. Furthermore, it can be said that measurement of dislocation density by means of 

TEM becomes difficult once the ratcheted specimens contain substructures having small thin 

strips/ dislocation walls/ cells with predominantly high localized dislocation density regions 

that may often produce complicated image contrast, as shown in Figure 6.10 (b). Thus, the 

alternative methods of dislocation density calculation are obvious to accurately estimate the 

dislocation density in ratcheted specimens.  

Kang et al. in one of their recent reports showed that the evolution of dislocation substructure 

varied with number of cycles [228,256]. Initially, low density dislocation substructure (lines, 

and pile ups) forms which eventually transforms from tangles to cells [228]. Thus, it is 

expected that the dislocation density during this evolution the progress would vary. An 

attempt was made in this investigation to understand the variations in dislocation density 

during the course of cyclic loading. In view of this, some interrupted tests were conducted 

and accordingly estimated the dislocation densities (by both hardness and XRD method) of 

the specimens. These tests were done at a particular combination of mean stress (m = 90 

MPa) and stress amplitude (a = 533 MPa) upto 50 cycles, 150 cycles and 250 cycles. The 

obtained results indicated that the dislocation density gradually increased with number of 

cycles. The obtained dislocation densities by hardness method were 1.175 × 1013 m-2, 1.880 × 

1013 m-2 and 5.548 × 1013 m-2 for 50, 150 and 250 cycles, respectively. Similarly, the 

dislocation density estimated using XRD technique were 0.336 × 1013 m-2, 3.904 × 1013 m-2 

and 1.231 × 1014 m-2 for 50, 150 and 250 cycles, respectively. Pronounced difference could 

be noticed in the dislocation density values with number of cycles. 
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Figure 6.10: TEM micrographs of the ratcheted annealed 42CrMo4 steel under applied 

stresses of (a) m = 70 MPa, a = 390 MPa and (b) m = 100 MPa, a = 420 MPa. 
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6.3 Determination of dislocation character during 

deformation 

As mentioned, earlier that the dislocation density plays an important role during ratcheting 

deformation. In association to this, it could be of well importance to know the character of 

dislocation controlling the deformation [231, 251]. Thus, in this investigation it was aimed to 

investigate the type of dislocations acting during the deformation process. Ungar et al. [257] 

reported the character of dislocations in cold-rolled copper specimen. Dutta et al. [231] 

explained the increase / decrease of edge and screw dislocations during ratcheting of stainless 

steel. 

In case of cubic crystals, the average contrast factor of dislocations could be correlated with 

the fourth-order invariant of the hkl indices as [258]: 

)])((1[ 2222222222
00 lkhlhlkkhqCC h ++++−=    (6.8) 

where C h00 is the average contrast factor corresponding to the h00 reflection.  

Once the values of  C h00 and q are known, the average contrast factor (C ) can be calculated. 

In case of screw dislocation in body centered cubic (BCC) crystal structures “q” is a function 

of elastic anisotropy Ai. Ai is defined as 2C44/(C11-C12) and it is independent of C12/C44. 

However, for edge dislocation Ai is strongly dependent on C12/C44 [258]. In order to 

determine the value of q  Ungar et al. [33] suggested that: 

                                    dcAbAaq ii ++−−= )]exp(1[                             (6.9) 

For screw dislocations in BCC crystals, the values of the constants are a = 8.3023, b = 

0.38138, c = 0.04227 and d = - 5.7193 (for Ai = 2.416). In case of edge dislocations (C12/C44 = 

1.1379), interpolation method was used to estimate the constants as:  a = 7.4563, b = 0.9141, 

c = 0.1320 and d = -5.9288. Using all these equations, the magnitude of q for screw 

dislocation (qs) and edge dislocation (qe) were estimated as 2.670 and 1.316 respectively. 

