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MF9211 ADVANCED MATERIALS TECHNOLOGY 

UNIT II FRACTURE BEHAVIOUR 

 
SYLLABUS 
 
Griffith’s theory, stress intensity factor and fracture toughness – Toughening 
mechanisms – Ductile, brittle transition in steel – High temperature fracture, creep – 
Larson Miller parameter – Deformation and fracture mechanism maps – Fatigue, low 
and high cycle fatigue test, crack initiation and propagation mechanisms and Paris law. 
Effect of surface and metallurgical parameters on fatigue – Fracture of non metallic materials – 
Failure analysis, sources of failure, procedure of failure analysis. 

Deformation mechanism map 

A deformation mechanism map is a way of representing the dominant deformation mechanism 

in a material loaded under a given set of conditions and thereby its likely failure mode. 

Deformation mechanism maps consist of some kind of stress plotted against some kind of 

temperature axis, typically stress normalised using the shear modulus versus homologous 

temperature. For a given set of operating conditions calculations are undergone and experiments 

performed to determine the predominant mechanism operative for a given material. 

  

Constructing the Map 

Repeated experiments are performed to characterize the mechanism by which the material 

deforms. The dominant mechanism is the one by which the material will fail, however at any 

given level of stress and temperature, more than one of the creep and plasticity mechanisms may 

be active. It is left to scientific experiment to determine which controls the failure of the material.  

Reading the Map 

For a given stress profile and temperature, the point lies in a particular "deformation field". If the 

values place the point near the center of a field, it is likely that the primary mechanism by which 

the material will fail, i.e.: the type and rate of failure expected, grain boundary diffusion, 

plasticity, nabarro-herring creep, etc... If however, the stress and temperature conditions place 

the point near the boundary between two deformation mechanism regions then the dominating 

mechanism is less clear. Near the boundary there are likely more than one effect that are of 

sufficient magnitude to affect the deformation and possible failure of the material. Deformation 

mechanism maps are only as accurate as the number of experiments and calculations undertaken 

in their creation. 

http://en.wikipedia.org/wiki/Deformation_mechanism
http://en.wikipedia.org/wiki/Material
http://en.wikipedia.org/wiki/Stress_%28physics%29
http://en.wikipedia.org/wiki/Graph_of_a_function
http://en.wikipedia.org/wiki/Shear_modulus
http://en.wikipedia.org/wiki/Homologous_temperature
http://en.wikipedia.org/wiki/Homologous_temperature
http://en.wikipedia.org/wiki/Homologous_temperature
http://en.wikipedia.org/wiki/Creep_%28deformation%29
http://en.wikipedia.org/wiki/Plasticity_%28physics%29
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Example: Creep 

Creep, a mode of material failure which often requires experimental evidence to construct 

empirical models of its behavior, is often represented by a deformation mechanism map. Data 

from measurements at various levels of stress and temperature are plotted, often with constant 

strain rate contours included. The map may then be useful to predict one of temperature, stress, 

and creep strain rate, given the other two. 

 

Thermal Mechanical Technical Background 

Thermal mechanical fatigue (TMF) is caused by combined thermal and mechanical loading 

where both the stresses and temperatures vary with time. This type of loading can be more 

damaging by more than an order of magnitude compared with isothermal fatigue at the 

maximum operating temperature. Material properties, mechanical strain range, strain rate, 

temperature, and the phasing between temperature and mechanical strain all play a role in the 

type of damage formed in the material. These types of loadings are most frequently found in 

start-up and shut-down cycles of high temperature components and equipment. Typically, design 

lives are a few thousand cycles and involve significant plastic strains. 

One of the major differences between isothermal and thermal mechanical fatigue is constraint. 

When heated, structures develop thermal gradients as they expand. Expansion near stress 

concentrators is often constrained by the surrounding cooler material. In this case thermal strain 

is converted into mechanical strain which causes fatigue damage in the structure. Total constraint 

exists when all of the thermal strain is converted into mechanical strain. Over constrain can occur 

in a stress concentration where the mechanical strain is greater than the thermal strain. One 

measure of the degree of constraint is the ratio of the thermal and mechanical strain rates. 

TMF loading is often described to be in-phase (IP) or out-of-phase (OP). A schematic illustration 

of the stress-strain response under these two loadings is given in Figure 1. In IP loading, the 

maximum temperature and strain occur at the same time. In OP loading, the material experiences 

compression at highest temperature and tension at lower temperatures. OP loading is more likely 

to cause oxidation damage because an oxide film can form in compression at the higher 

temperature and then rupture during the subsequent low temperature tensile portion of the 

loading cycle where the oxide film is more brittle. 

http://en.wikipedia.org/wiki/Creep_%28deformation%29
http://en.wikipedia.org/wiki/Strain_rate
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Figure 1 Load and Temperature Phasing 

Figure 2 shows early TMF test data from Jaske (Jaske, C.E., Thermal Fatigue of Materials and 

Components, ASTM STP 612, 1976, pp. 170-198) for a low carbon steel. Isothermal fatigue tests 

at various temperatures are shown as the lines without symbols. TMF OP tests are shown with 

the solid symbols in the figure. Fatigue lives for tests conducted with variable strains and 

temperatures between 93 °C and 538 °C are more than an order of magnitude shorter than tests 

conducted at a constant temperature of 538 °C. Assuming the "worst case" isothermal material 

properties is very non-conservative and a TMF fatigue analysis must be employed for TMF 

assessments. 
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Figure 2 TMF Test Results for 1010 Steel 

There are many active mechanisms in the TMF process. For discussion, it is convenient to 

consider damage from three primary sources: fatigue, oxidation and creep (Sehitoglu, H., 

Advances in Fatigue Lifetime Predictive Techniques, ASTM STP 1122, 1992, pp. 47-76). 

Damage from each process is summed to obtain an estimate of the total fatigue life, Nf.  

 

Frequently one of the damage mechanisms is dominant. From a modeling prospective, this 

suggests that the individual damage models and their associated material properties must be 

accurate only for those conditions where the life is dominated by that failure mechanism. 

Fatigue Mechanisms 

Fatigue damage in the life regime of interest in TMF is in the form of nucleation and growth of 

microcracks. The left side of Figure 3 shows an example of the surface damage observed at 

higher plastic strains (Stolarz, J., Ecole Nationale Superieure des Mines, Presented at LCF 5 in 

Berlin, 2003). Microcrack density will decrease at lower strain levels. The right side of Figure 3 

shows the cross section view where many microcracks nucleate on the surface but only a few of 

them are able to penetrate into the bulk of the material.  
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Figure 3 Formation of Surface Cracks in 20-25 Austenitic Steel 

The process is driven by cyclic plastic strains where oxidation and creep effects are negligible. 

Fatigue damage will dominate at high strain ranges, strain rates and low temperatures. 

Oxidation Mechanisms 

Oxidation damage can occur in the form of an oxide intrusion such as the one shown in Figure 4. 

