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Abstract 

Fatigue cracks in bearings either initiate from the surface or from an inclusion below the rolling 

contact surface. Then, short cracks start to propagate. Short crack grow at considerably faster 

rates than long cracks subjected to a nominally equivalent stress intensity factor range. One of the 

explanations for the difference in growth behaviour between short and long cracks is the 

development of plastic deformation at the advancing crack tip. In order to investigate this effect, 

the analysis of short crack propagation at bearing loads requires understanding of the 

fundamental material behaviour. This thesis presents the material characterisation of a bainitic 

high strength bearing steel, where the yield stress in tension was lower than in compression. This 

phenomenon is called strength differential effect (SDE). The work studies the influence of the 

SDE on the cyclic plastic properties, the elastic behaviour of the material, low temperature creep. 

These mechanical properties are quantified and modelled using continuum models. 

Paper A focused on the characterisation of the SDE which was modelled using a Drucker-Prager 

yield surface and a non-associated flow rule. The cyclic mechanical properties were quantified 

and modelled using combined non-linear hardening.  

In paper B the elastic behaviour of the material was studied; the material showed non-linear 

elastic behaviour in uniaxial tension and compression. The elastic modulus was higher in 

compression than in tension at high stress levels. On the other hand, the cyclic torsion 

experiments showed that the stress-strain elastic relation in shear was linear. A non-linear elastic 

model was proposed. 

Low temperature creep was studied in Paper C, where the creep strains were quantified in tension 

and compression. The material showed higher creep strains in tension than in compression for 

the same stress level and the influence of the SDE in low temperature creep was analysed.  

The short crack growth in the bainitic steel was analysed through simulations in Paper D. The 

material model described in Paper A was implemented in a material subroutine. The simulations 

captured the development of plastic strains as the short crack becomes long. The material model 

could qualitatively describe the experiment results, where the change in rate as the crack 

advanced from short to long was ascribed to the growing plastic zone ahead of the crack tip.  



 

 

 

  



 

 

 

Sammanfattning  

Utmattningssprickor i rullager uppstår antingen från en skada vid ytan eller från en inneslutning 

under rullkontaktytan. Därefter börjar korta sprickorna växa. En kort spricka propagerar med 

hastigheter som är betydligt snabbare än långa sprickor utsatta för ett nominellt ekvivalent 

spänningsintensitetsfaktoromfång. En förklaring till skillnaden i tillväxtbeteende är utvecklingen 

av plastisk deformation vid sprickspetsen. För att undersöka denna effekt vid analys av kort 

spricktillväxt på lagerbelastningar krävs förståelse av materialbeteendet. Den här avhandlingen 

presenterar materialkarakterisering av ett bainitisk höghållfast stål. Sträckgränsen i drag var lägre 

än i tryck, detta fenomen kallas SDE (Strength Differential Effect). Studien undersöker påverkan 

av SDE på cykliska plastiska egenskaper, materialets elastiska beteende samt krypning vid låg 

temperatur. Dessa mekaniska egenskaper kvantifieras och modelleras med hjälp av olika material 

modeller. 

Artikel A fokuserade på karakteriseringen av SDE som modellerades med hjälp av en flytyta 

enligt Drucker-Prager och en icke-associerad flytlag. De cykliska mekaniska egenskaperna 

kvantifierades och modellerades med kombinerat olinjärt hårdnande.  

I artikel B studerades materialets elastiska beteende. Materialet uppvisade ett icke-linjärt elastiskt 

beteende vid enaxligt drag och tryck. De cykliska vridproven visade att relationen mellan elastiska 

töjningar och spänningar vid vrid var linjär. En icke-linjär elastisk materialmodell utreddes. 

Krypning vid låg temperatur studerades i Artikel C, kryptöjningar kvantifierades i drag och tryck. 

Materialet visade högre kryptöjningar i drag än i tryck för samma spänningsnivå och påverkan av 

SDE i krypning vid låg temperatur analyserades.   

Korta spricktillväxtsimuleringar utfördes i Artikel D, där materialmodellen som beskrivs i Artikel 

A implementerades i en materialsubrutin. Simuleringarna visade utvecklingen av plastiska 

töjningar som bildas när en kort spricka blir lång. Materialmodellen kunde kvalitativt beskriva 

experimentet, där skillnaden i tillväxtbeteende mellan kort och lång spricka orsakades av den 

växande plastiska zonen framför sprickspetsen.  
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Introduction  

The research in this thesis contains both experimental and numerical work on the material 

characterisation of a roller bearing high strength steel. The research is presented in detail in the 

appended papers. The purpose was to improve the understanding of the material behaviour of 

the 100CrMnMo8 high strength steel and to describe it in detail using existent material models. 

The experiments also defined the parameters needed for such characterisation. 

This introduction gives a general overview of the background in order to place the research in a 

wider context. The topics presented are related either to the experimental observations or to the 

modelling performed in this thesis. They are presented together with some highlights of the 

findings extracted from the papers.  