Combining equation (6.4) and (6.8) and simplifying that we get 

)1(/][ 2

00

22 qHCKK h −−      (6.10) 

where  = (D)2,  = (M2b2)/2 and H2= 
2222222222 )( lkhlhlkkh ++++ . The 

parameter q can be determined from the linear regression of the left-hand side of equation 

(6.10) versus H2 [258]. Thus, the percentages of screw and edge dislocation were determined 

from dislocation factor using the following expression: 
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                                eqssqsmeasuredq −+= )1(                                                 (6.11) 

The obtained results of dislocation characters along with the dislocation densities for 

undeformed as well as deformed specimens are summarized in Table 6.1. As reported in 

Table 6.1, the percentage of screw dislocation reduced with imposition of ratcheting strain in 

the steel. Except a few cases, percentage of screw dislocations reduced with increasing 

ratcheting strain. The fact of dissolution of screw dislocations during ratcheting is associated 

with cross slip [230]. In addition to the movement of the dislocation by glide, the screw 

dislocations of the deformed steel had cross-slip for avoiding any obstacle. With increase in 

ratcheting strain, the extent of cross-slip of screw dislocation became more. This fact resulted 

more annihilation of screw dislocations during ratcheting. As a result, the obtained screw 

dislocation densities were lower with the increase in ratcheting strain. In addition, an increase 

in the fraction of edge dislocation was noted with increasing ratcheting strain. 

 

6.4 Summary 

In this investigation, the magnitudes of dislocation density of the deformed specimens were 

estimated by hardness measurements using the modified Nix and Gao equation. Further, the 

X-ray diffraction profile analysis using the modified Williamson–Hall equation was also 

carried out in order to substantiate the suitability of both the methods to estimate the 

dislocation density. Typical dislocation density was also measured from transmission electron 

micrograph using image analysis. A correlation between the strain produced by ratcheting 

and the estimated dislocation density was established. Finally, the dislocation density values 

obtained from different methods were compared. The following conclusions can be drawn in 

the light of the present investigation:  

1. Both the hardness measurement and X-ray diffraction profile analysis were 

successfully employed to estimate the dislocation density in the investigated 

42CrMo4 steel subjected to ratcheting deformation. 

 

2. The dislocation densities of the ratcheted specimens were significantly higher than 

those estimated for the unratcheted steel, in both the heat-treated conditions. The 

extents of strain accumulation of the normalized specimens were quite low as that 

compared to the annealed specimens. However, the dislocation densities of the 

ratcheted normalized specimens were higher than the annealed specimens, in general. 
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This was attributed to the higher initial dislocation density of the normalized 

specimens. The annealed specimens, on the other hand, impose more strain during 

ratcheting deformation followed by dislocation evolution of the same order. On 

contrary, in quenched-tempered condition the dislocation density value of ratcheted 

samples reduced compared to the unratcheted one. 

 

3. The accumulation of ratcheting strain and accordingly, the dislocation density 

increased with stress amplitude at constant mean stress for both annealed and 

normalized specimens. However, the estimated values of dislocation densities by X-

ray diffraction profile analysis were one order higher than the values obtained from 

hardness method for both annealed and normalized specimens in all the investigated 

stress conditions. For example, in case of annealed steel, the dislocation density 

(estimated by hardness method) increased from 4.396 × 1013 m-2 to 6.805 × 1013 m-2 

with the increase in ratcheting strain from 1.520 % (a = 360 MPa) to 4.530 % (a = 

420 MPa). Similarly, the dislocation density estimated using XRD technique 

increased from 2.032 × 1014 m-2 to 6.356 × 1014 m-2 under similar applied stress 

conditions. Similar results were also obtained for the specimens ratcheted under 

varying mean stresses at constant stress amplitude.  

 

4. Dislocation density value obtained from the TEM image analysis was having the same 

order of magnitude with the values obtained from the hardness measurements. Hence, 

the hardness method can be considered as more accurate to estimate dislocation 

density of ratcheted specimens. 

 

5. The interrupted test indicates that the dislocation density gradually increased with 

number of cycles. The estimated dislocation density (estimated by hardness method) 

increased from 1.175 × 1013 m-2 to 5.548 × 1013 m-2 with the increase in number of 

cycles from 50 cycles to 250 cycles. Similarly, the dislocation density estimated using 

XRD technique increased from 0.336 × 1013 m-2 to 1.231 × 1014 m-2 under similar 

conditions. 