In OP loading, an oxide layer can form on the surface when the material is hot and in 

compression. At the lower temperature the oxide layer becomes brittle. During mechanical 

straining it then cracks to expose new clean metal surfaces. This clean metal will rapidly oxidize 

and the process repeats during the next mechanical strain cycle. Ultimately, this will form a 

crack which can then grow during the mechanical strain cycle. Oxide cracks can also form 

during IP loading. In this case, the oxide forms during the hot portion of the loading cycle while 

the material is in tension. Then upon cooling the oxide film undergoes a buckling delamination 

which fractures the oxide and exposes clean metal surfaces. Oxide formation and rupture during 

isothermal loading is not the dominant failure mechanism and is not reflected in isothermal test 

or materials data. Oxide formation will occur easier and faster at higer temperatures. The 

tendency of the oxide to develop microcracks will depend on the cyclic strain range; stress does 

not play a role in the development of oxide induced microcracks. 

 

Figure 4 Oxidation Damage in Steel 

Creep Mechanisms 

Creep is essentially a diffusion process. At high stresses diffusion allows dislocations to climb 

over barriers. At lower stresses diffusion occurs along the grain boundaries. Figure 5 shows a 

triple point crack that has formed at the junction between grains. These microcracks form as a 
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result of grain boundary sliding to accommodate the change in shape of elongated grains. 

Diffusion is highly temperature and time dependant. Maximum stress rather than strain range has 

a dominant role in the formation of these microcracks. The interaction of the strain rate and 

temperature has a strong influence of the stresses that are observed during cyclic loading.  

 

Figure 5 Wedge crack nucleation in Type 316 stainless steel 

One common feature of all these mechanisms is that they involve the nucleation and early 

growth of microcracks. There will also be interactions between the mechanisms as well. for 

modeling, individual components are considered and interactions are ignored. This notation is 

employed in the following equations: cr - creep, in - inelastic, mech - mechanical, ox - oxidation, 

and th - thermal. The traditional nomenclature is employed for stress, σ , strain, ε , strain rate, , 

temperature, T, and life, N. 

Fatigue Damage Model 

Conventional low cycle fatigue damage is a surface phenomena where small microcracks 

nucleate and grow on the surface of the material. Bulk stresses and strains are employed to 

describe fatigue damage because the microcracks growth is too complex to describe in detail. 

The strain-life equation is the most common description of the process. 

 

σf' fatigue strength coefficient 

b fatigue strength exponent 
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εf' fatigue ductility coefficient 

c fatigue ductility exponent 

E elastic modulus  

Oxidation Damage Model 

The oxidation damage formulation of Neu and Sehitoglu (Neu, R.W. and Sehitoglu, H., 

Metallurgical Transactions A, Vol. 20A, 1989, pp. 1769-1783) is employed in this study. Oxide 

damage will occur when the strain range exceeds a threshold for oxide cracking. 

 

εo threshold strain for oxide cracking 

Hcr constant related to critical oxide thickness 

β mechanical strain range exponent 

b thermal strain rate sensitivity exponent  

 

ξ
ox

 oxidation phasing constant for thermal and mechanical strains 

 

ΔH
ox 

activation energy for oxidation 

Do scaling constant for oxidation 

Oxidation damage is a function of the strain range, strain rate, and temperature. A phasing factor 

ξox is introduced to account for the type of oxide cracking that can occur in either IP or OP 

loading. Phasing is represented by the ratio of thermal and mechanical strain rates. Oxidation rate 

is determined by the effective parabolic oxidation constant, Kpeff. 

Creep Damage Model 
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The creep damage formulation suggested by Neu and Sehitoglu is also employed in this study. 

 

ΔH
cr
 activation energy for creep 

Acr scaling constant for creep 

m creep stress exponent 

α1 stress state constant 

α2 hydrostatic stress sensitivity constant 

 

ξ
cr 

creep phasing constant for thermal and mechanical strains 

Creep damage is a function of the stresses, time and temperature. Microstructural creep damage 

differs in tension and compression. It is commonly assumed that microcracks do not form and 

grow in compression. If no creep damage occurs in compression α1 = 1/3 and α2 = 1. Here, K is 

the drag stress which will be defined in the next section. A phasing factor cr is also introduced 

to account for different creep damage mechanisms such as intergranular or transgranular 

cracking. 

Constitutive Equation Model 

A unified constitutive model first suggested by Bodner and Partom (Bodner, S.R. and Y. Partom, 

J. of Applied Mechanics, Vol. 46, 1979, pp. 805-810) is employed to compute the stresses. The 

combined effects of both creep and plasticity are treated as inelastic strains. At lower stresses, 

time dependant creep dominates the behavior. Plasticity dominates at higher stresses. A drag 

stress, K, is introduced into the formulation. The drag stress is an internal state variable that is 

related to the strength of the material. It is the stress that defines the transition from creep to 

plasticity dominated deformation. It is not constant but depends on the temperature. 

 

ΔH
in
 activation energy for inelastic deformation 
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Ao scaling constant for inelastic deformation 

n1 exponent for creep dominated deformation 

n2 exponent for plasticity dominated deformation 

A linear temperature for the drag stress is often employed. Other forms are possible. 

K = K0 - K1T 

K0 Back stress 

K1 Back stress temperature dependence 

A linear temperature dependence for the elastic modulus is also frequently employed. 

E = E0 - E1T 

E0 elastic modulus 

E1 elastic modulus temperature dependence 

The thermal expansion coefficient is also needed in the analysis to determine thermal strains.  

α thermal expansion coefficient 

These TMF equations represent a model for steady state deformation and require a total of 27 

material modeling constants. 

Simplified Material Properties 

TMF mechanisms are complicated and influenced by the material microstructure, environment 

and external loading and a complete set of material data is preferred. Twenty seven material 

modeling constants means that only a few materials have been fully characterized. Yet, life 

assessments must frequently be made in the early stages of design before a complete set of 

materials data is available. As a result, there is a need to make estimates of the material 

properties from other more readily available data. In this paper, simplified material properties are 

employed. They are based on a classification system, low carbon steels, alloy steels, aluminum, 

etc. because a complete set of data is available for only a few materials. These materials will be 

designed as reference materials. Properties from these materials will be modified to account for 

microstructural differences between materials within a given class. Fatigue constants are always 

needed for the analysis. 

Both creep and oxidation damage models have a phasing factor. The phasing factor is shown in 

Figure 6 as a function of the thermal and mechanical strain ratio. This factor determines the 

dominant failure mechanism, creep or oxidation. As a general rule creep will dominate in-phase 
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TMF loading. Oxidation will dominate for both isothermal and out-of-phase TMF. It should be 

noted that many TMF problems involved constrained heating and cooling which result in out-of-

phase loading. In this case, knowledge of the creep properties is unnecessary because only the 

oxidation and fatigue behavior is important. 

 

Figure 6 Phasing Constants for Oxidation and Creep 

Fatigue Constants 

Many correlations between fatigue and tensile properties have been proposed. Many of them 

have been validated only for steels. Muralidharan and Manson's method (Muralidharan, U. and 

S.S. Manson, J. Engineering Materials and Technology, Vol. 110, 1988, pp. 55-58) has been 

validated for a wide range of materials. It is based on the elastic modulus, E, ultimate strength, 

Su, and true fracture strain, f. 

