
Chapter 3 
A crystalline material is one in which the atoms are situated in a repeating or periodic array over 

large atomic distances—that is, long-range order exists, such that upon solidification, the atoms will 

position themselves in a repetitive three-dimensional pattern, in which each atom is bonded to its 

nearest neighbour atoms. 

Amorphous solid materials lack a systematic and regular arrangement of atoms or ions over 

relatively large distances on atomic scale.  (Rapid cooling favours the formation of a non-crystalline 

solid, since little time is allowed for ordering process.) 

Crystal structure of the material, the manner in which atoms, ions, or molecules are spatially 

arranged. 

Lattice means a three-dimensional array of points coinciding with atom positions (or sphere 

centres). 

In describing crystal structures, it is often convenient to subdivide the structure into small repeat 

entities called unit cells.  

For metals, each atom has the same number of nearest neighbour atoms, which is the coordination 

number. 

Some metals and non-metals have more than one crystal structure, a phenomenon known as 

polymorphism. When found in elemental solids, the condition is often called allotropy. 

For a crystalline solid, when the periodic and repeated arrangement of atoms is perfect or extends 

throughout the entirety of the specimen without interruption, the result is a single crystal. 

Most crystalline solids are composed of a collection of many small crystals or grains, having different 

crystallographic orientations; such materials are termed polycrystalline. 

A grain boundary is the boundary region separating two grains where there is some atomic 

mismatch.  

The physical properties of single crystals of some substances depend on the crystallographic 

direction in which measurements are taken. For example, the elastic modulus, the electrical 

conductivity, and the index of refraction may have different values in the [100] and [111] directions. 

This directionality of properties is termed anisotropy. Anisotropy is the directionality dependence of 

properties. For isotropic materials, properties are independent of the direction of measurement.  

Substances in which measured properties are independent of the direction of measurement are 

isotropic.  

Chapter 4 
The simplest of the point defects is a vacancy, or vacant lattice site, one normally occupied but from 

which an atom is missing. 

A self-interstitial is an atom from the crystal that is crowded into an interstitial site—a small void 

space that under ordinary circumstances is not occupied. It exists in very small concentration that 

are significantly lower than vacancies, since energy required to fit an extra atom is larger.  

 



In calculating the equilibrium number of vacancies, ‘k’ is the gas or Boltzmann’s constant. The value 

of k is 1.38 10 23 J/atom*K, or 8.62 10 5 eV/atom*K 

Alloys, in which impurity atoms have been added intentionally to impart specific characteristics to 

the material. Ordinarily, alloying is used in metals to improve mechanical strength and corrosion 

resistance. 

The addition of impurity atoms to a metal results in the formation of a solid solution (original crystal 

structure is retained and no new phases are formed) and/or a new second phase, depending on the 

kinds of impurity, their concentrations, and the temperature of the alloy. 

Impurity point defects are found in solid solutions, of which there are two types: substitutional and 

interstitial. For the substitutional type, solute or impurity atoms replace or substitute for the host 

atoms. The dissolvability is determined using Hume-Rothery rules: atomic size, crystal structure, 

electronegativity factor, valances. For interstitial solid solutions, impurity atoms with smaller size 

than host atoms fill the voids or interstices among the host atoms.  

To express the composition (or concentration) of an alloy in terms of its constituent elements, we 

use weight percent, the weight of a particular element relative to the total alloy weight, and the 

atomic percent, the number of moles of an element in relation to the total moles pf the element in 

the alloy.  

A dislocation is a linear or one-dimensional defect around which some of the atoms are misaligned. 

An edge dislocation is an extra portion of a plane of atoms, or half-plane, the edge of which 

terminates within the crystal. Dislocation line is the line that is defined along the end of the extra 

half-plane of atoms.  

Screw dislocation, may be thought of as being formed by a shear stress that is applied to produce 

the distortion, where the upper front region of the crystal is shifted one atomic distance to the right 

relative to the bottom portion.  

Mixed locations are dislocations found in a crystalline materials that are neither pure edge nor pure 

screw but exhibit components of both types.  