 

6. The dislocations present in the ratcheted specimens were mostly dominated by the 

screw dislocations. However, the fraction of screw dislocations reduced with 
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increasing ratcheting strain. It may be inferred that increase in extent of cross-slip 

acted to annihilate a reasonable fraction of screw dislocations during ratcheting. 
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7.1 Introduction 

It is by now understood that accumulation of ratcheting strain is very determined to the 

sustainability of components / engineering structures. Imposition of ratcheting strain can 

drastically reduce the fatigue life [259]. Thus, it is of great practical importance to estimate 

the ratcheting life of components efficiently. Researchers during past few decades devoted 

their efforts towards understanding the ratcheting behavior by estimating the ratcheting life 

[259]. Based on the experimental results, many life predicting models [260-264] were 

proposed under the stress-controlled cyclic loading with non-zero mean stress involving 

ratcheting deformation. As failure due to ratcheting is catastrophic in nature, proper 

estimation of ratcheting life is essential in designing of machine components. Many 

approaches to ratcheting life predictions were reported mainly based on the incorporation of 

mean stress effect in the Basquin Model of fatigue life estimation [265-268]. Recently, many 

different approaches were also reported to predict the fatigue life, like non-linear damage 

accumulation model [269], Root Mean Square (RMS) model [270], etc. However, still 

research is going on to develop new stress-based models to generate any improved model that 

can predict ratcheting life more efficiently. 

In this study, ratcheting life prediction was carried out for quenched – tempered condition of 

42CrMo4 steel. Ratcheting behavior of quenched and tempered 42CrMo4 steel under 

different combinations of stress parameters were carried out up to failure. The nature of 

variation of the obtained results was explained regarding stress-strain hysteresis response and 

fractographic characteristics. The ratcheting lives of the material at varying stresses were 

estimated using a few existing stress-based life prediction equations. Further, a new stress-

based life prediction model was proposed. Ratcheting life of the material was correlated with 

various existing stress – based life prediction models along with a new proposed model. 

Finally, the new proposed model was also implemented to predict ratcheting life, taking data 

from existing literature (Copper alloy: Elbrodur-NIB [265] and Inconel 718 [266]).   

7.2 Results and discussion 

7.2.1 Uniaxial ratcheting behaviour 

Uniaxial ratcheting experiments were carried out up to failure, under asymmetrical cyclic 

loading conditions. The stress parameters for ratcheting tests were varied according to the 
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ultimate tensile strength of the sample, as also mentioned earlier in Chapter 3. The ratcheting 

strain versus life fraction for mean stress of 129 MPa is given in Figure 7.1 for different stress 

amplitudes of 499 MPa, 554 MPa and 609 MPa (constant m level with varying a).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7.1: Variation of ratcheting strain versus life fraction under different stress amplitudes 

and at a constant mean stress of 129 MPa. 

 

The plots show that the magnitudes of ratcheting strain at failure increase with stress 

amplitude. The rate of straining is low at lower values of stress amplitude, while it increases 

at a = 609 MPa. The rate becomes very high towards the final failure. It was reported in 

earlier investigations that there exist three different stages (primary, secondary and tertiary) 

of strain accumulation during ratcheting; analogous to typical creep curves [271-274]. 

Although it appears that the primary stage is insignificant in these curves, and only secondary 

and tertiary stages are noticeable, an enlarged view of the primary region is presented as 

insert in Figure 7.1. It was noticed that the extent of the primary stage was very small; only 

up to 25 to 50 cycles. In final stages, the ratcheting strain attains rapidly, intensely at high 

stress level mainly leads to material failure and it is due to the progressive development of 

plastic deformation. Overall, the number of cycles to failure (Nf) decreases with increase in 
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stress amplitude at constant mean stress as summarized in Table 7.1; similar kinds of results 

were also reported by many researchers [265,266,268,275] for different material systems. 

 

Table 7.1: Ratcheting test conditions of quenched – tempered specimens along with the 

cycles to failure. 