Background 

Bearings are highly engineered, precision-made machine elements that enable relative movement 

between machine components with minimum friction. They carry high loads with ease and 

efficiency and must be able to offer high precision, reliability and durability. The application 

range of bearings extends from automobiles, airplanes, watercrafts, construction equipment and 

machine tools to computers, DVD players, refrigerators etc. There are many types of bearings, 

each used for different purposes. These include ball bearings, roller bearings, ball thrust bearings, 

roller thrust bearings and tapered roller thrust bearings. Because different applications require 

bearings to handle diverse specifications, the differences between types of bearings concern load 

type and ability to handle weight. Ball bearings are extremely common since they can handle both 

radial and thrust loads, but can only handle a small amount of weight. Roller bearings use 

cylinders instead of balls and have a greater load bearing capacity because of the greater contact 

between the rolling element and the rings.  

As a bearing may have to sustain severe static and cyclic loads while serving reliably in difficult 

environments, steels are well-suited materials in this context. There are two categories of steels 

http://en.wikipedia.org/wiki/Machine_element
http://www.thomasnet.com/products/ball-bearings-3740800-1.html
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which find application in the majority of bearings according to Bhadeshia (2012); those which are 

hardened throughout their sections into a martensitic or bainitic condition, and others which 

have soft cores but tenacious surface layers introduced using processes such as case or induction 

hardening. Detailed information about these transformations can be found in Bhadeshia (1997) 

and Bhadeshia (2001). 

Incorrect fitting, corrosion, inadequate lubrication, etc. can lead to early failure of the bearings 

and therefore the bearing companies offer advice and recommendations. However, even well 

maintained bearings may eventually fail by fatigue of the contacting surfaces, see Hoo (1982). A 

failure mode which is widely accepted consists of subsurface crack nucleation at a pre-existing 

defect (see Figure 1a) in the region of the highest shear stress beneath a contact zone followed by 

propagation of the crack to eventually form a pit in the surface (see Figure 1b). In order to 

perform a detailed analysis of crack propagation at bearing loads, it is required to understand the 

fundamental material behaviour.  

 

(a) 

  

(b) 

Figure 1. a) Butterfly crack initiated from a sub-surface inclusion due to rolling contact fatigue 

(courtesy of SKF ERC). b) Spalling of bearing raceway due to rolling contact fatigue (courtesy of 

SKF ERC). 

The thesis focuses on the material characterisation of a hardened high strength roller bearing 

steel. The material was a bainitic 100CrMnMo8 high strength steel. The 100CrMnMo8 steel 

quenched and tempered to martensitic microstructure was used for some experiments in a 

comparative manner. In these steels the flow stress is larger in uniaxial compression than in 

uniaxial tension, the phenomenon is called strength differential effect (SDE). The work was 

intended to investigate the influence of the SDE on the elastic (Paper B), cyclic (Paper A) and 
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low temperature creep properties (Paper C) as well as its effect on short crack growth (Paper 

D). These subjects will be introduced as follows together with some highlights of the 

contribution of the present thesis.  

Metallurgical structures of steels: bainite and martensite  

This thesis studies the mechanical properties of a bainitic high strength steel. In Paper A – C 

experiments were performed in a bainitic 100CrMnMo8 steel. The same material heated to a 

martensitic microstructure was used for comparison experiments in Paper A and Paper C. 

Although the purpose of this thesis was not to deepen into the crystallographic descriptions of 

these steels, a short introduction on bainite and martensite microstructures will be provided 

below. 

The metallurgical structure has a significant effect on the strength of steels. For steel with a 

certain chemical composition the metallurgical structure can be altered through using different 

cooling temperatures. The phase transformations in steels from the austenitic structure to the 

product crystal structure can be divided in two groups according to Bhadeshia (1997): 

reconstructive transformations and displacive transformations.  

The reconstructive transformations are diffusional transformations where the parent crystal 

structure (austenite) breaks all the bonds and rearrange the atoms into different patterns. The 

rearrangement requires diffusion. Also, there may be a composition change in the material due to 

the diffusion of atoms. On the other hand, the term displacive means that the crystal structure 

change is caused by displacements. In these transformations, the austenite transforms into 

another crystallographic structure with help of deformation. There is no diffusion of atoms. The 

deformation will change the parent crystals structure into the product crystal structure.  

Perlite is a microstructure which is formed by a reconstructive transformation of austenite. 

Pearlite is composed of two phases: cementite and ferrite. The cementite, Fe3C, is mechanically 

hard and brittle and the ferrite, pure iron with a body-centered cubic (B.C.C) crystal structure, is a 

very soft and ductile phase. The microstructure consists of grains and each grain consists of a by-

crystal of ferrite and cementite interpenetrating each other in form of lamellae.  

Two common microstructures that are found in bearing steels are bainite (Figure 2a) and 

martensite (Figure 2b). The two microstructures share many aspects of their transformation 

mechanisms.  

http://en.wikipedia.org/wiki/Body-centered_cubic
http://en.wikipedia.org/wiki/B.C.C
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(a) 

 

(b) 

Figure 2. SEM images of some metallurgical structures: a) bainite (courtesy of SKF ERC) and b) 

martensite tempered at 180 °C (courtesy of SKF ERC). 

When the quenching rate is rapid enough to prevent rapid diffusion FCC (Face Centered Cubic) 

austenite experiences displacive transformation to become a BCT (Body Centered Tetragonal) 

martensite. All the carbon atoms remain as interstitial impurities in martensite making dislocation 

motion more difficult. The difficulty for dislocations to move makes the material hard but brittle. 