 

Oxidation Constants 

Oxidation is dominated by the matrix material rather than microstructure in most alloys. As a 

first approximation, alloys of a similar matrix are expected to have the same oxidation behavior. 

No adjustments are needed for microstructure and all materials of the same class will have the 

same behavior. 

Creep Constants 

Creep is a process that is driven by diffusion either in the bulk material or along the grain 

boundaries. Creep damage should be directly related to the creep rate and rupture life. Equation 7 

for creep damage can be divided into two terms, one for temperature and one for stress 



www.pandianprabu.weebly.com Page 11 
 

dependence. Figure 7 shows a Larson-Miller plot for various alloys. Two materials with the same 

value of the Larson-Miller parameter, PLM, will have the same time and temperature dependence. 

Note that the lines describing the material behavior are nearly parallel for a given class of 

materials. For example, the difference between low carbon and Cr-Mo steel is essentially a shift 

in stress level. This observation allows us to estimate the behavior of other materials in the same 

class. the activation energy for creep, ΔH
cr
, is directly related to the self-diffusion activation 

energy which will depend on the matrix material not the microstructure. The stress constants, α1 

and %alpha;2, and the phasing constant, ξ
cr
, can also be considered functions of the matrix 

material and as a first approximation will not change with the microstructure. Exponents such as 

m are an indication of the mechanism and are not expected to change. This leaves a single 

constant, Acr, that will depend on the microstructure. As a first approximation, this constant can 

be scaled from the reference material data. Two materials with the same PLM will have the same 

creep damage so that the integrand of creep damage must also be the same for both materials. In 

Figure 7, consider low carbon and C-Mo steel. The allowable stresses for C-Mo steel are shifted 

up by about 25%. Let the creep strength be denoted as S and the creep strength of the reference 

material as S|ref. Manipulating the equation for creep damage and eliminating the temperature 

terms results in an approximate expression for the constant Acr.  

 

 

Figure 7 Larson Miller Parameters 

Microstructural effects are indirectly included in the creep damage formulation by normalizing 

the stress by the drag stress K. Drag stress will also be directly related to the materials creep 

strength since the drag stress represents the transition between creep and plasticity dominated 
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behavior. The creep constant can be further simplified to Acr = Acr|ref with the final result that no 

adjustments are needed for the creep constants. Differences between materials within a class are 

modeled by changes in the drag stress.  

Constitutive Equation Constants 

Stresses are not included in the fatigue and oxidation models, only the creep damage model. In 

the unified constitutive models no attempt is made to separate the creep and plasticity strains, 

they are all considered as inelastic strains. The exponential terms are related to high temperature 

creep deformation. Following the same arguments used for determining creep damage constants, 

the activation energy and exponents are expected to be a constant for alloys within a class of 

materials. The remaining two constants Ao and K will depend on the material microstructure. 

Drag stress should scale directly with the materials strength, either creep strength or yield 

strength. The constant Ao is assumed to remain constant.  

A very simple model for approximating TMF material constants is proposed, simply adjust the 

material drag stress in proportion to the material strength. Creep strength is preferred but room 

temperature yield strength could be employed when creep data is not available. 

Comparison With Experiments 

Two of the datasets analyzed are presented here. The basis of comparison is the computed TMF 

lives because our objective is to make estimates of fatigue lives not reproduce material modeling 

parameters. The first dataset analyzed is that shown in Figure 2 for 1010 steel. The reference data 

employed was 1070 steel. Creep strength data was not available for both materials so the yield 

strength was used. Fatigue constants were obtained from the SAE handbook for 1010 steel Yield 

strengths for 1010 and 1070 steel were obtained from www.matweb.com. It lists the yield 

strengths as 300 and 580 MPa for 1010 and 1070 steel respectively. Before performing the 

calculations the drag stress constants were reduced by a factor of 0.52. No other changes in the 

oxidation, creep or constitutive equation constants were made. Results of the analysis are given 

in Table 1. In addition to the experimental and calculated fatigue lives, the relative contribution 

of each of the three damage mechanisms is given. 

Table 1 1010 Steel Results from Jaske 

 
Mechanical 

Strain Range 
Tmax 

Experiment 

cycles 

Analysis 

Cycles 

Fatigue 

Damage 

Oxidation 

Damage 

Creep 

Damage 

OP 
0.0200 538 116 427 60% 40% - 

 
0.0100 538 157 1850 51% 49% - 

 
0.0068 538 262 4290 43% 57% - 

 
0.0041 538 632 13400 30% 70% - 

http://www.matweb.com/
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0.0148 427 600 1330 94% 6% - 

 
0.0071 427 1307 8350 90% 10% - 

 
0.0040 427 

4890 
40200 83% 17% - 

 
0.0143 316 569 1530 99% 1% - 

 
0.0070 316 3232 9240 99% 1% - 

        
IP 0.0200 538 75 386 55% 32% 13% 

 
0.0100 538 489 836 23% 18% 59% 

 
0.0070 427 3282 7870 85% 8% 7% 

 
0.0072 317 4778 8570 100% - - 

A second set of test data for a Ni based superalloy IN 738 LC was also analyzed. The reference 

material selected was another Ni based superalloy Mar M247. Creep strength of IN738 was 

taken from High Temperature High Strength Nickel Base Alloys, International Nickel Company, 

3rd Edition, 1977 as 210 MPa at 870 C. Similar data for Mar M247 was obtained from 

Superalloys - A Technical Guide, ASM International, 2nd Edition, 2002 as 280 MPa. Again the 

drag stress constants for Mar M247 were reduced by 0.75 to obtain an estimate of the IN 738 

constants. No other adjustments were made to the Mar M247 oxidation, creep or constitutive 

equation constants were made. Strain life data was taken from Materials Science and 

Technology, Vol. 17, 2001, pp. 1087-1091. Results of the analysis are shown in Table 2. 

Table 2 IN 738LC results from Fleury and Ha 

 

Mechanical 

Strain Range 
Experiment Cycles Analysis Cycles Fatigue Damage 

Oxidation 

Damage 
Creep Damage 

OP 0.008 100 182 9% 91% - 

 
0.004 4000 1620 1% 99% - 

IP 0.0075 180 77 3% - 97% 

 
0.005 1000 837 2% - 98% 

 
0.004 2000 2490 1% - 99% 
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Results in Tables 1 and 2 show that the simple approximate method can be expected to produce 

fatigue lives that are within an order of magnitude of the experimental lives. 

 

Fracture toughening mechanisms 

In materials science, fracture toughening mechanisms are processes that increase energy 

absorption during fracture, resulting in higher fracture toughness. 

o  

Intrinsic toughening mechanisms 

Intrinsic toughening mechanisms involve a fundamental change of material properties like 

ductility and plasticity. These changes can be achieved by creating a more stable microstructure, 

or by increasing precipitate particle spacing to improve ductility. 

Extrinsic toughening mechanisms 

Extrinsic toughening mechanisms act during crack propagation at the location of the crack, and 

these mechanisms come in two subcategories based on where they act. 

Zone shielding 

Three zone shielding mechanisms act on the crack tip to interfere with crack propagation. The 

first is transformation toughening, which occurs when the crack actually changes the crystalline 

structure of the surrounding material to inhibit crack growth. The second and third mechanisms 

are microcrack toughening and crack field void formation, where either microcracks or 

microvoids form around the crack tip and reduce the crack tip stress concentration. 