 

In order to compare the ratcheting strain near failure of the specimens, the strain values at 

90% of the fatigue life (r
f) of the specimens were assessed and plotted with the 

corresponding stress amplitudes. Figure 7.2 represents such a plot which shows that the r
f 

increases progressively with increased m at each level of a. 

 

7.2.2 Hysteresis loops behaviour 

The hysteresis loops are the representation of stress – strain response during each cycle. 

Typical nature of shifting of hysteresis loops for the quenched and tempered 42CrMo4 steel 

Stress amplitude 

(σa) / MPa 

Mean stress 

(σm) / MPa 

Number of cycles to failure 

(Nf) 

55 

499 2499 

554 2000 

609 1348 

92 

499 1332 

554 1309 

609 660 

129 

499 1081 

554 440 

609 775 
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up to failure (ratcheted at m = 129 MPa and a = 609 MPa) is illustrated in Figure 7.3. In 

addition  

 

to the ratcheting behaviour, the cyclic softening/hardening features would also be noticed 

from these curves [276]. Broadening/narrowing of the hysteresis loops indicates that the 

material softens/hardens.  Earlier, in Chapter 5 the nature of hysteresis loop formation for 

quenched-tempered specimens were reported up to 200 cycles. Figure 7.3 shows that widths 

of the hysteresis loops increase with increasing number of cycles till failure and it is 

attributed to   

 

 

 

 

 

 

 

 

 

 

           

 

 

Figure 7.2: Variation of ratcheting strain at 0.9Nf with different stress amplitudes. 

 

cyclic softening behaviour of the material throughout the life cycle. For a better 

understanding of damage accumulated during cyclic loading, quantitative assessment of 

hysteresis loop area was done. Figure 7.4 indicates the variation of hysteresis loop energy 

with a normalised number of cycles as a function of different stress conditions. It clearly 

shows that the loop area increases with increasing number of cycles as well as stress 

parameters. The variation in loop energy follows a similar trend with the corresponding 

variation of strain accumulation at 90% of fatigue life. 
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Figure 7.3: Typical nature of hysteresis loops for the investigated steel at m=129 MPa and   

a= 609 MPa. The numbers with the loop indicate respective cycle (e.g. 774c = cycle number 

774). 

 

 

 

 

 

 

 

 

 

Figure 7.4: ‘Loop energy’ vs. ‘Life fraction’ under different stress amplitudes and at a 

constant mean stress of 129 MPa. 
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7.2.3 Fractographic analysis 

In order to analyze the fracture surface of the failed specimens, scanning electron 

microscopic studies were carried out. Failure due to ratcheting in a structural material 

originates through the formation of fatigue micro cracks, which grow and merge under 

appropriate condition to form well-developed fatigue macro cracks. Finally, these propagate 

and cause failure. As it is known, that the process of fatigue failure can be divided into 

distinct modes like crack initiation, stage I crack growth, stage II crack propagation and final 

failure or overload failure under stage III [277]. Cracks initiation and stage I growth on the 

specimen surface is shown in Fig. 7.5 (a) [278]. The cracks propagate through inter, or trans 

granular manner corresponds to the stage II at a relatively faster rate which may show 

concentric lines known as ripples or striations [279]. The crack propagates to final failure 

predominantly through distinctive crack progression marks across the fracture surface in 

stage III. All three types of failures are indicated in Figure 7.5 (a) whereas the crack 

propagation in type II is shown in 7.5 (b) and (c). Transverse cracking (marked by arrow) was 

observed in the fracture surface (Figure 7.5 (b)). Striations like features (arrowed) were also 

observed in the fracture surface, and it is illustrated in Figure 7.5 (c). The fracture surface did 

not appear to be very flat and ladder type steps formed on the surface. Finally, the overload 

failure took place with the ductile manner by forming dimples, as shown in Figure 7.5 (d). 

The dimple size distribution was bimodal in nature.   