Therefore, martensite is usually tempered to allow the carbon impurities to diffuse.  

The bainitic structure was first studied by Davenport and Bain (1930) when investigating the 

isothermal decomposition of austenite at temperatures above at which martensite first forms. 

They believed that bainite formed in a similar manner as martenisite although it seemed to be 

tempered and the carbon was precipitated. The bainitic structure it is composed of cementite and 

ferrite (B.C.C) as perlite. There are two bainitic structures: the upper bainite, which is formed at 

high temperatures and consists of fine plates of ferrite that usually are separated by boundaries or 

cementite particles; and the lower bainite, which is formed at lower temperatures, the cementite 

particles precipitate inside the plates of ferrite. According to Durand-Charre (2003) there are two 

major schools of thought, corresponding to if bainitic transformation is a displacive or 

reconstructive. Bhadeshia (1997) describes that the bainitic transformation is displacive but 

asserts that there is carbon diffusion during the transformation. For upper bainite, there would be 

carbon diffusion into the austenite when the plate nucleates. While for the lower bainite there 

would be a combination of precipitation of some carbides in the ferrite plate (the cooling 

temperature is lower the carbides are trapped in the ferrite and precipitate into cementite inside 

the ferritic plate) and diffusion of the carbon into the austenite.  

http://en.wikipedia.org/wiki/B.C.C
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A common feature of the bainitic and martensitic microstructures is that the structure within an 

prior austenitic grain consist of thin plates which are confined within the prior austenitic grain in 

which they nucleate. Bainite plates are sometimes called “sub-units” because they grow in clusters 

called sheaves. Since the plate growth is stopped by the prior austenite grain boundaries in 

martensitic and bainitic steels, these regions of atomic disorder are susceptible to the segregation 

of impurity atoms.  

The strength differential effect 

For the most common (low strength) ductile structural metals and alloys, the SDE is negligible in 

the range of hydrostatic pressure of plus or minus the yield strength (see Bridgman (1952)). 

Previous studies that mainly focused on high strength steels showed the following facts about the 

SDE. 

Rauch and Leslie (1972) found that the effect exists in martensitic and bainitic and 

Widmanstätten ferrite-pearlite microstructures. The observed SDE was higher for martenisite 

than for bainite. They found that for a AISI 4320 as quenched steel, the SDE increased as the 

test temperature decreased from 298 K to 77 K. Chait (1973) studied the effect of temperature 

on the SDE for several high strength steels and found similar results.  

Spitzig and Richmond (1984) showed that SDE was plastic strain dependent while Chait (1972) 

showed that the SDE remained essentially constant over a considerable range of plastic strain for 

all materials tested (quenched and tempered 4340, H-11, 410 martensitic stainless steel and an 

aged 300-grade 18 Ni maraging). In the study of Singh et al. (2000) for four different commercial 

steels it is observed that the SDE values appear to be independent of plastic strains. 

Rauch and Leslie (1972) concluded that the SDE is best studied with tension and compression 

specimens of the same configuration to ensure identical structures and residual stresses. They 

found size effects in their measures and for assuring that the same structure was present in both 

tension/compression a tension-compression specimen was designed. Spitzig et al. (1975 and 

1976) and Spitzig and Richmond (1984) used identical preparation techniques for their specimens 

to eliminate these contributions (from differences in the amounts of swaging and machining) on 

the flow stresses; their compression and tension specimens had the same diameter. They also 

compared the results obtained from tension and compression specimens with the results 

obtained from tension-compression specimens designed by Rauch and Leslie (1972), to 

substantiate that the specimens were not influenced by their geometry (Spitzig et al. (1975)). 
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The SDE in the bainitic and martensitic hardened steels was studied in Paper A. Figure 3 shows 

the SDE for the bainitic and martensitic steel. The experiments showed: 

 The steel heat treated to bainitic condition showed lower SDE than the steel with 

martensitic microstructure which agreed with the literature.  

 The SDE in bainite was not influenced by the testing temperature between RT and 150 

°C. 

 The SDE in bainite was independent of the plastic strains. 

 The SDE in martensite was plastic strain dependent. Observe that martensite contained 

10-15% of retained austenite. 

 No size effects were found in the materials.  

 

Figure 3. Monotonic experiments in bainitic and martensitic 100CrMnMo8. (Paper A) 

Explanations of the SDE 

The explanation why materials show a SDE is not clear. Hirth and Cohen (1970) and Bhadeshia 

(2001) discussed these explanations and hypothesis of what might cause the SDE: 

Microcrack Hypothesis: The internal cracking that is due to the hardening and quenching of 

high-carbon steels could be more sensitive to tensile strength than to compressive strength. 

However, ultrafine-grained martensitic steels, having enhanced fracture toughness, are quite 

resistant to microcracking and but exhibit a SDE, according to Hirth and Cohen (1970).  
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Residual-Stress Hypothesis: Residual stresses arising from both volume expansion of the 

martensitic transformation and the thermal gradients developed in quenching usually produce 

tensile stresses at the surface, balanced against compressive stresses in the interior. If yielding of 

the test specimens starts at the surface, then the measured yield strength should be greater in 

compression than in tension. However, the strength differential effect persists with plastic strain 

in the tests, and such effect would diminish as specimens deform. 