Contact shielding 

Contact shielding mechanisms act behind the propagating crack. Contact shielding mechanisms 

often induce some sort of crack closure, either by the roughness of the fracture surface, or by 

unbroken fibers bridging the crack. A sliding crack surface or a wake of plasticity behind the 

crack are also contact shielding mechanisms. 

 

Fracture toughness 

http://en.wikipedia.org/wiki/Materials_science
http://en.wikipedia.org/wiki/Fracture
http://en.wikipedia.org/wiki/Fracture_toughness
http://en.wikipedia.org/wiki/Ductility
http://en.wikipedia.org/wiki/Plasticity_%28physics%29
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In materials science, fracture toughness is a property which describes the ability of a material 

containing a crack to resist fracture, and is one of the most important properties of any material 

for many design applications. The linear-elastic fracture toughness of a material is determined 

from the stress intensity factor ( ) at which a thin crack in the material begins to grow. It is 

denoted KIc and has the units of or . Plastic-elastic fracture toughness is 

denoted by JIc, with the unit of J/cm
2
 or lbf-in/in

2
, and is a measurement of the energy required to 

grow a thin crack. 

The subscript Ic denotes mode I crack opening under a normal tensile stress perpendicular to the 

crack, since the material can be made deep enough to stand shear (mode II) or tear (mode III). 

Fracture toughness is a quantitative way of expressing a material's resistance to brittle fracture 

when a crack is present. If a material has much fracture toughness it will probably undergo 

ductile fracture. Brittle fracture is very characteristic of materials with less fracture toughness.  

Fracture mechanics, which leads to the concept of fracture toughness, was broadly based on the 

work of A. A. Griffith who, among other things, studied the behavior of cracks in brittle 

materials. 

A related concept is the work of fracture ( ) which is directly proportional to , 

where is the Young's modulus of the material. Note that, in SI units, is given in J/m
2
. 

  

Example values 

The following table shows some typical values of fracture toughness for various materials: 

Material type Material KIc (MPa · m
1/2

) 

Metal 

Aluminum alloy (7075) 24 

Steel alloy (4340) 50 

Titanium alloy 44–66 

Aluminum 14–28 

Ceramic 

Aluminium oxide  3–5 

Silicon carbide  3–5 

Soda-lime glass  0.7–0.8 

Concrete 0.2–1.4 

Polymer 
Polymethyl methacrylate  0.7–1.6 

Polystyrene  0.7–1.1 

Composite 
Mullite-fibre composite 1.8–3.3 

Silica aerogels  0.0008–0.0048 

http://en.wikipedia.org/wiki/Materials_science
http://en.wikipedia.org/wiki/Fracture
http://en.wikipedia.org/wiki/Stress_intensity_factor
http://en.wikipedia.org/wiki/Brittle
http://en.wikipedia.org/wiki/Ductile
http://en.wikipedia.org/wiki/Fracture_mechanics
http://en.wikipedia.org/wiki/Alan_Arnold_Griffith
http://en.wikipedia.org/w/index.php?title=Work_of_fracture&action=edit&redlink=1
http://en.wikipedia.org/wiki/Aluminum
http://en.wikipedia.org/wiki/Steel
http://en.wikipedia.org/wiki/Titanium
http://en.wikipedia.org/wiki/Aluminium_oxide
http://en.wikipedia.org/wiki/Silicon_carbide
http://en.wikipedia.org/wiki/Soda-lime_glass
http://en.wikipedia.org/wiki/Concrete
http://en.wikipedia.org/wiki/Polymethyl_methacrylate
http://en.wikipedia.org/wiki/Polystyrene
http://en.wikipedia.org/wiki/Mullite
http://en.wikipedia.org/wiki/Aerogel#Silica
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Crack growth as a stability problem 

Consider a body with flaws (cracks) that is subject to some loading; the stability of the crack can 

be assessed as follows. We can assume for simplicity that the loading is of constant displacement 

or displacement controlled type (such as loading with a screw jack); we can also simplify the 

discussion by characterizing the crack by its area, A. If we consider an adjacent state of the body 

as being one with a broader crack (area A+dA), we can then assess strain energy in the two states 

and evaluate strain energy release rate. 

The rate is reckoned with respect to the change in crack area, so if we use U for strain energy, the 

strain energy release rate is numerically dU/dA. It may be noted that for a body loaded in 

constant displacement mode, the displacement is applied and the force level is dictated by 

stiffness (or compliance) of the body. If the crack grows in size, the stiffness decreases, so the 

force level will decrease. This decrease in force level under the same displacement (strain) level 

indicates that the elastic strain energy stored in the body is decreasing—is being released. Hence 

the term strain energy release rate which is usually denoted with symbol G. 

The strain energy release rate is higher for higher loads and broader cracks. If the strain energy 

so released exceeds a critical value Gc, then the crack will grow spontaneously. For brittle 

materials, Gc can be equated to the surface energy of the (two) new crack surfaces; in other 

words, in brittle materials, a crack will grow spontaneously if the strain energy released is equal 

to or more than the energy required to grow the crack surface(s). The stability condition can be 

written as 

elastic energy released = surface energy created. 

If the elastic energy released is less than the critical value, then the crack will not grow; equality 

signifies neutral stability and if the strain energy release rate exceeds the critical value, the crack 

will start growing in an unstable manner. For ductile materials, energy associated with plastic 

deformation has to be taken into account. When there is plastic deformation at the crack tip (as 

occurs most often in metals) the energy to propagate the crack may increase by several orders of 

magnitude as the work related to plastic deformation may be much larger than the surface 

energy. In such cases, the stability criterion has to be restated as 

elastic energy released = surface energy + plastic deformation energy. 

Practically, this means a higher value for the critical value Gc. From the definition of G, we can 

deduce that it has dimensions of work (or energy) /area or force/length. For ductile metals GIc is 

around 50–200 kJ/m
2
, for brittle metals it is usually 1–5 and for glasses and brittle polymers it is 

almost always less than 0.5. 