 

7.2.4 Mean stress- based ratcheting life prediction models 

For fully reversed cyclic loading, the standard relation between the stress amplitude and 

fatigue life is given by Basquin’s equation [280]: 

                         ( )bNa f f
  =                                            (7.1) 

where a is stress amplitude, Nf indicates cycles to failure, f' and b are the fatigue strength 

coefficient and exponent, respectively. In low-cycle fatigue damage, the traditional fatigue 

life prediction approach may be adopted. It is shown that Basquin relation [280] is capable of 

correlating low-cycle fatigue life when tests are conducted under stress-controlled mode 

[263]. For ratcheting cycling with mean stress, the stress amplitude is replaced by the 

equivalent stress amplitude, a
eq, to accommodate the mean stress effect.  The Basquin’s 
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constants, f' (intercept) and b (slope) can be obtained by a best fit of the experimental results 

of symmetrical cyclic tests with varied stress amplitudes. 
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Figure 7.5: Fractographs of a fractured specimen ratcheted at m=129 MPa and a= 609 

MPa: (a) locations of crack initiation (circled), propagation and final failure, marked as 

stages, II and III, respectively; (b) Transverse cracking (arrowed) and (c) Striation features 

(arrowed) and (d) Bimodal dimple fracture due to overload. 
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Many empirical relationships between mean stress (m) and fatigue life have been developed 

in past few decades. These show effect of mean stress is significant on the fatigue life of 

structures/components. In this study, five mean stress models adopted for stress control 

conditions are considered. These are Goodman equation [281], modified Goodman equation 

[282], Smith–Watson–Topper (SWT) equation [283], Walker equation [284] and Park et al.’s 

ratcheting-modified SWT parameter [266]. These are widely accepted mean stress correction 

models under fluctuating loads as summarized below: 

Goodman equation: 

1 ( )
eq bm Na f fa

u


  



 
= + = 
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Modified Goodman equation: 
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Smith–Watson–Topper equation: 
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Walker equation: 
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In the above equations, u is the ultimate tensile strength, using equation (1) with constants of 

f' and b, the a
eq can be determined as per any of the stress-based correction models which is 

associated with Nf. R is the stress ratio (R = min/max),  is a material constant (Walker 

exponent), max and min are the maximum and minimum stresses, respectively. r
f is the 

ratcheting strain at 90% of fatigue life. It is noted that the Walker equation reduces to the 

SWT equation if the exponent  is 0.5. The value of Walker exponent varies from 0.4 to 0.8 

[285]. The Walker exponent of the current study was determined as 0.5575. In predominant 

ratcheting deformation condition, the stress-based fatigue life equations using power law 

coefficient (f') and exponent (b) are not effective. Thus, in order to show the significance of 

cyclic plasticity, the Basquin’s constants were rearranged to predict better ratcheting life. It 
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can be seen from equation 4 (SWT model) that the equivalent stress amplitude is a function 

of the ratio of m to a. However, the experimental results suggest that the accumulation of 

ratcheting strain (and thereby ratcheting life) is dependent on individual values of m and a 

and not on their ratio. If one considers the m to a ratio in evaluating the equivalent stress 

amplitude, low and high values of m and a would provide same ratcheting responses which 

are not true. Thus, there is a scope of modification of the SWT equation. Therefore, to 

improve the prediction of ratcheting life, SWT equation was tried to reanalyze. As per the 

modified SWT equation, the term ‘equivalent stress amplitude’ can be re-written as: 














−=

pl

m
a

eq

a



 1                                                        (7.7) 

where pl is the plastic flow stress and equal to the average of yield and ultimate tensile stress 

values of the material. The use of pl can be considered more authentic as it is the material 

property and hence is expected to provide better results. The equation 7 can, therefore, be re-

written as: 
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where, C is the fatigue strength coefficient and ‘n’ is the fatigue strength exponent, which is 

correlated with cyclic strain-hardening exponent n  that has been reported by Ellyin as 

follows [286]: 

  
1 5

n
n

n


= −

+
                                                                        (7.9) 

Fatigue strength exponent n varies from -0.05 to -0.15 and for most metals has an average 

value of -0.085. In the present investigation, the value of n is estimated as -0.075. The values 

of C (= 1154 MPa) and nʹ (= 0.12) were taken from the literature [287]. 