The magnitude and direction of the lattice distortion associated with a dislocation are expressed in 

terms of a Burgers vector. The relative orientations of Burgers vector and dislocation line are: 

perpendicular to edge, parallel to screw, and neither perpendicular nor parallel for mixed.  

Interfacial defects are boundaries that have two dimensions and normally separate regions of the 

materials that have different crystal structures and/or crystallographic orientations (atomic 

mismatch between the grains). These imperfections include external surfaces, grain boundaries, 

phase boundaries, twin boundaries, and stacking faults.  

Grain boundary, is the boundary separating two small grains or crystals having different 

crystallographic orientations in polycrystalline materials. Grain boundaries are more chemically 

reactive than the grains themselves as a consequence of this boundary energy. Furthermore, 

impurity atoms often preferentially segregate along these boundaries because of their higher energy 

state.  

Phase boundaries exist in multiphase materials, in which a different phase exists on each side of the 

boundary.  



A twin boundary is a special type of grain boundary across which there is a specific mirror lattice 

symmetry. Twins result from atomic displacements that are produced from applied mechanical 

shear forces (mechanical twins) and also during annealing heat treatments following deformation 

(annealing twins). 

Stacking faults are found in FCC metals when there is an interruption in the ABCABCABC . . . stacking 

sequence of close-packed planes. 

Grain size and shape are only two features of what is termed the microstructure. 

Several important applications of microstructural examinations are as follows: to ensure that the 

associations between the properties and structure (and defects) are properly understood, to predict 

the properties of materials once these relationships have been established, to design alloys with 

new property combinations, to determine whether a material has been correctly heat-treated, and 

to ascertain the mode of mechanical fracture. 

With optical microscopy, the light microscope is used to study the microstructure. 

After being polished, the microstructure is revealed by a surface treatment using an appropriate 

chemical reagent in a procedure termed etching. It must then be applied in order to either reveal 

the grain boundaries or produce a variety of light reflectance characteristics for the constituent 

grains.  The chemical reactivity of the grains of some single-phase materials depends on 

crystallographic orientation. Consequently, in a polycrystalline specimen, etching characteristics vary 

from grain to grain. 

In electron microscopy, an image of the structure under investigation is formed using beams of 

electrons instead of light radiation. The two types of electron microscopes are transmission (TEM) 

and scanning (SEM). For TEM, an image is formed from an electron beam that, although passing 

through the specimen, is scattered and/or diffracted. SEM employs an electron beam that raster-

scans the specimen surface; an image is produced from back-scattered or reflected electrons 

Scanning electron microscopy (SEM) more recent and extremely useful investigative tool. The 

surface of a specimen to be examined is scanned with an electron beam, and the reflected (or back-

scattered) beam of electrons is collected and then displayed at the same scanning rate on a cathode 

ray tube. It composes secondary electrons, which are low energy electrons that originate within a 

few nm from the surface, defining the 3 dimensional images, and backscattered electrons, which are 

high energy electrons originating in the electron beam that are reflected or backscattered of the 

specimen interaction volume, showing the regions of different chemical composition.    

The image seen with a transmission electron microscope (TEM) is formed by an electron beam that 

passes through the specimen. It has the highest resolution, but only small, thin specimen can be 

used, may not be representative enough for the whole material property.  

The grain size is often determined when the properties of polycrystalline and single phase materials 

are under consideration. In this regard, it is important to realize that for each material, the 

constituent grains have a variety of shapes and a distribution of sizes. 

 

 

 

 



Chapter 5 Diffusion 
Diffusion is a process by which a matter is transported through another matter, migration of atoms 

from one lattice site to another lattice site.  

Interdiffusion is the process where atoms of one metal diffuse into another, atoms tend to migrate 

from regions of high concentration to regions of low concentration.  

Self-diffusion is the atoms exchanging positions in the pure elemental solids.  

Then, how does diffusion work? There are some diffusion mechanisms.  

Passing the hypothesis of 1) a direct exchange mechanism, and 2) ring mechanism, two mechanisms 

are considered in a metallic diffusion, vacancy diffusion and interstitial diffusion.  