The problem can also be formulated in terms of stress instead of energy, leading to the terms 

stress intensity factor K (or KI for mode I) and critical stress intensity factor Kc (and KIc). These 

http://en.wikipedia.org/wiki/Strain_energy_release_rate
http://en.wikipedia.org/wiki/Strain_energy
http://en.wikipedia.org/wiki/Strain_energy_release_rate
http://en.wikipedia.org/wiki/Stiffness
http://en.wikipedia.org/wiki/Compliance_%28physiology%29
http://en.wikipedia.org/wiki/Fracture
http://en.wikipedia.org/wiki/Strain_energy
http://en.wikipedia.org/wiki/Brittle
http://en.wikipedia.org/wiki/Surface_energy
http://en.wikipedia.org/wiki/Brittle
http://en.wikipedia.org/wiki/Energy
http://en.wikipedia.org/wiki/Elastic_energy
http://en.wikipedia.org/wiki/Ductile
http://en.wikipedia.org/wiki/Plastic_deformation
http://en.wikipedia.org/wiki/Plastic_deformation
http://en.wikipedia.org/wiki/Plastic_deformation
http://en.wikipedia.org/wiki/Plastic_deformation
http://en.wikipedia.org/wiki/Surface_energy
http://en.wikipedia.org/wiki/Surface_energy
http://en.wikipedia.org/wiki/Ductile
http://en.wikipedia.org/wiki/Brittle
http://en.wikipedia.org/wiki/Glass
http://en.wikipedia.org/wiki/Polymer
http://en.wikipedia.org/wiki/Stress_%28mechanics%29
http://en.wikipedia.org/wiki/Stress_intensity_factor
http://en.wikipedia.org/wiki/Stress_intensity_factor
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Kc and KIc (etc.) quantities are commonly referred to as fracture toughness, though it is 

equivalent to use Gc. Typical values for KIcare 150 MN/m
3/2

 for ductile (very tough) metals, 25 

for brittle ones and 1–10 for glasses and brittle polymers. Notice the different units used by GIc 

and KIc. Engineers tend to use the latter as an indication of toughness. 

Transformation toughening 

Composites exhibiting the highest level of fracture toughness are typically made of a pure 

alumina or some silica-alumina (SiO2 /Al2O3) matrix with tiny inclusions of zirconia (ZrO2) 

dispersed as uniformly as possible within the solid matrix. (*Note: a wet chemical approach is 

typically necessary in order to establish the compositional uniformity of the ceramic body before 

firing). 

The process of "transformation toughening" is based on the assumption that zirconia undergoes 

several martensitic (displacive, diffusionless) phase transformations (cubic → tetragonal → 

monoclinic) between room temperature and practical sintering (or firing) temperatures. Thus, 

due to the volume restrictions induced by the solid matrix, metastable crystalline structures can 

become frozen in which impart an internal strain field surrounding each zirconia inclusion upon 

cooling. This enables a zirconia particle (or inclusion) to absorb the energy of an approaching 

crack tip front in its nearby vicinity. 

Thus, the application of large shear stresses during fracture nucleates the transformation of a 

zirconia inclusion from the metastable phase. The subsequent volume expansion from the 

inclusion (via an increase in the height of the unit cell) introduces compressive stresses which 

therefore strengthen the matrix near the approaching crack tip front. Zirconia "whiskers" may be 

used expressly for this purpose. 

Appropriately referred to by its first discoverers as "ceramic steel", the stress intensity factor 

values for window glass (silica), transformation toughened alumina, and a typical iron/carbon 

steel range from 1 to 20 to 50 respectively. 

Conjoint action 

There are number of instances where this picture of a critical crack is modified by corrosion. 

Thus, fretting corrosion occurs when a corrosive medium is present at the interface between two 

rubbing surfaces. Fretting (in the absence of corrosion) results from the disruption of very small 

areas that bond and break as the surfaces undergo friction, often under vibrating conditions. The 

bonding contact areas deform under the localised pressure and the two surfaces gradually wear 

away. Fracture mechanics dictates that each minute localised fracture has to satisfy the general 

rule that the elastic energy released as the bond fractures has to exceed the work done in 

plastically deforming it and in creating the (very tiny) fracture surfaces. This process is enhanced 

when corrosion is present, not least because the corrosion products act as an abrasive between 

the rubbing surfaces. 
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Fatigue is another instance where cyclical stressing, this time of a bulk lump of metal, causes 

small flaws to develop. Ultimately one such flaw exceeds the critical condition and fracture 

propagates across the whole structure. The fatigue life of a component is the time it takes for 

criticality to be reached, for a given regime of cyclical stress. Corrosion fatigue is what happens 

when a cyclically stressed structure is subjected to a corrosive environment at the same time. 

This not only serves to initiate surface cracks but (see below) actually modifies the crack growth 

process. As a result the fatigue life is shortened, often considerably. 

Stress-corrosion cracking (SCC) 

This phenomenon is the unexpected sudden failure of normally ductile metals subjected to a 

constant tensile stress in a corrosive environment. Certain austenitic stainless steels and 

aluminium alloys crack in the presence of chlorides, mild steel cracks in the presence of alkali 

(boiler cracking) and copper alloys crack in ammoniacal solutions (season cracking). Worse 

still, high-tensile structural steels crack in an unexpectedly brittle manner in a whole variety of 

aqueous environments, especially chloride. With the possible exception of the latter, which is a 

special example of hydrogen cracking, all the others display the phenomenon of subcritical crack 

growth; i.e. small surface flaws propagate (usually smoothly) under conditions where fracture 

mechanics predicts that failure should not occur. That is, in the presence of a corrodent, cracks 

develop and propagate well below KIc. In fact, the subcritical value of the stress intensity, 

designated as KIscc, may be less than 1% of KIc, as the following table shows: 

Alloy 
KIc (

) 

SCC 

environment 

KIscc (

) 

13Cr steel 60 3% NaCl 12 

18Cr-8Ni 200 42% MgCl2 10 

Cu-30Zn 200 NH4OH, pH7 1 

Al-3Mg-7Zn 25 aqueous halides 5 

Ti-6Al-4V 60 0.6M KCl 20 

The subcritical nature of propagation may be attributed to the chemical energy released as the 

crack propagates. That is, 

elastic energy released + chemical energy = surface energy + deformation energy. 

The crack initiates at KIscc and thereafter propagates at a rate governed by the slowest process, 

which most of the time is the rate at which corrosive ions can diffuse to the crack tip. As the 

crack advances so K rises (because crack size appears in the calculation of stress intensity). 

Finally it reaches KIc, whereupon swift fracture ensues and the component fails. One of the 

practical difficulties with SCC is its unexpected nature. Stainless steels, for example, are 

employed because under most conditions they are passive; i.e. effectively inert. Very often one 

finds a single crack has propagated whiles the left metal surface stays apparently unaffected. 
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Paris' law 

 
 

Schematic plot of the typical relationship between the crack growth rate and the range of the 

stress intensity factor. In practice, the Paris law is calibrated to model the linear interval around 

the center. 

Paris' law (also known as the Paris-Erdogan law) relates the stress intensity factor range to 

sub-critical crack growth under a fatigue stress regime. As such, it is the most popular fatigue 

crack growth model used in materials science and fracture mechanics. The basic formula reads 

, 

where a is the crack length and N is the number of load cycles. Thus, the term on the left side, 

known as the crack growth rate, denotes the infinitesimal crack length growth per increasing 

number of load cycles. On the right hand side, C and m are material constants, and is the 

range of the stress intensity factor, i.e., the difference between the stress intensity factor at 

maximum and minimum loading 
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, 

where is the maximum stress intensity factor and is the minimum stress intensity 

factor. 

History and use 

The formula was introduced by P.C. Paris in 1961.Being a power law relationship between the 

crack growth rate during cyclic loading and the range of the stress intensity factor, the Paris law 

can be visualized as a linear graph on a log-log plot, where the x-axis is denoted by the range of 

the stress intensity factor and the y-axis is denoted by the crack growth rate. 