Retained-Austenite Hypothesis: Retained austenite is known to transform to martensite more 

easily under tensile than under compressive loading. There is however a SDE in materials where 

the retained-austenite level was less than 1%.  

Solute/Dislocation Interaction Hypothesis: This hypothesis applies to solid solutions in general 

and to interstitial solid solutions of body-centered iron-carbon type. Because of the severe 

tetragonal distortion of the iron lattice around an interstitial carbon atom, the local elastic strains 

become non-linear. The atomic force-displacement relationships would not be the same in 

compression and in tension. The non-linearity would be the cause of the SDE according Hirth 

and Cohen (1970). However, several studies, such as Rauch and Leslie (1972), showed that the 

model of Hirth and Cohen (1970) could not correctly account for the of the SDE and was 

therefore not an acceptable theory of the SDE. 

Volume-Expansion Hypothesis: Volume expansion occurring during plastic deformation in a 

tensile or compressive test could account for SDE. Such expansion would influence the yielding 

criterion, causing the flow stress in uniaxial compression to be greater than the flow stress in 

uniaxial tension. 

Slip of dislocations: According to Snowden (1971) SDE in a two-phase Zircaloy-2 was produced 

from differences of twinning in compression and in tension. Chait (1973) believed that this 

explanation could be valid for some high strength titanium alloys. Bhadeshia (2001) postulated in 

this sense that SDE is believed to be related to microstructures with high density of dislocations. 

Model on SDE 

In the context of the present study on the 100CrMnMo8 steel, one model of particular interest is 

described below. The model is grounded on the volume-expansion hypothesis. Spitzig et al. (1975 

and 1976) studied the volume-expansion hypothesis. The study was based on the normality flow 

rule of continuum plasticity theory (Drucker 1973), which requires that materials exhibiting a 
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pressure dependence of the yield and flow stresses show a permanent or plastic volume 

expansion. 

Spitzig et al. (1975 and 1976) and Spitzig and Richmond (1980 and 1984) show that the flow 

stress is influenced by the superimposed hydrostatic pressure. For the case of uniaxial tension 

and compression tests under superimposed hydrostatic pressure, 𝑝, Spitzig et al. (1975 and 1976) 

defined the stress invariant as follows: 𝐼1 = 𝜎 − 3𝑝, 𝐼2 = ±𝜎 and 𝐼3 = 𝜎. The invariant 𝐼2 were 

always positive and the values of 𝜎 in 𝐼1 and 𝐼3 were taken as positive for tension and negative for 

compression. Test results with different materials by Spitzig et al. (1975 and 1976) showed that 

the dependence on 𝐼3 is negligible compared with the pressure dependence. They concluded that 

the yield criterion such as 

𝑓 = 𝛼𝐼1 + 𝐼2 − 𝑐 = 0 (3) 

fitted their results. Spitzig and Richmond (1984) concluded that even if the coefficients 𝛼 and 𝑐 

are strain related the value of the pressure coefficient 𝛼/𝑐 was the same for all iron-based 

materials (19.2 TPa-1).  

Equation (3) represents an extended version of the Drucker-Prager (1952) yield condition: 

𝑓 = 𝑎𝐼1 + 𝜎𝑒𝑓𝑓 − 𝑐 = 0 (4) 

where 𝜎𝑒𝑓𝑓 the effective stress, 𝑎 is material parameters. Equation (4) is often used for inelastic 

material behaviour of soils. Note that in (4) 𝑎 is constant while in (3) 𝛼 is plastic strain 

dependent. 

The aim of Spitzig et al. (1975) was to prove that the materials showing a pressure dependence of 

the flow stress also displayed a SDE and a plastic volume expansion, which is predicted by the 

normality flow rule. The plastic dilatation rate, �̇�, can be written by: 

�̇� ≈ 3𝛼 (for 𝛼≪1). (5) 

The remaining volume changes were however only about one-fifteenth of those predicted by the 

normality flow rule (5), for 4310 and 4330 steels. Hence, after measuring the dilatation in 

different iron based materials, Spitzig et al. (1976), Richmond and Spitzig (1980) concluded that 

the permanent volume changes do not arise from associated plastic dilatancy as required by the 

normality flow rule (von Mises 1928). Hence, an associate flow rule (it associates the strain rate 
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with the yield condition) or a normality flow rule (it requires that the strain-rate vector be normal 

to the yield surface) could not be applied for these kind of materials. The measured values of the 

volume expansion corresponded approximately with those expected from increases in dislocation 

density according to Spitzig and Richmond (1984). 

In Paper A the parameter 𝑎 showed to be constant with as plastic strains develops for the case 

of the bainitic steel.  Therefore a Drucker-Prager yield surface as in (4) was chosen to model SDE 

in the bainitic steel. The parameter 𝑎 in (4) was found constant at temperatures from room 

temperature to 150 °C. In the martensitic steel the SDE changed as plastic strains developed. 

This was attributed to the fact that the martensitic steel presented 10-15% of retained austenite, 

and therefore stress induced transformation of the retained austenite might had caused different 

hardening behaviour in tension than in compression as plastic strains developed.  

The plastic volume change was measured in Paper A in specimens used in the tensile, 

compressive and cyclic experiments, see Figure 4. The measures did not follow the volume 

expansion expected when assuming associated flow rule. These findings were in agreement with 

Spitzig et al. (1975) and suggested that a non-associated flow rule should be used in these 

materials. 