Vacancy diffusion is the mechanism involves the interchange of an atom from a normal lattice 

position to an adjacent vacant lattice site. It applies to substitutionally impurities. The rate depends 

on the 1) number of vacancies and 2) the activation energy to exchange. 

Interstitial diffusion involves atoms that migrate from an interstitial position to an adjacent empty 

one. 

Interstitial diffusion happens more rapidly than vacancy diffusion, because 1) the interstitial atoms 

are smaller, requiring less energy to move, 2) the interstitial vacancy sites are more than the vacancy 

sites, therefore higher probability of movements. 

Quantify the amount/ rate of diffusion: 

Diffusion is a time-dependent process, but the rate of diffusion is independent of time.  

The rate of mass transfer is expressed as a diffusion flux. 

Fick’s first law:  

 

We assume concentration of boundary is constant, and the wall of concentration gradient is linear.  

The negative sign of the diffusion coefficient indicates the direction of diffusion from a high to a low 

concentration.  

 

Why is diffusion an important part of processing? Use the example of the case hardening of a gear, 

making from steel. The case needs higher carbon concentration for more strength. So we diffuse 

carbon atoms into the host iron atoms to take the interstitial position at the surface.  

There are several factors influence diffusion, how does diffusion depend on structure and 

temperature?  

Diffusivity depends upon: 

1. The type of diffusion 

Interstitial diffusion is faster than substitutionally diffusion since two reasons listed above. Rates 

of diffusion via vacancy is lower than via interstitial modes.  

2. Temperatures 



As temperature increases, diffusivity increases, because 1) more energy is provided 2) more 

interatomic spacing, therefore more interstitial spaces 3) as temperature increases, more vacant 

sites are created as well.  

3. Crystal structure 

BCC crystal has lower Atomic Packing Factor than FCC and hence has higher diffusivity.  

4. Type of crystal imperfection  

More open crystal structures compared to closed-pack structures, more grain boundaries, there 

are more disorder and more spaces between atoms, therefore increases diffusion. 

5. The concentration of diffusion species  

Higher concentration of diffusing solute atoms, there are more local distortion, more distances         

for atoms to move, requiring more energy and therefore more difficult to diffuse.  

Diffusion and Temperature 

D0 is usually not given. 

 

 

 

Chapter 6 Mechanical Properties of Metals 
Tension test tests the strength of a material by pulling the material to failure. Force (stress) data is 

obtained from load cell, strain data is obtained from extensometer.  

Engineering stress is defined as the instantaneous load divided by the original specimen cross-

sectional area.  

Engineering strain is expressed as the change in length divided by the original length.  

Strain is always dimensionless  

In elastic deformation, the bonds between atoms are stretched under small load and return to initial 

equilibrium position when unloaded.  

Material, geometric, and loading parameters all contribute to deflection.  

Modulus of elasticity, it may be thought of stiffness or a material’s resistance to elastic deformation. 

It is given as the slope of the linear elastic region of the stress-strain curve.  

Hooke’s Law is only valid in the elastic region of linear-elastic behaviour of a material. Larger elastic 

moduli minimize the elastic deflection.  

Shear modulus is the relationship between shear stress and shear strain for elastic deformation. It 

describes how a material performs under torsion.   

Bulk modulus describes how the volume of a material changes under pressure.  

 



Poisson’s ratio is defined as the ratio of the lateral and axial strains.  For isotropic material, shear 

and elastic moduli and Poisson’s ratio are related according to the equation:  

      

Plastic deformation is the permanent, non-recoverable deformation. From an atomic perspective, 

plastic deformation corresponds to stretch of the bonds and the breaking of bonds with original 

atom neighbours and then reform bonds with new neighbours (slip: the planes are sheared). Upon 

removal of the stress, the elastic deformation is removed but atoms change their positions and they 

do not return to their original shapes.   

Yielding the stress level where plastic deformation begins.  

A straight line is constructed parallel to the elastic portion of the stress and strain curve at a 0.002 

strain offset. Yield strength is the stress corresponding to the intersection of the line with the stress-

strain curve. ‘Strength’ is a property while ‘stress’ is a value.  