 

7.2.5 Comparison of ratcheting life prediction using different models 

In order to evaluate the effectiveness of different mean stress–based models, the stress 

amplitude versus fatigue life (Nf) for investigated steel is presented in Figure 7.6. As 

mentioned in section 7.2.4, the fatigue strength coefficient and fatigue strength exponent 

values are determined by using Basquin’s equation. The magnitudes of these constants were 

assessed from the obtained intercept and slope of the graph. The fatigue strength coefficient 

and fatigue  
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Figure 7.6: ‘Stress amplitude’ vs. ‘Fatigue life (Nf)’ for the investigated steel to determine 

the Basquin’s coefficient for 42CrMo4 steel. 

 

strength exponent values were considered as 824.67 and -0.0702, respectively. The estimated 

Basquin’s constant values were further used for calculating equivalent stress amplitudes 

related to different mean stress–based models. The equivalent stress amplitude versus fatigue 

life data of the 42CrMo4 steel is plotted in Figure 7.7 (a) to (e) for five different mean stress 

models viz. Goodman, modified Goodman, SWT, Walker and Park et al. models, 

respectively. These figures indicate that the predicted curves stayed below the experimental 

values, for all the cases. A few data points however, were close to the predicted curve drawn 

by using the Park et al. model. Although all the existing models were significantly utilized for 

life prediction of other materials, none of these models could predict ratcheting life of the 

investigated material  

satisfactorily. Therefore, to improve further the response of mean stress on the prediction of 

ratcheting life, a new model (Equation 7.8) was proposed incorporating modification in the 

existing SWT equation as mentioned in section 7.2.4. The predicted life plot along the range 

of acceptance based on the new proposed model is presented in Figure 7.8 for the 

investigated 42CrMo4 steel. It can be seen that the proposed model can satisfactorily predict 

ratcheting fatigue life; all the experimental data points fall within the life factor 1. 
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Figure 7.7: Fatigue life prediction of the 42CrMo4 steel using different existing stress – 

based models: (a) Goodman (b) Modified Goodman (c) Smith–Watson–Topper (SWT) (d) 

Walker and (e) Park’s equations. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7.8: Fatigue life prediction by proposed mean stress – based model for 42CrMo4 

steel. 
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Also, the proposed model seems to be relatively good not only for the investigated material 

but also for few other materials like Copper alloy Elbrodur-NIB and Inconel 718, as 

represented in Figure 7.9 (a) and (b).  The accuracy of the life prediction results obtained 

using the new proposed model is obviously improved.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7.9: Fatigue life prediction by the proposed mean stress – based model for different 

materials (a) Copper alloy: Elbrodur-NIB [279] and (b) Inconel 718 [280]. 
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7.3 Conclusions 

In this investigation, a series of ratcheting tests on quenched - tempered 42CrMo4 steel with 

different stress parameters were conducted till failure. Ratcheting lives were tried to predict 

using some existing stress-based life prediction models. Finally, a new life prediction model 

was proposed. The obtained results and their pertinent discussion led to infer the followings:  

• Ratcheting strain monotonically increased with mean stress / stress amplitude. The 

steel exhibited an apparent cyclic softening feature due to the fact that cyclic loading 

would reduce the resistance to dislocation motion and thus cyclic softening took 

place. The ratcheting strain at failure increased as stress amplitude/mean stress 

increased, and reduced the fatigue life. 

• The experimental fatigue lives were correlated with existing mean stress models of 

Goodman [281], modified Goodman [282], Smith–Watson– Topper (SWT) [283], 

Walker [284] and Park et al. [266]. All such models indicated unsatisfied predictions 

of fatigue lives for the 42CrMo4 steel, in quenched-tempered condition.  

• A new stress-based life prediction model was proposed. Ratcheting life of the material 

was correlated with various existing stress – based life prediction models along with a 

new proposed model. The newly proposed stress-based model could predict ratcheting 

life efficiently in the life range of 102-104 cycles with a life factor of 1.  