 

Figure 4. Relative volume change in the specimens. (Paper A) 
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Cyclic plastic behaviour 

To be able to model the elastic-plastic deformations for the 100CrMnMo8 roller bearing material 

it requires the knowledge of the material response to cyclic stress. Since repeated small plastic 

deformation can cause the failure of bearings, normally the range of loading above the limit of 

elastic deformation is of special interest. 

The cyclic experiments performed in Paper A to determine the hardening rule in the bainitic 

100CrMnMo8 steel revealed the following characteristic of the cyclic behaviour. The experiments 

performed with zero mean deformation showed that the mean stress became negative primarily 

because of the SDE, see Figure 5a. The material showed small cyclic softening. The direction of 

first loading did not influence the cyclic behaviour, Figure 5b.  

Some temperature effects at cyclic deformation were noticed in the range of RT and 150 C. The 

material softened cyclically at RT and 75 C but at 150 C it showed cyclic hardening, see Figure 

6a. The steady-state curves were however quite similar for these temperatures. 

 

                        (a)               (b) 

Figure 5. Deformation controlled cycles with m = 0 for bainite at 75 C: a) effect of amplitude 

and b) effect of starting the first cycle in compression or tension. Legends refer to test number. 

(Paper A) 

Three cyclic experiments included a substantial compressive load on bainite at 75 °C, two were 

load controlled and one was deformation controlled, see Figure 6b. The load controlled results 

displayed ratchetting in the compressive direction. The ratchetting decreased with cycle number. 

At the deformation controlled test, the compressive mean stress relaxation decreased with cycle 

number.  
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                          (a)                  (b) 

Figure 6. a) Temperature effect at deformation controlled tests and b) effects of large 

compressive mean load or mean deformation for bainite at 75 C. Legends refer to test number. 

(Paper A) 

In order to capture these cyclic features in the bainitic high strength steel, a Chaboche (1986) 

combined hardening model with three sets of kinematic hardening parameters was chosen. The 

isotropic hardening parameters were found to be temperature dependent while the kinematic 

hardening parameters were valid for the temperature range tested. The elastic-plastic material 

model (Paper A) was implemented in Matlab (2009) for a uniaxially loaded rod using an Euler 

forward algorithm. The model results were compared with the experiments. It was concluded 

that the use of a pressure dependent yield surface combined with a non-associated flow ruke was 

necessary to capture the cyclic behaviour of the material. 

Non-linear elastic behaviour 

The effect of non-linear elastic behaviour is only visible when the material is loaded cyclically. If a 

material behaves non-linear elastically and a material is loaded in monotonic loading, then the 

distinction between elastic and plastic strains is not clear. Sommer et al. (1991) found that a SAE 

52100 bearing steel showed an asymmetric hysteresis loop. According to their observations, the 

slopes of the elastic back-deformation after the intermediate stress reversals in tension and 

compression were different. Their conclusion was that the differences in the tensile and 

compressive unloading slopes were due to a non-linearity of the elastic modulus of the material, 

proposing that for this material the elastic modulus increased with large elastic compressive 

strains and decreased with large elastic tensile strains. However, a study in SAE 52100 bearing 
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steel revealed that at torsional loading the material did not shown nonlinear elastic behaviour; see 

Hahn et al. (1987). 

Mercer et al. (1995) investigated the cyclic deformation on dispersion-strengthened aluminum 

alloys. The materials showed a significant asymmetry between tension and compression stresses 

(SDE) and non-linear elastic behaviour. Hirth and Cohen (1970) and Pampillo and Davis (1972) 

proposed that the materials showing a SDE experience changes in the elastic modulus as they are 

elastically strained. However, Mercer et al. (1995) commented that the modelling of the nonlinear 

behaviour could not account for the SDE found in the aluminium alloy. 

Eisenmeier et al. (2001) found non-linear elastic behaviour in a magnesium alloy when 

characterizing the fatigue behaviour. Observations on changes stiffness due to damage explained 

as opening and closing of cracks were seen in the material. Satoh et al. (2009) found asymmetric 

hysteresis loops in a TiAl intermetallic compound at high stress levels. In Mercer et al. (1995), 

Eisenmeier et al. (2001), the description of the elastic behaviour was characterized from the 

dependence of the Young’s modulus on the stress as explained in Sommer et al. (1991).  

Sommer et al. (1991) propose a quadratic expension of Hooke’s law as, 

𝜎 = 𝐸0𝜖el + 𝑘𝜖el 2, (6) 

where the elastic behaviour would be characterized by two constants 𝐸0 and 𝑘. This formulation 

is valid for the monotonic experiments since it is only defined for axial loading.  

The non-linear elastic behaviour found in the bainitic steel was studied in Paper B. The material 

presented non-symmetrical hysteresis loops once the elastic strains were removed assuming linear 

elasticity see Figure 7a. It was believed that due to the high stress levels sustained by the material 

the elastic modulus was no longer linear. The material was submitted to cyclic torsion 

experiments in order to observe if the elastic relation in shear were whether linear, as observed by 

Hahn et al. (1987) for the SAE 52100 bearing steel, or non-linear. The experiments showed that 

the shear stress-strain relation could be considered linear, see Figure 7b. The proposed model 

was described by a constant shear modulus and a volumetric elastic strain dependent bulk 

modulus. 
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          (a)                                 (b) 

  

Figure 7. Plastic hysteresis loops assuming linear elasticity: a) the push-pull and b) torsion 

experiments. Legends refer to experiment and cycle number. 