For the same alloy, different techniques of processing will change its yield strength. Under same 

processing techniques, different compositions of an alloy have different yield strength.  

Yield point phenomenon is the abrupt elastic-plastic transition in some steels and other materials. 

At the upper yield point, plastic deformation is initiated with an apparent decrease in engineering 

stress. Continued deformation fluctuates slightly about some constant stress value, termed the 

lower yield point; stress subsequently rises with increasing strain. For metals that display this effect, 

the yield strength is taken as the average stress that is associated with the lower yield point because 

it is well defined and relatively insensitive to the testing procedure. Thus, it is not necessary to 

employ the strain offset method for these materials. 

Plastic:  

Tensile strength is the stress at the maximum on the engineering stress-strain curve. It corresponds 

the maximum stress that can be sustained by a structure in tension.  

Necking is the small constriction occurred at the maximum stress.  

Ductility is a measure of the degree to which a material plastically deforms by the time fracture 

occurs. It can be expressed in percent elongation or percent reduction in area. (Notice: it is 

measured in the plastic range, so remember to draw the offset lines to exclude the elastic recovery 

when comparing.) 

With increasing temperature, values of elastic modulus and tensile and yield strengths decrease, 

whereas the ductility increases. 

True stress is defined as the load divided by the instantaneous cross-sectional area over which 

deformation is occurring, taking into account that the elastic deformation is volume constant.  

True stress is always greater than engineering stress.  

Material scientists tend to look into the true stress-strain curve, while structural mechanic engineers 

look into the engineer stress-strain curve.  

Hardening is the increase in yield strength due to plastic deformation. Strain hardening exponent n 

is used in the formula to describe the true stress is not linearly proportional with the true strain.  

 



Toughness is the measure of energy absorbed during the fracture of a material, as measured by the 

area under the entire engineering stress-strain curve.  

Hardness is the measure of a material’s resistance to localized plastic deformation. Hardness tests 

are performed more frequently, since 1) they are simple and inexpensive, no special specimen need  

to be prepared 2)the test is non-destructive, only a small indentation 3) other material properties 

may be estimated from the hardness test data 

Rockwell Hardness Test procedures: 

1. Press the indenter that is harder than the metal into the metal surface. 

2. Withdraw the indenter. 

3. Measure the hardness by measuring the depth or width of indentation.  

When specifying Rockwell and superficial hardness, both hardness number and scale symbol must 

be indicated.  

Brinell hardness is determined from indentation size; the Rockwell test is based on the difference in 

indentation depth from the imposition of loads. 

There is a correlation between hardness measured from Brinell Hardness Test, and tensile strength.  

  

Different types of indenter are used, we need to specify different scales as different techniques and 

loads used will result different value for one hardness test.  

There exist variability of material properties, critical properties depend largely on sample flaws (as 

well as test method, variations in specimen fabrication procedure, operator bias, apparatus 

calibration, and compositional variations from sample to sample). Therefore we use statistics to 

compute the mean value and standard deviation to assess the reliability of the data.  

Since there will always be uncertainties, design approaches must be employed to protect against 

unanticipated failure. The protocol is to reduce the applied stress by a design safety factor, to 

ensure the yield does not occur. A safe stress (working stress) is based on the yield strength of the 

material and is defined as the yield strength divided by a factor of safety.  

The choice of an appropriate value of safety factor N is necessary. Too large N values lead to 

increased material cost and weight, too small N values may lead to failure in terms of loss of lives 

and property damage.  

 

Chapter 7 Dislocations and Strengthening Mechanisms 
Dislocation is a linear crystalline defect. If dislocations don’t move, deformation doesn’t occur. 

Dislocation motion is the plastic deformation by plastic shear or slip where one plane of atoms 

slides over adjacent plane by defect motion. 

The motion of dislocations in response to an externally applied shear force is termed slip. The 

process by which plastic deformation is produced by dislocation motion is termed slip, the 

crystallographic plane along the dislocation line transverses is the slip plane. Slip direction is the 

same as Burgers vector.  