Paris' law can be used to quantify the residual life (in terms of load cycles) of a specimen given a 

particular crack size. Defining the crack intensity factor as 

, 

where is a uniform tensile stress perpendicular to the crack plane and Y is a dimensionless 

parameter that depends on the geometry, the range of the stress intensity factor follows as 

, 

where is the range of cyclic stress amplitude. Y takes the value 1 for a center crack in an 

infinite sheet. The remaining cycles can be found by substituting this equation in the Paris law 

. 

For relatively short cracks, Y can be assumed as independent of a and the differential equation 

can be solved via separation of variables 

 

and subsequent integration 

, 

where is the remaining number of cycles to fracture, is the critical crack length at which 

instantaneous fracture will occur, and is the initial crack length at which fatigue crack growth 
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starts for the given stress range . If Y strongly depends on a, numerical methods might be 

required to find reasonable solutions. 

For the application to adhesive joints in composites, it is more useful to express the Paris Law in 

terms of fracture energy rather than stress intensity factors. 

Larson-Miller Parameter 

The Larson-Miller parameter is a means of predicting the lifetime of material vs. time and 

temperature using a correlative approach based on the Arrhenius rate equation. The value of the 

parameter is usually expressed as LMP=T(C + log t) where C is a material specific constant often 

approximated as 20, t is the time in hours and T is the temperature in Kelvin. 

Creep-stress rupture data for high-temperature creep-resistant alloys are often plotted as log 

stress to rupture versus a combination of log time to rupture and temperature. One of the most 

common time–temperature parameters used to present this kind of data is the Larson-Miller 

(L.M.) parameter, which in generalized form is 

 

T = temperature, K or °R 

= stress-rupture time, h 

C = constant usually of order 20 

According to the L.M. parameter, at a given stress level the log time to stress rupture plus a 

constant of the order of 20 multiplied by the temperature in kelvins or degrees Rankine remains 

constant for a given material. 

Larson–Miller relation 

The Larson-Miller relation, also widely known as the Larson-Miller Parameter and often 

abbreviated LMP, is a parametric relation used to extrapolate experimental data on creep and 

rupture life of engineering materials. 

Background and usage 

F.R. Larson and J. Miller proposed that creep rate could adequately be described by the 

Arrhenius type equation: 
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Where r is the creep process rate, A is a constant, R is the universal gas constant, T is the 

absolute temperature, and is the activation energy for the creep process. Taking the natural 

log of both sides: 

 

With some rearrangement: 

 

Using the fact that creep rate is inversely proportional to time, the equation can be written as: 

 

Taking the natural log: 

 

After some rearrangement the relation finally becomes: 

, where B =  

This equation is of the same form as the Larson-Miller relation. 

 

where the quantity LMP is known as the Larson-Miller parameter. Using the assumption that 

activation energy is independent of applied stress, the equation can be used to relate the 

difference in rupture life to differences in temperature for a given stress. The material constant C 

is typically found to be in the range of 20 to 22 for metals. 

The Larson-Miller model is used for experimental tests so that results at certain temperatures and 

stresses can predict rupture lives of time spans that would be impractical to reproduce in the 

laboratory. 

The equation was developed during the 1950s while Miller and Larson were employed by GE 

performing research on turbine blade life. 
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What is Metallic glass ? 

 

 

Metallic glasses are those which share the properties of both metals and glasses. In general, they are 

strong, ductile, malleable, opaque and brittle. They also have good magnetic properties and corrosion 

resistance. It was discovered in the year 1970. They are also called as amorphous metals. 

Types of Metallic glasses: 

 

 

There are two types of Metallic glasses 

1. Metal - metal metallic glasses. 

2. Metal - metalloid metallic glasses. 

1. Metal - metal metallic glasses. 

 

 

They are formed by combination of metals. 

Example: 

1. Ni - Nb (Nickel & Niobium). 

2. Mg - Zn (Magnesium & zinc). 

3. Cu - Zr (Copper & Zirconium). 

4. Hf - V (Hafnium & Vanadium). 

2. Metal - metalloid metallic glasses. 

 

 

They are formed by combination of metals and metalloid. 

Example: 

Metals like Fe, Co, Ni and metalloid such as B, Si, C, P. 

Applications of metallic glasses: 

 

In Electrical and Electronics 

 

 

Since metallic glasses have high electrical resistance, they are used to make accurate standard 

resistance, computer memories and magnetic resistance sensors. 
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Nuclear reactor engineering 

 

 

1. The magnetic properties of metallic glasses are not affected by irradiation and so they are useful in 

preparing containers for nuclear waste disposal and magnets for fusion reactors. 

 

2. Chromium and phosphorous based metallic glasses have high corrosion resistances and so they are 

used in inner surface of the reactor vessels. 

Bio - Medical Industries 

 

 

1. Due to high resistance to corrosion, metallic glasses are suitable for cutting and making surgical 

instruments. 

 

2. They may also be used as prosthetic materials for implantation in human body. 

Other Applications 

 

 

1. They possess high physical and tensile strength. They are more superior than common steels and thus 

they are useful as reinforcing elements in concrete, plastic and rubber. 

 

2. Strong ribbons of metallic glasses can be used for simple filament winding to reinforce pressure 

vessels and also to construct large fly wheels for energy storage. 

 

3. Due to their good strength, high ductility and good corrosion resistance, they are used to make razor 

blades and different kinds of springs. 

 

4. Since metallic glasses have soft magnetic properties, they are used in tape recorder heads, cores of 

high-power transformers and metallic shields. 

 

5. Superconducting metallic glasses are be used to produce high magnetic fields and magnetic 

levitation effect. 
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Fracture mechanics 

Continuum mechanics 

 

 
 
 
 
 

  

Fracture mechanics is the field of mechanics concerned with the study of the propagation of 

cracks in materials. It uses methods of analytical solid mechanics to calculate the driving force 

on a crack and those of experimental solid mechanics to characterize the material's resistance to 

fracture. 

In modern materials science, fracture mechanics is an important tool in improving the 

mechanical performance of materials and components. It applies the physics of stress and strain, 

in particular the theories of elasticity and plasticity, to the microscopic crystallographic defects 

found in real materials in order to predict the macroscopic mechanical failure of bodies. 

Fractography is widely used with fracture mechanics to understand the causes of failures and 

also verify the theoretical failure predictions with real life failures. The prediction of crack 

growth is at the heart of the damage tolerance discipline. 
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Linear elastic fracture mechanics 

Griffith's criterion 

Fracture mechanics was developed during World War I by English aeronautical engineer, A. A. 

Griffith, to explain the failure of brittle materials.
[1]

 Griffith's work was motivated by two 

contradictory facts: 

 The stress needed to fracture bulk glass is around 100 MPa (15,000 psi). 
 The theoretical stress needed for breaking atomic bonds is approximately 10,000 MPa 

(1,500,000 psi). 

A theory was needed to reconcile these conflicting observations. Also, experiments on glass 

fibers that Griffith himself conducted suggested that the fracture stress increases as the fiber 

diameter decreases. Hence the uniaxial tensile strength, which had been used extensively to 

predict material failure before Griffith, could not be a specimen-independent material property. 

Griffith suggested that the low fracture strength observed in experiments, as well as the size-

dependence of strength, was due to the presence of microscopic flaws in the bulk material. 