Furthermore, in Paper B it was shown that the yield surface was not significantly affected by 

taking into account the non-linear elastic behaviour of the material, in Figure 8a. Also, the SDE 

as plastic strains developed was still constant, see Figure 8b. It was concluded that the non-linear 

elastic behaviour of the material could not cope for the complete explanation of SDE.  

 

                     (a)                                 (b) 

Figure 8. a) Yield point in tension, torsion and compression assuming linear elastic and non-linear 

elastic behaviour at 75 °C, corrected from Paper B. Note that the yield points in tension and 

compression for the linear elastic assumption with 0.01% offset have been changed from Paper 

B.  b) SDE vs equivalent plastic strains assuming linear elasticity (top) and non-linear elasticity 

(bottom) (Paper B).  
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The non-linear elastic material model combined the cyclic plastic material model (Paper B) was 

implemented in Matlab (2009) for a uniaxially loaded rod using an Euler forward algorithm. In 

Paper B comparisons were performed between assuming linear elasticity (Paper A) and non-

linear elasticity (Paper B) both combined cyclic plastic behaviour. In addition, this paper 

reported a short analysis on the degradation of the elastic material properties observed in the 

bainitic steel. 

Low temperature creep 

Creep is the phenomenon that describes the tendency of a material to deform permanently 

during time exposure to levels of stress that are below and over the yield stress of the material. At 

high temperatures, usually defined as above 0.3 Tmp, where Tmp is the melting point of the 

material, creep curve generally exhibits a three-stage characteristic, see Figure 9. The first stage is 

often called primary creep it is generally transient with a decreasing creep rate, the second stage, 

called secondary creep, the creep strains develop with constant creep rate and third stage, the 

tertiary creep, has an increasing creep rate which usually leads to failure. 

 

 

 Figure 9. Schematic representation of a high temperature creep curve.  

Creep at low temperatures (below 0.3 Tmp) is generally transient in which the creep rate decreases 

continuously with time during the primary stage. It has been observed that high strength steels 

can develop creep strains at low temperatures below and above the yield point (see Neu Sehitoglu 

http://en.wikipedia.org/wiki/Stress_%28physics%29
http://en.wikipedia.org/wiki/Yield_strength
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(1992), Oehlert and Atrens (1994) and Liu et al. (2001)).  Unlike the high temperature creep, low 

temperature creep deformation is small and it rarely leads to failure. 

Creep is often described by the following empirical power law equation derived initially by Bayley 

(1935) and Norton (1929),  

𝜖𝑐𝑟 = 𝐶 (
𝜎

𝜎∗
)

𝑛

(
𝑡

𝑡∗
)

𝑩

 
(7) 

where 𝑛, 𝐵, 𝐶 are material parameters  and 𝜎∗ and 𝑡∗ are arbitrary positive reference quantities 

with the sole purpose that the expressions in parentheses become dimensionless. Ottosen and 

Ristinmaa (2005) describe that at high temperatures the coefficient 𝑛 is on the range of 3-8, and 

the coefficient 𝐵 is defined as 0<𝐵<1 for primary creep and 𝐵=1 for secondary creep. When 

𝐵=1/3 the equation (1) is called Andrade’s creep law, see Andrade (1914).  The parameter 𝐶 is a 

temperature dependent parameter according to which according to Arrhenius law can be 

described as 

𝐶 = 𝐶∗𝑒−
𝑄𝑐
𝑅𝜃 

(8) 

where  C* is a positive dimensionless parameter, Q
c
 is the activation energy for creep in J/mol, θ is 

the temperature in K and R= 8.314 J/mol K   is the universal gas constant. 

However, at low temperatures where creep strains are relatively small, the creep strains usually 

follow a logarithmic curve; see Wyatt (1953). Such creep behaviour is often modelled as  

𝜖𝑐𝑟 = 𝛼ln(𝛽 (
𝑡

𝑡∗
) + 1) 

(9) 

where 𝛼 and  𝛽 are material parameters, see Garofalo (1965). Oehlert and Atrens (1994) studied 

how the loading rate, the loading strains and heat treatment affect 𝛼 and  𝛽 in three martensitic 

high-strength steels. Neu and Sehitoglu (1992) proposed a model based on equation (9) for a 

4320 railroad bearing steel. 

The mechanisms behind creep strains depend on the stress level, temperature and microstructure. 

In a given material, how these parameters influence the dominant deformation mechanism is 

presented in deformation mechanism maps, first introduced by Ashby (1972). The main 

mechanisms behind creep according to the literature are: dislocation glide, when the material is 
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stressed  dislocations become mobile and after stopped by obstacles, as a consequence mobile 

dislocation velocity and density decrease; dislocation creep, which is a combination of dislocation 

glide and climb that happened due to diffusional processes; diffusional creep where atoms and 

vacancies are transported by means of diffusion. In Diffusional creep there exists two divisions: 

Coble creep this transport occurs along the grains whereas in Nabarro-Herring creep the transport 

occurs through the grains.  