Slip plane is the preferred plane with specific directions along which dislocation motion occurs, the 

followed direction of movement is slip direction. The combination of the slip plane and the slip 

direction id termed the slip system. It depends on the structure of the crystal structure of the 

material.  

The slip occurs at the direction in the plane that is most closely packed with atoms, that is, having 

the highest linear density. Since on a close packed plane, the distance between each atom is small, 

less energy is required for atoms to break and reform the bonds at next equilibrium position, thus 

less energy is required to move atoms along denser planes. If slip is restricted in close planes, then 

less dense planes become operative.  

Resolved shear stress is the shear stress resulting from an applied tensile stress that is resolved onto 

a plane that is neither parallel nor perpendicular to the stress direction. In single crystals, slip 

(movement of edge, screw, and mixed dislocations) occurs due to resolved shear stress, its value 

depends on the applied stress and orientation of the plane and the direction. The value is presented 

by the equation: 

 

Critical resolved shear stress is the minimum resolved shear stress required to initiate dislocation 

motion (slip) and dependent on yield strength and orientation of slip components. It is a property of 

the material that determines when yielding occurs (plastic deformation). 

The slip deformation forms as small steps on the surface of the single crystal that are parallel to each 

other and loop around the circumference, the steps resulted are called slip bands.  

In polycrystalline materials, the material yield strength is higher than its single-crystal equivalents, 

since grain boundaries pin deformations in closed region. Slip occurs within each grain along those 

slip systems that are most favourably oriented with the applied stress. Therefore greater stresses are 

required to initiate slip and attendant yielding. The slip planes and directions change from one 

crystal to another. The resolved shear stress change from one crystal to another. The crystal with 

largest resolved shear force yield first and other crystal yield later. As we increase the load, 

dislocations occur more.  

In addition to slip, plastic deformation in some metallic materials can occur by the formation of 

mechanical twins, twinning. Atomic displacements are produced by a shear force on one side of a 

plane, atoms are located in mirror-image positions of the atoms on the other side.   

Slip deformation  Twinning deformation  

See in all materials  See in some materials, common in HCP, FCC 

‘steps’ are created, lattice transformation  
Crystallographic orientation above and below 
the slip plane is the same both before and after 
the deformation.  

Different lattice orientation are created. 
There is a reorientation across the twin plane. 

The amount of twinning is usually small than the amount of slip occurs in a metal.  

Restricting dislocation motion leads to increased hardness and strength.  

Anisotropy in yield strength can be induced by rolling a polycrystalline metal. Before rolling, the 

material is isotropic since grains are approximately spherical and randomly oriented. After rolling, 

the material becomes anisotropic since it affects crystal grain orientations and shape. Anisotropy can 

also be created by deforming a material, such as fire a cylinder at a target.  



Mechanisms of Strengthening in Metals  

Dislocations create local distortions which result in different compression/tension stress 

concentration resulted by mixed dislocations. The ability of a metal to deform plastically depends on 

the ability of dislocations to move. By reducing the mobility of dislocations, increasing the 

mechanical forces to initiate plastic deformation, thus the mechanical strength may be enhanced. 

Restricting or hindering dislocation motion renders a material harder and stronger. This can be 

achieved by grain size reduction, solid-solution alloying, and strain hardening.  

Grain size reduction  

Reasons: (grain boundaries are barriers to dislocation motion) 

1. Because the two grains are of different orientations, a dislocation passing into grain B must 

change its direction of motion through an angle which requires more energy.  

2. The atomic disorder within a grain boundary region results in a discontinuity of slip planes 

from one grain into the other. (grain boundaries are barriers to slip, since there is no 

preferred slip plane and direction at grain boundaries)  

Hall-Petch Equation:  

It describes that as the average grain size decreases, the yield strength increases. There is a type of 

material called ‘Nanocrystalline Metals’, it has high strength and hardness and superplasticity. It is 

very hard and costly to produce such material. Hall-Petch equation is invalid in nanocrystalline 

metals. 

A metal with small grains is stronger than one with large grains because the former has more grain 

boundary area, and thus more barriers to dislocation motion. 