To verify the flaw hypothesis, Griffith introduced an artificial flaw in his experimental 

specimens. The artificial flaw was in the form of a surface crack which was much larger than 

other flaws in a specimen. The experiments showed that the product of the square root of the 

http://en.wikipedia.org/wiki/Alan_Arnold_Griffith
http://en.wikipedia.org/wiki/Alan_Arnold_Griffith
http://en.wikipedia.org/wiki/Alan_Arnold_Griffith
http://en.wikipedia.org/wiki/Fracture_mechanics#cite_note-1
http://en.wikipedia.org/wiki/Glass
http://en.wikipedia.org/wiki/File:EdgeCrack2D.png
http://en.wikipedia.org/wiki/File:EdgeCrack2D.png


www.pandianprabu.weebly.com Page 27 
 

flaw length (a) and the stress at fracture (σf) was nearly constant, which is expressed by the 

equation: 

 

An explanation of this relation in terms of linear elasticity theory is problematic. Linear elasticity 

theory predicts that stress (and hence the strain) at the tip of a sharp flaw in a linear elastic 

material is infinite. To avoid that problem, Griffith developed a thermodynamic approach to 

explain the relation that he observed. 

The growth of a crack requires the creation of two new surfaces and hence an increase in the 

surface energy. Griffith found an expression for the constant C in terms of the surface energy of 

the crack by solving the elasticity problem of a finite crack in an elastic plate. Briefly, the 

approach was: 

 Compute the potential energy stored in a perfect specimen under a uniaxial tensile load. 
 Fix the boundary so that the applied load does no work and then introduce a crack into the 

specimen. The crack relaxes the stress and hence reduces the elastic energy near the crack 
faces. On the other hand, the crack increases the total surface energy of the specimen. 

 Compute the change in the free energy (surface energy − elastic energy) as a function of the 
crack length. Failure occurs when the free energy attains a peak value at a critical crack length, 
beyond which the free energy decreases by increasing the crack length, i.e. by causing fracture. 
Using this procedure, Griffith found that 

 

where E is the Young's modulus of the material and γ is the surface energy density of the 

material. Assuming E = 62 GPa and γ = 1 J/m
2
 gives excellent agreement of Griffith's predicted 

fracture stress with experimental results for glass. 

Irwin's modification 
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The plastic zone around a crack tip in a ductile material. 

Griffith's work was largely ignored by the engineering community until the early 1950s. The 

reasons for this appear to be (a) in the actual structural materials the level of energy needed to 

cause fracture is orders of magnitude higher than the corresponding surface energy, and (b) in 

structural materials there are always some inelastic deformations around the crack front that 

would make the assumption of linear elastic medium with infinite stresses at the crack tip highly 

unrealistic.  

Griffith's theory provides excellent agreement with experimental data for brittle materials such as 

glass. For ductile materials such as steel, though the relation still holds, the surface 

energy (γ) predicted by Griffith's theory is usually unrealistically high. A group working under 

G. R. Irwin
[3]

 at the U.S. Naval Research Laboratory (NRL) during World War II realized that 

plasticity must play a significant role in the fracture of ductile materials. 

In ductile materials (and even in materials that appear to be brittle
[4]

), a plastic zone develops at 

the tip of the crack. As the applied load increases, the plastic zone increases in size until the 

crack grows and the material behind the crack tip unloads. The plastic loading and unloading 

cycle near the crack tip leads to the dissipation of energy as heat. Hence, a dissipative term has to 

be added to the energy balance relation devised by Griffith for brittle materials. In physical 

terms, additional energy is needed for crack growth in ductile materials when compared to brittle 

materials. 

Irwin's strategy was to partition the energy into two parts: 

 the stored elastic strain energy which is released as a crack grows. This is the thermodynamic 
driving force for fracture. 

 the dissipated energy which includes plastic dissipation and the surface energy (and any other 
dissipative forces that may be at work). The dissipated energy provides the thermodynamic 
resistance to fracture. Then the total energy dissipated is 

 

where γ is the surface energy and Gp is the plastic dissipation (and dissipation from other 

sources) per unit area of crack growth. 

The modified version of Griffith's energy criterion can then be written as 

 

For brittle materials such as glass, the surface energy term dominates and 

. For ductile materials such as steel, the plastic dissipation term 
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dominates and . For polymers close to the glass transition 

temperature, we have intermediate values of . 

Stress intensity factor 

Another significant achievement of Irwin and his colleagues was to find a method of calculating 

the amount of energy available for fracture in terms of the asymptotic stress and displacement 

fields around a crack front in a linear elastic solid.
[3]

 This asymptotic expression for the stress 

field around a crack tip is 

 

where σij are the Cauchy stresses, r is the distance from the crack tip, θ is the angle with respect 

to the plane of the crack, and fij are functions that are independent of the crack geometry and 

loading conditions. Irwin called the quantity K the stress intensity factor. Since the quantity fij is 

dimensionless, the stress intensity factor can be expressed in units of . 

When a rigid line inclusion is considered, a similar asymptotic expression for the stress fields is 

obtained. 

Strain energy release 

Irwin was the first to observe that if the size of the plastic zone around a crack is small compared 

to the size of the crack, the energy required to grow the crack will not be critically dependent on 

the state of stress at the crack tip. In other words, a purely elastic solution may be used to 

calculate the amount of energy available for fracture. 

The energy release rate for crack growth or strain energy release rate may then be calculated as 

the change in elastic strain energy per unit area of crack growth, i.e., 

 

where U is the elastic energy of the system and a is the crack length. Either the load P or the 

displacement u can be kept fixed while evaluating the above expressions. 

Irwin showed that for a mode I crack (opening mode) the strain energy release rate and the stress 

intensity factor are related by: 
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where E is the Young's modulus, ν is Poisson's ratio, and KI is the stress intensity factor in mode 

I. Irwin also showed that the strain energy release rate of a planar crack in a linear elastic body 

can be expressed in terms of the mode I, mode II (sliding mode), and mode III (tearing mode) 

stress intensity factors for the most general loading conditions. 

Next, Irwin adopted the additional assumption that the size and shape of the energy dissipation 

zone remains approximately constant during brittle fracture. This assumption suggests that the 

energy needed to create a unit fracture surface is a constant that depends only on the material. 

This new material property was given the name fracture toughness and designated GIc. Today, it 

is the critical stress intensity factor KIc, found in the plain strain condition, which is accepted as 

the defining property in linear elastic fracture mechanics. 

Limitations 

 

 

The S.S. Schenectady split apart by brittle fracture while in harbor (1944) 

But a problem arose for the NRL researchers because naval materials, e.g., ship-plate steel, are 

not perfectly elastic but undergo significant plastic deformation at the tip of a crack. One basic 

assumption in Irwin's linear elastic fracture mechanics is small scale yielding, the condition that 

the size of the plastic zone is small compared to the crack length. However, this assumption is 

quite restrictive for certain types of failure in structural steels though such steels can be prone to 

brittle fracture, which has led to a number of catastrophic failures. 

