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Fatigue fracture
It occurs under conditions of cyclic loading. The process of fatigue is hereditary, i.e. it depends not only on the actual load but on all the history of loading; each of the loading cycles contributes partially to the final fatigue damage.
Loading (stress-controlled, strain-controlled):
1. Steady 

2. Monotonous (increasing)

3. Non-decreasing
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The shape of loading cycles as well as their order and frequency do not influence (within the range of common values) the fatigue damage significantly. 
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Basic types of harmonic cycles in dependence of asymmetry coefficient R of the cycle:
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1. Pulsating cycle in compression
2. Passing cycle in compression 
3. Alternating non-symetric cycle
4. Alternating symetric cycle
5. Alternating non-symetric cycle
6. Passing cycle in tension
7. Pulsating cycle in tension
Stages of the fatigue process:

· Change in material properties (cyclic stiffening or softening)
· Nucleation (iniciation) of a crack – in the root of a notch  

· Stable crack propagation – a shell-like part of the fracture surface
· Unstable crack propagation
· Fatigue fracture
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Fatigue characteristics depend not only on material but additionally on:
· shape of the component
· size of the component 
· surface quality of the component
· heat treatment and machining of the component.
 Fatigue characteristics are 

· component-specific
· material-specific - basic fatigue characteristics:
· cyklic σ - ε curve 

· Wöhler‘s curve (S-N curve), fatigue limit (endurance strength) σC
· Manson-Coffin curve
The basic fatigue characteristics are determined for the uniaxial stress state (tension, flexion, eventually torsion – shear stress state) and for a symetric cycle (σm = 0, R= -1).  

For non-symetric cycles (σm > 0) the fatigue limit is determined from the Smith or Haigh diagram: 
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Constants for creation of the simplified diagrams:
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Simplified diagrams
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On the basis of the Haigh (Smith) diagram, the following formula for evaluation of the safety factor can be derived:
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Stable crack propagation under conditions of high cycle fatigue 
The crack growth rate vT=da/dN depends on the stress intensity factor KI. Between its threshold value Kth and the fracture toughness KIC this dependency (see fig. 173) can be described by a linear relation (in logarithmic coordinates), which gives (after mathematical removal of logaritms) the following exponencial relation (called Paris-Erdogan formula): 
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Here the constants c,m depend on the material and the loading cycle character. The allowable number of cycles can then be calculated by integration of this formula; this represents the number of cycles before the crack achieves its critical (or allowable) length.
Computational estimation of fatigue fracture risk
· Conception of nominal stresses – for unlimited fatigue life
· Conception of fictitious linear elastic stress – for low cycle fatigue  (LCF) as well as high cycle fatigue (HCF)
· Conception of plastic stress redistribution (Neuber) – for LCF
· Conception of elastic-plastic deformation (FEA) – for LCF
Conception of nominal stresses – for unlimited fatigue life 
It assumes a deterministic loading process, i.e. cycles with fixed middle stress and amplitude. The safety factors (against fatigue fracture) can be calculated (for a symmetric alternating cycle in either normal σ or shear τ stresses) from the following formulas: 
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or from the formulas

[image: image13.wmf]h

C

C

k

s

s

s

*

=

             
[image: image14.wmf]h

C

C

k

t

t

t

*

=


which are valid for any (also non-symmetric) cycle, under condition that the stress components σm  (τm) and σa (τa) are proportional to each other.

The necessary value of component-specific endurance limit  
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) can be determined experimentally with the very component in question or from the following formulas: 
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The values of the size factor vσ = v1 .v2σ (vτ = v1 .v2τ) are illustrated in the figure below; they can be calculated from the formulas
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The v2 factor must be used in the case of a non-uniform stress state (with non-zero stress gradients – bending, torsion) and can be calculated form the formulas: 

The surface quality factor ησ is influenced by the surface roughness and the surrounding mediums (η1<1)
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and by the heat (or chemical) treatment of the component (hardening, nitrogen case hardening) and eventually by its surface machining (η2 >1).
Notch factor βσ can be estimated e.g. using Heywood’s formula from the stress concentration factor α (r is the notch root radius in milimeters); for notch factor βτ concerning fatigue in shear, the same formula can be used (however, with the stress concentration factor α estimated for torsion)
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where the dimensionless K constant can be found in the following table (σPt represents the material ultimate stress in MPa): 

	Material
	Notch shape
	K

	Steel 
	Transversal hole
	360/σPt

	
	Shoulder
	280/σPt

	
	Neck
	220/σPt

	Other materials
	Aluminium alloys
	(370/σPt )3

	
	Grey cast iron
	12

	
	Nodular cast iron
	360/ σPt

	
	Cast steel
	4.4

	
	Magnesium alloys
	1.5


The fatigue strength evaluated in this way corresponds (within the range of an acceptable accuracy) to the experimental value. As the influence of the notch is accounted for in the fatigue strength value (by its reduction), it must not be taken into account in the stress calculation; the conception is based on nominal stress!

Warning!! The American approach is different: the influence of the notch is accounted for in the stress calculation, but not in the fatigue strength value; the resulting safety factor is the same. In this approach, however, the calculated fatigue strength differs from the experimental one. 
Under combined load (non-zero normal and shear stresses in bars), the safety factor is based on the graphical representation of a plasticity criterion in the following coordinates: 
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If the stress components are mutually proporcional, the safety factors for normal (kσ) and shear (kτ) stresses can be calculated; on the basis of the graph, the following formula can be derived:
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Algorithm for evaluation of safety 
using the conception of nominal stresses 
(valid for unlimited lifetime)
1. Analysis of dependences of inner bar resultants on the time - N(t), T(t), Mo(t), Mk(t).
2. Estimation of time flow of stresses σ(t) and τ(t) in the dangerous points of the dangerous cross sections and estimation of the basic parameters of stress cycles (σa, σm and τa, τm) for all the dangerous points.
3. Estimation of the component-specific fatigue strength 
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 and construction of the corresponding Haigh diagrams (if the mean stresses σm, τm are non-zero). Then the safety factor can be calculated from the following formulas:
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4. For proportional process of loading and overloading, the safety factors for normal and shear components of stresses (kCσ or kσ  and kCτ or kτ, respectively) can be calculated separately; the resulting safety factor is then calculated from the formula
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5. Safety evaluation: 
kC  > 1 -  unlimited lifetime
kC < 1 - limited lifetime – can be evaluated e.g. on the basis of the conception of fictitious linear elastic stresses.
6. The conclusions based on the safety factor kC are valid only under condition that the safety factor kC is lower than the safety factor kk  against the plastic deformation
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otherwise a plastic strain and consequently low cycle fatigue is probable to occur.

Conception of fictitious linear elastic stresses 
It unifies the Wöhler S - N curve and Manson-Coffin curve into one curve to be used for both low and high cycle fatigue on the basis of linear elastic stress calculations. 
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Stochastic lifetime estimation
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Lifetime estimation under stochastic cyclic load
is based on decomposition of a random load time flow into specific types of load cycles. The methods of intersection of levels and „rainflow“ are the most frequent in this decomposition.
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Principle of the rainflow method
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1 – polished surface


2 -  grinded surface


3 – scaled surface


4 – in water


5 – in salt water





Curve a: - steady value of the stress amplitude


-10% deviation in material fatigue characteristics


Curve b: - 10% variation of the stress amplitude


-10% deviation in material fatigue characteristics


Curve c: - 20% variation of the stress amplitude 


-10% deviation in material fatigue characteristics


Curve d: - 30% variation of the stress amplitude


-15% deviation in material fatigue characteristics
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