Solid solution strengthening  

Solid solution strengthening is alloying with impurity atoms that go into either substitutional or 

interstitial solid solution. Impurity atoms distort the lattice and generate stress, which can produce a 

barrier to dislocation motion 

Alloys are stronger than pure metals because impurity atoms that go into solid solution typically 

impose lattice strains on the surrounding host atoms. Lattice strain field interactions between 

dislocations and these impurity atoms result restriction of the dislocation movement. There is partial 

cancellation of impurity-dislocation lattice strain. 

Demo sketches:  

 

 

 

 

 

In alloys, tensile strength and yield strength increase with weight percent of the solute atom 

increases.  

Precipitation strengthening  



There are two types of precipitates (second phase of material). One is shear able, where large shear 

stress is needed to move dislocation toward precipitate and shear. The other is unable to shear, 

where precipitates act as ‘pinning’ sites with spacing. The more precipitates, the spacing between 

each precipitate decreases, more energy is required to change through steeper curvature, harder for 

dislocation to move and thus higher tensile strength. One of the example is the aluminium alloy used 

for the internal wing structure on a plane.  

Cold work for strengthening (strain hardening)  

It is the enhancement in strength (and decrease in ductility) of a metal as it is deformed plastically. 

Cold work is the phenomenon where a ductile metal becomes harder and stronger as it is physically 

deformed at room temperature. Common forming operations change the cross section area, 

techniques include forging, rolling, drawing, extrusion. By cold working, firstly, some local stress is 

created possibility of create dislocation annihilation increases. Secondly, dislocations entangle with 

one another, dislocation motion becomes more difficult. The degree of plastic deformation may be 

expressed as percent cold work, which depending on the original and deformed cross-sectional 

areas. 

%CW= 

Dislocation density (defined as the total dislocated length divided by unit volume) increases, yield 

strength increases as dislocation density increases.  

As cold work is increased the yield strength increases, tensile strength increases, and ductility 

decreases.  

The effect of strain hardening may be removed by annealing heat treatment. Annealing can reduce 

dislocation density and increase grain size, decreasing the strength, which is becoming softer, 

weaker, and more ductile.  

 

 

 

 
 

 

 

 
 

 



Chapter 8 Failure  
Two fracture modes for metals, ductile and brittle. Ductile metals exhibit substantial plastic 

deformation with high energy absorption before fracture, fracture occurs with plastic deformation. 

There is little or no plastic deformation with low energy absorption accompanying a brittle fracture. 

Ductile failures presents as one piece with large deformation, where brittle failure forms many 

pieces with small deformation.  

Ductility may be quantified in %EL and %RA.   

Any fracture involves two steps, crack formation and propagation, in response to an imposed stress.  

Ductile fracture surface have distinctive features on both macroscopic and microscopic levels.  

Highly ductile materials neck down to a point fracture.  

 

 

 

Most ductile material: fracture is preceded by only a moderate amount of necking.  

First, after necking microvoids, small cavities, form in the interior of the cross section. Second, as 

deformation these microvoids enlarge, come together, and coalesce to form an elliptical crack. The 

crack continues to grow in a direction parallel to is major axis. Finally, fracture ensues by the rapid 

propagation of a crack around the outer perimeter of the neck by shear deformation at an angle of 

about 45 with the tensile axis—the angle at which the shear stress is a maximum. 

 

 

 

 

 

Studies of fractographic, using scanning electron microscope, it is found to consist of numerous 

spherical “dimples”, this structure is characteristic of fracture resulting from uniaxial tensile failure. 

Each dimple is one half of a microvoid that formed and then separated during the fracture process. 

Dimples also form on the 45 shear lip of the cup-and-cone fracture. However, these will be 

elongated or C-shaped, this parabolic shape may be indicative of shear failure. 

 

Brittle fracture takes place with little or none deformation and by rapid crack propagation. 

1) In some steel pieces, a series of V-shaped arrow markings may form near the centre of the 

fracture cross section that point back toward the crack initiation site. Arrows indicate point 

at which failure originated.  

2) Other brittle fracture surfaces contain lines or ridges that radiate from the origin of the crack 

in a fanlike pattern. 