Linear-elastic fracture mechanics is of limited practical use for structural steels for another more 

practical reason. Fracture toughness testing is very expensive and engineers believe that 
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sufficient information for selection of steels can be obtained from the simpler and cheaper 

Charpy impact test.
[citation needed]

 

Elastic–plastic fracture mechanics 

 

 

Vertical stabilizer, which separated from American Airlines Flight 587, leading to a fatal crash 

Most engineering materials show some nonlinear elastic and inelastic behavior under operating 

conditions that involve large loads.
[citation needed]

 In such materials the assumptions of linear elastic 

fracture mechanics may not hold, that is, 

 the plastic zone at a crack tip may have a size of the same order of magnitude as the crack size 
 the size and shape of the plastic zone may change as the applied load is increased and also as 

the crack length increases. 

Therefore a more general theory of crack growth is needed for elastic-plastic materials that can 

account for: 

 the local conditions for initial crack growth which include the nucleation, growth, and 
coalescence of voids or decohesion at a crack tip. 

 a global energy balance criterion for further crack growth and unstable fracture. 

R-curve 

An early attempt in the direction of elastic-plastic fracture mechanics was Irwin's crack 

extension resistance curve or R-curve. This curve acknowledges the fact that the resistance to 

fracture increases with growing crack size in elastic-plastic materials. The R-curve is a plot of 

the total energy dissipation rate as a function of the crack size and can be used to examine the 

processes of slow stable crack growth and unstable fracture. However, the R-curve was not 

widely used in applications until the early 1970s. The main reasons appear to be that the R-curve 

depends on the geometry of the specimen and the crack driving force may be difficult to 

calculate.
[2]
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J-integral 

In the mid-1960s James R. Rice (then at Brown University) and G. P. Cherepanov independently 

developed a new toughness measure to describe the case where there is sufficient crack-tip 

deformation that the part no longer obeys the linear-elastic approximation. Rice's analysis, which 

assumes non-linear elastic (or monotonic deformation theory plastic) deformation ahead of the 

crack tip, is designated the J integral.
[5]

 This analysis is limited to situations where plastic 

deformation at the crack tip does not extend to the furthest edge of the loaded part. It also 

demands that the assumed non-linear elastic behavior of the material is a reasonable 

approximation in shape and magnitude to the real material's load response. The elastic-plastic 

failure parameter is designated JIc and is conventionally converted to KIc using Equation (3.1) of 

the Appendix to this article. Also note that the J integral approach reduces to the Griffith theory 

for linear-elastic behavior. 

Cohesive zone models 

When a significant region around a crack tip has undergone plastic deformation, other 

approaches can be used to determine the possibility of further crack extension and the direction 

of crack growth and branching. A simple technique that is easily incorporated into numerical 

calculations is the cohesive zone model method which is based on concepts proposed 

independently by Barenblatt
[6]

 and Dugdale
[7]

 in the early 1960s. The relationship between the 

Dugale-Barenblatt models and Griffith's theory was first discussed by Willis in 1967.
[8]

 The 

equivalence of the two approaches in the context of brittle fracture was shown by Rice in 1968.
[5]

 

Interest in cohesive zone modeling of fracture has been reignited since 2000 following the 

pioneering work on dynamic fracture by Xu and Needleman,
[9]

 and Camacho and Ortiz.
[10]

 

Fully plastic failure 

If the material is so tough that the yielded region ahead of the crack extends to the far edge of the 

specimen before fracture, the crack is no longer an effective stress concentrator. Instead, the 

presence of the crack merely serves to reduce the load-bearing area. In this regime the failure 

stress is conventionally assumed to be the average of the yield and ultimate strengths of the 

material. 

Engineering applications 

The following information is needed for a fracture mechanics prediction of failure: 

 Applied load 
 Residual stress 
 Size and shape of the part 
 Size, shape, location, and orientation of the crack 

Usually not all of this information is available and conservative assumptions have to be made. 
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Occasionally post-mortem fracture-mechanics analyses are carried out. In the absence of an 

extreme overload, the causes are either insufficient toughness (KIc) or an excessively large crack 

that was not detected during routine inspection. 

Short summary 

Arising from the manufacturing process, interior and surface flaws are found in all metal 

structures. Not all such flaws are unstable under service conditions. Fracture mechanics is the 

analysis of flaws to discover those that are safe (that is, do not grow) and those that are liable to 

propagate as cracks and so cause failure of the flawed structure. Ensuring safe operation of 

structure despite these inherent flaws is achieved through damage tolerance analysis. Fracture 

mechanics as a subject for critical study has barely been around for a century and thus is 

relatively new. There is a high demand for engineers with fracture mechanics expertise—

particularly in this day and age where engineering failure is considered 'shocking' amongst the 

general public. 

Appendix: mathematical relations 

Griffith's criterion 

For the simple case of a thin rectangular plate with a crack perpendicular to the load Griffith’s 

theory becomes: 

                 (1.1) 

where is the strain energy release rate, is the applied stress, is half the crack length, and 

is the Young’s modulus. The strain energy release rate can otherwise be understood as: the rate 

at which energy is absorbed by growth of the crack. 

However, we also have that: 

                 (1.2) 

If ≥ , this is the criterion for which the crack will begin to propagate. 

Irwin's modifications 

Eventually a modification of Griffith’s solids theory emerged from this work; a term called stress 

intensity replaced strain energy release rate and a term called fracture toughness replaced surface 

weakness energy. Both of these terms are simply related to the energy terms that Griffith used: 
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                 (2.1) 

and 

(for plane stress)                 (2.2) 

(for plane strain)                 (2.3) 

where KI is the stress intensity, Kc the fracture toughness, and is Poisson’s ratio. It is important 

to recognize the fact that fracture parameter Kc has different values when measured under plane 

stress and plane strain 

Fracture occurs when . For the special case of plane strain deformation, becomes 

and is considered a material property. The subscript I arises because of the different ways of 

loading a material to enable a crack to propagate. It refers to so-called "mode I" loading as 

opposed to mode II or III: 

 

 

The three fracture modes. 

There are three ways of applying a force to enable a crack to propagate: 

 Mode I crack – Opening mode (a tensile stress normal to the plane of the crack) 
 Mode II crack – Sliding mode (a shear stress acting parallel to the plane of the crack and 

perpendicular to the crack front) 
 Mode III crack – Tearing mode (a shear stress acting parallel to the plane of the crack and 

parallel to the crack front) 

We must note that the expression for in equation 2.1 will be different for geometries other 

than the center-cracked infinite plate, as discussed in the article on the stress intensity factor. 

Consequently, it is necessary to introduce a dimensionless correction factor, Y, in order to 

characterize the geometry. We thus have: 

                 (2.4) 
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where Y is a function of the crack length and width of sheet given by: 

                 (2.5) 

for a sheet of finite width W containing a through-thickness crack of length 2a, or 

                 (2.6) 

for a sheet of finite width W containing a through-thickness edge crack of length a 

Elasticity and plasticity 

Since engineers became accustomed to using KIc to characterise fracture toughness, a relation has 

been used to reduce JIc to it: 

          where for plane stress and for plane 

strain          (3.1) 

The remainder of the mathematics employed in this approach is interesting, but is probably better 

summarised in external pages due to its complex nature. 
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