• The proposed model was also appropriatly predicted ratcheting lives for some existing 

results on Elbrodur-NIB [265] and Inconel 718 [266] with a life factor of 1.  
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8.1 General conclusions 

The major conclusions emerging from the current investigation listed at the end of Chapters 3 

to 7 are reviewed in this chapter. The purpose is to highlight the new findings and to bring 

forth the significance of the work towards enhancing the current level of understanding 

related to microstructural variation, ratcheting behaviour, its related substructural features, 

ratcheting life prediction of 42crMo4 steel. In addition to this, the experience gained from the 

present work has been used to indicate some of the future directions of research. To begin 

this chapter, a brief recapitulation of the current problem is presented.   

 

Ratcheting is known as the phenomenon of strain accumulation during asymmetric 

cyclic loading of metallic materials under application of non-zero mean stress at different 

stress amplitudes. This phenomenon is of considerable importance for the purpose of design 

and safety assessment of engineering components, as this event causes degradation of fatigue 

life of structural components, and consequently limits the predictive capability of the well-

known Coffin-Manson relation. The existing investigations regarding ratcheting behaviour of 

materials primarily encompass mechanistic approach of the phenomenon with limited efforts 

to understand its underlying micro mechanism through substructural variations. Since 

ratcheting deformation is known to be governed by the mobility of dislocations in metallic 

materials, it is hypothesized that substructural variations should lead to different ratcheting 

behaviour. The major thrust of this investigation is towards examination of the above-said 

hypothesis. It must be noted here that all ratcheting experiments carried out under this 

investigation, are engineering stress-controlled tests. 

 

The selected material was first characterized for its chemical composition, 

microstructure, hardness and mechanical properties. The tensile properties (yield strength, 

tensile strength, %elongation and strain hardening exponent) of the investigated material is in 

good agreement with the reported results on similar material; these examinations thus 

indicate that any assessment of critical properties (e.g. ratcheting strain) would not be 

affected by any abnormality of the materials. 

 

The ratcheting experiments were conducted on the investigated 42CrMo4 steel under 

three different heat treatment conditions viz. annealing, normalizing and quenching – 

tempering. The results obtained from the ratcheting experiments indicated in general that 
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higher the magnitude of stress amplitude at any constant mean stress, higher is the 

accumulation of ratcheting strain, in all the adopted stress conditions. The observed increase 

in strain accumulation was correlated with increased cyclic damage as well as with increased 

dislocation density in the ratcheted samples. Annealed and normalized specimens were 

ratcheted up to 200 cycles, whereas the quenched – tempered specimens were ratcheted up to 

failure. It was noticed that fatigue life (Nf) decreased with increased accumulation of 

ratcheting strain (εr
f) for the quenched – tempered specimens.  

 

The accumulation of ratcheting strain in quenched-tempered and normalized 

specimens were less as compared to the annealed specimens. Overall, the strain accumulation 

of annealed, normalized and quenched-tempered specimens varied from 0.85 to 7.5 %, 0.14 

to 0.78 % and 0.01 to 0.46 % for minimum to maximum stress parameters, respectively. The 

normalized specimens accumulated lower strain than the annealed ones owing to the fact that 

with the small grain sizes, dislocation sub-cells would produce easily and accordingly, 

attained a stable configuration upon further cyclic loading. On the other hand, in case of 

quenched-tempered steel, the microstructural constituents would restrict the strain 

accumulation which lead to accumulate least ratcheting strain. 

 

The ratcheted annealed specimens showed cyclic softening feature. The phenomenon 

is explained in terms of dislocation activities during asymmetric cyclic loading. This kind of 

cyclic loading reduces the resistance to dislocation motion and thus, the steel undergoes 

cyclic softening. In contrast, the normalized steel cyclically hardened up to initial 20 cycles 

followed by which cyclic softening took place. The phenomenon may be attributed to the 

residual stress distribution in the normalized steel. Quenched-tempered specimens exhibited 

an apparent cyclic softening feature. The post ratcheting tensile strength of annealed and 

normalized samples reduced compared to the unratcheted ones. This fact may be attributed to 

the nature of cyclic softening during cyclic loading of the investigated steel. Post ratcheting 

tensile fracture surfaces showed distinct variation in dimple morphology compared to the 

unratcheted specimens. TEM results indicated that the dislocation substructure varied from 

thin stripes to walls, then to cells, as the cyclic load was continuously increased.  