At low temperatures, dislocation glide or motion is often the creep mechanism responsible for 

the time dependent deformation (see Neu Sehitoglu (1992), Oehlert and Atrens (1994) , Liu et al. 

(2001),  Alden (1987), Wang et al. (2001) and Bhadeshia (2012)). Now, plastic strains in steels and 

metals develop due to the movement of dislocations. If the bainite and martensite presented a 

SDE which is related to high dislocation density in the material according to Bhadeshia (2001), 

then creep strains at low temperatures should show different behaviour in tension and 

compression for the same loading stress level. This phenomenon was studied in Paper C, where 

it was noted that in both bainite (Figure 10a-b) and martensite (Figure 10c-d) the creep strains 

were higher in tension than in compression for the same stress level above and below the 

macroscopic yield point of the material. In the study loading stress rate effects were left outside.  



 

29 

 

 

(a) 
 

 (b) 

 

  

(c) (d) 

Figure 9. Model and creep experiments at 75 °C: a) tensile and b) compressive experiments in 

bainite c-d) martensite: c) tensile and d) compressive experiments in martensite. 

Furthermore, the experiments revealed how the material obeyed two different creep laws with 

time depending of the heat treatment. The creep strains of the bainitic steel followed the 

logarithmic creep law (9) while the creep strains of the martensitic steel followed a power law 

equation (7). 

Creep models that are described in the literature refer often to a monotonic stress level, often 

tensile stress. Odqvist (1966) proposed more generalized description of the creep behaviour in 

terms of equivalent stress which does not take into account the hydrostatic stresses. Note that 

Odqvist based his studies on high temperatures, where B=1 in (7), and on metals where the 

plastic and the creep strains were much larger than the elastic. In Paper C, two generalized 

models were proposed, one for each microstructure, where the hydrostatic stress dependency of 
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the yield point was taken into account. The model for the bainitic steel could also predict the 

creep strains at room temperature and 150 °C. 

Short crack growth 

Usually the characterisation of the growth of fatigue cracks in the context of fracture mechanics 

consists on fatigue experiments in specimens containing cracks that are some millimetres long. 

These are typically called ‘long’ cracks. The bearing application requires an understanding of 

propagation characteristics ‘short’ cracks, which are fatigue cracks of significantly smaller 

dimensions than long cracks. According to Suresh and Ritchie (1984) there short cracks can be 

classified in four groups: 

 Microstructurally short: These are fatigue cracks where the crack size is comparable to the 

scale of a microstructural dimension such as the grain size. 

 Mechanically short:  In these fatigue cracks the plastic zone around the crack tip is 

comparable to the crack length. 

 Physically short: The fatigue crack is significantly larger than the characteristic 

microstructural dimension and the plastic zone but smaller than 1 mm. 

 Chemically short: These are fatigue cracks that as a consequence of the environmental 

conditions exhibit anomalies in propagation rates below a certain crack size. 

Short cracks grow at rates faster than long cracks and the life predictions based on LEFM may 

give non-conservative results. Some common hypotheses for the crack size effect on the crack 

growth rate are: a change in the crack path due to the local microscopic discontinuities; 

differences in crack closure level between long and short cracks; corrosion fatigue mechanisms. 

Alfredsson et al. (2015) performed fatigue experiments on physically short cracks on the bainitic 

high strength steel at room temperature. The short crack growth exhibited two essentially 

different behaviours. For one short crack the growth rate diminished rapidly as the crack length 

increased and the crack arrested. Other short cracks continued the propagation without halting.  

Paper D studied the development of the plastic strains ahead of the crack tip as a short crack 

became long. One experiment was chosen from Alfredsson et al. (2015) as the reference 

experiment and the manufacturing of the short crack and the short crack growth were simulated 

using the material model for room temperature (DPmat) described Paper A. 



 

31 

 

The simulations of the manufacturing of the short crack consisted in two phases: the pre-

cracking phase, where the specimen was subjected to a compressive overload and thereafter 

cycled as the crack was advanced by releasing one node per cycle until the crack reached  

apre=125 µm size; the deactivation phase, where elements were deactivated mimicking the electro 

discharge machining (EDM) removal of the notch and part of the pre-fatigue crack, leaving a 

short crack of apre=15 µm. These simulations showed that when removing the notch and part of 

the prefatigue crack, compressive residual opening stresses in the vertical direction were created 

ahead of the crack tip, see Figure 11a.  

The selected short crack growth experiment (SC-6) from Alfredsson et al. (2015) showed that 

when the crack was short the crack grew with a rapid propagation rate which agreed with an 

equally loaded closure-free long crack. As the short crack became long, the growth evolved to the 

rate of an equally loaded long crack at R=0.1. In the short crack growth simulations (Paper D) 

the simulations and the experiments agreed qualitatively. The evolution of the closure load 

normalized with the limiting load of a long crack agreed between model and experiment, see 

Figure 11b. 

 

                      (a) (b) 

  

Figure 11. a) The residual opening stress along y =0 µm after the pre-fatigue simulation, where 

the crack tip is at x = 0 µm, before and after the element deactivation. b)Closure levels nomalised 

by the respective limiting load of a long crack for the experiment (SC-6) and the model (DPmat). 

(Paper D)   
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Concluding remarks and suggestions for future work 

The thesis presents experimental data for a detailed material characterisation of the baintic 

bearing steel. The study on the mechanical properties reveals that the material presents non-linear 

elastic behaviour, room temperature creep together with a SDE. These mechanical properties 

have been quantified in this thesis proposing accurate existing models for the material 

characterisation.  

There is some further testing that could be performed in order to verify the parameters and 

models here presented. Experiments in notched specimens would confirm the validity of the 

yield surface as well as the non-linear elastic model. Further low temperature creep experiments 

with notched specimens would confirm the application of the model in three dimensional stress 

cases. Also, complex loading cases such as large compressive hydrostatic loading would check the 

validity range high hydrostatic loads in the low temperature creep model. The parameters 𝛼 and 

𝛽, defining the logarithmic creep model for bainite, showed a power law trend with the stress 

ratio. However, studies have shown that the parameter 𝛽 is highly influenced by the loading rate. 

The variation of loading rate in this study was not taken into account in this study.  Experiments 

with different loading rates would give more understanding on how 𝛽 is affected by the loading 

rate. Moreover, the temperature characterisation of the creep strains would require further 

validation. Finally, additional cyclic experiments combined with creep and relaxation experiments 

would be useful in order to implement the creep model in Paper C with the plasticity model in 

Paper A. 

The model in Paper A was implemented in a material subroutine in order to capture the stress 

fields in short and long cracks. The simulation results in Paper D stressed the importance of 

using a pressure dependent yield surface in order to model the experiment material behaviour. 

Correspondingly, it would be interesting to explore the effect of the non-linear elasticity, damage 

and the low temperature creep in crack growth using a material model that integrates the material 

properties found in Paper A–C. 
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Summary of  appended papers 

Paper A: Elastic–plastic characterization of a high strength bainitic roller bearing steel—experiments and 

modelling 

This paper was divided in three main subjects: experiments, material modelling and parameter 

determination. Firstly, experiments for bainitic and martensitic bearing steels that had been 

manufactured from the same base material were presented. The series included: monotonic 

experiments in tension, compression and torsion; cyclic push pull tests; density measurements. 

The yield surface was hydrostatic stress dependent. Together with the results of the density 

measurements it was concluded that the von Mises yield surface and flow rule should be 

discarded for modelling the flow behaviour of the steels. Instead, the Drucker-Prager yield 

criterion was combined with a non-associated flow rule. Secondly, the modelling focused on 

plasticity based on linear elasticity. The goal was to model not only the monotonic behaviour but 

also to capture the cyclic push-pull behaviour tests including ratchetting. The plasticity model 

included Drucker-Prager yield surface combined with a non-associated flow rule and mixed 

nonlinear kinematic isotropic hardening. The model was implemented for a uniaxially loaded rod 

using an Euler forward algorithm. Finally, once the material model was defined a method for the 

determination of the material parameters was presented together with the comparison of the 

material model and the test results. This work focused on the bainitic material characterisation. 

However, comparative tests and material modelling were performed for the martensitic material. 

Paper B: Non-linear elastic characterisation of a high strength bainitic roller bearing steel 

In Paper B the material characterisation of the bainitic steel focused on the elasticity model. The 

assumption of linear elasticity was evaluated by analysing elastic unloading during the cyclic push-

pull experiments. Non-linear elastic behaviour was found for the push-pull loading. Cyclic torsion 

tests were performed. The results from these tests showed that the elastic behaviour in torsion 

loading could be considered as linear. A phenomenological analysis of the change in cyclic elastic 

properties suggested isotropic damage of the elastic properties, i.e. similar amount of degradation 

in both torsion and push-pull experiments. Once the nature of the non-linear elastic behaviour 

was identified, the elastic material model was characterized with the non-linearity for push-pull 

loading relying on the bulk properties. The shear elastic behaviour was considered as linear. The 

limited damage was excluded from the model. The non-linear elastic model was combined with 
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the plasticity model from Paper A. The model was implemented for a uniaxially loaded rod using 

an Euler forward algorithm.  

Paper C: Low temperature creep in a high strength roller bearing steel 

In this study low temperature creep was quantified in both bainitic and martensitic specimens. 

The reference temperature during the experiments was 75 °C. The purpose was to investigate if 

the creep strains were influenced by deviatoric stresses or if the SDE had to be taken into 

account. The experiments in both bainite and marteniste showed that the materials experienced 

larger creep strains in tension than in compression for the same stress level, which suggested that 

the creep strains cannot only be described by the deviatoric stresses. Moreover, the martenitic 

and bainitic steels showed different creep laws. While the creep strains for baninitic steel followed 

a logarithmic creep law, for the martenisitic steel the creep strains showed a power creep law. 

Two generalized models, one for each microstructure, were proposed.  

Paper D: Numerical analysis on plasticity induced crack closure of a physically short fatigue crack in a high 

strength roller bearing steel 

Paper D is a numerical study of the development of plastic strains at the crack tip as a short crack 

becomes long. The simulations were performed using the material model described in Paper A at 

room temperature. The material model was implemented in a material subroutine. The short 

crack growth was simulated using FE method and the numerical results were compared with the 

results of a short crack growth experiment. The aim was to investigate at which extent the closure 

effects observed in the the bainitic steel could be induced by the plastic strains created as the 

crack propagates.  