 

The substructural variation during deformation induced different extents of 

dislocations densities in the specimens. The accumulation of ratcheting strain and 

accordingly, the dislocation density increased with stress amplitude at constant mean stress 
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for all annealed, normalized and quenched-tempered specimens. For example, in case of 

annealed steel, the dislocation density (estimated by hardness method) increased from 4.396 

× 1013 m-2 to 6.805 × 1013 m-2 with the increase in ratcheting strain from 1.520 % (a = 360 

MPa) to 4.530 % (a = 420 MPa). Similarly, the dislocation density estimated using XRD 

technique increased from 2.032 × 1014 m-2 to 6.356 × 1014 m-2 under similar applied stress 

conditions. Similar results were also obtained for the all heat-treated specimens ratcheted 

under varying mean stresses at constant stress amplitude.  

 

However, the dislocation density of the ratcheted quenched – tempered specimens 

reduced in comparison to the unratcheted steel. It was postulated that considerable fraction of 

initial dislocation annihilated with less production of new dislocations in quenched – 

tempered specimens. The fact was correlated with least accumulated ratcheting strain in 

quenched – tempered specimens. Dislocation density value obtained from the TEM image 

analysis was having the same order of magnitude with the values obtained from the hardness 

measurements. Hence, the hardness method can be considered as more accurate to estimate 

dislocation density of ratcheted specimens. Further analyses of the XRD profiles indicated 

that the dislocations present in the ratcheted specimens were mostly dominated by screw 

dislocations. However, it was noticed that with increasing ratcheting strain the fraction of 

screw dislocations reduced. During ratcheting, dislocation cells form (as evidenced from 

TEM results) which on subsequent cycling may break or reconstitute. Cross-slip promoted 

this phenomenon while also acted to annihilate a reasonable fraction of screw dislocations 

during ratcheting. 

 

The experimental fatigue lives were correlated with existing mean stress models of 

Goodman, modified Goodman, Smith–Watson– Topper (SWT), Walker and Park et al. All 

such models indicated unsatisfied predictions of fatigue lives for the 42CrMo4 steel, in 

quenched – tempered condition. The newly proposed stress-based model could predict 

ratcheting fatigue life efficiently in the life range of 102-104 cycles with a life factor of 1. The 

proposed model was also appropriately predicted ratcheting lives for some existing results on 

Elbrodur-NIB and Inconel 718 with a life factor of 1.  
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8.2 Scope for future research 

The present study has widened the horizons of knowledge in the area of ratcheting behaviour 

of the 42CrMo4 steel, and the findings are expected to provide inspiration for further research 

for better life prediction of structural components subjected to cyclic loading. A number of 

directions for future research can be suggested from the experience gained in the present 

work: 

• A systematic study about the role of different volume fractions of bainite, hierarchical 

martensitic microstructure with different structural units of varying length scales 

(laths, sub-blocks, blocks and packets) on the ratcheting deformation behaviour of 

42CrMo4 steel can be carried out by the future researchers.  

• Substructural features and microstructural alterations during ratcheting of materials 

needs to be examined (through transmission electron microscopy) in future studies for 

suitable quantitative explanation/modelling of this phenomenon. Specially, it is 

indeed important to quantify the variations in dislocation cell size, cell wall thickness 

as a result of ratcheting. The possible changes in lath structures of the quenched-

tempered steel also to be studied carefully. 

• In this investigation, the proposed ratcheting-life estimation model was implemented 

only to the quenched-tempered condition. However, it would be interesting to 

examine the applicability of the model in predicting ratcheting life of the steel in 

annealed and normalized conditions.  

• Gradual change of dislocation character during the cyclic loading operation in detail 

should be investigated by arranging interrupted ratcheting tests. 

• Theoretical studies specifically modelling of ratcheting behaviour of materials 

incorporating substructural features would be an interesting direction of future 

research.  
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