There are mainly two types of fracture, the fracture occurs as a flaw and propagates in two ways: 

1) Intergrangular, where all fractures occur along the grain boundaries, between the grains, 

this often happens due to corrosion or chemical reactions of the material. 

2) Intragrandular (transgrangular), where crack propagates along a weak plane inside and pass 

through the grains. This often happens under tensile stress.  

Brittle fractures occurs due to defects like: folds, undesirable grain flow, porosity, tears and crack, 

corrosion damage, embrittlement due to atomic hydrogen. At low temperatures, there are some 

ductile to brittle transitions take place.  

Impact testing, Charpy test, measure the impact energy, which is the ability of a metal to absorb 

impact. Toughness is a measure of energy absorbed before failure. It is also used to find if a material 

experiences a ductile-to-brittle transition with decreasing temperature and if so, the temperature 

range over which it occurs. Ductile materials tend to absorb more energy than the brittle ones. BCC 

materials are more likely to experience ductile-to-brittle transition.  

The measured fracture strengths for most materials are significantly lower than those predicted by 

theoretical calculations based on atomic bonding energies. The engineering tensile strength is much 

lower than the tensile strength from the perfect theoretical material. This discrepancy is explained 

by the presence of microscopic flaws or cracks that always exist under normal conditions at the 

surface and within the interior of a body of material. These flaws are a detriment to the fracture 

strength because an applied stress may be amplified or concentrated at the tip, the magnitude of 

this amplification depending on crack orientation and geometry. The flaws have the effect to raise 

the stress due to their ‘pointy shapes’, resulting in stress concentration. Hence there is a 

relationship between the maximum stress resulted by a particular elliptical shape of flaw and the 

applied stress.  

 

 

The stress concentration factor is presented as:  

It is a measure of the degree to which an external stress is amplified at the tip of a crack. However 

stress amplification is not restricted to these microscopic defects.  

The stress concentration factor increases with decreasing fillet radius, therefore we need to avoid 

sharp corners.  

 

This graph presents the concentration of stress at crack tip. 

 

 

 

 

 

 



Using this principle of fracture mechanics, it is possible to calculate that the critical stress required 

for crack propagation for brittle material. 

 

 

In calculations, we must indicate that XX is a brittle material, no plastic deformation, so this equation 

could be used. For ductile, replace     by     , to encounter energy used in plastic deformation.  

Crack propagates due to sharpness of the crack tip. A plastic material deforms at the tip, ‘blunting’ 

the crack. There is elastic strain energy, energy is stored in material as it is elastically deformed, this 

energy is released when crack propagates, and creation of new surfaces also requires energy.  

Another way to relate the critical stress and the crack length is by using the fracture toughness 

relation. It is a property that is a measure of a material’s resistance to brittle fracture when a crack is 

present. Assuming under plain strain condition, the specimen with sufficient thickness has no strain 

component perpendicular to the front and back faces. For plain strain fracture toughness, it is 

independent of the thickness.  

 

 

The specimen is tensile tested, higher the Kc value, more ductile the material is. Plain strain fracture 

toughness is used in design to find allowable flaw size.  

Therefore we design use fracture mechanics to design against crack growth. The crack growth 

condition is:  

1. Maximum flaw size indicates design stress 

 

 

 

2. Design stress indicates maximum flaw size 

 

 

When we increase the loading rate, there is increase in yield stress and tensile stress, but decrease 

in ductility. This is because an increased rate gives less time for dislocations to move past obstacles, 

fractures occur instead.  

Fatigue is a form of failure that occurs under cyclic stress. The stress varies with time, it can case 

fatigue (failure) even though its maximum stress is lower than the critical stress. Fatigue causes 90% 

of mechanical engineering failures.  

Mean stress 

Stress range 

Stress amplitude  

Stress ratio  



We use an S-N curve to present the stress amplitude under a material experiences certain numbers 

of cycle where fatigue occurs. There are two types of S-N curve, for some alloys, the S–N curve 

becomes horizontal at higher N values; there is a limiting stress level, called the fatigue limit. Most 

nonferrous alloys do not have a fatigue limit, in that the S–N curve continues its downward trend at 

increasingly greater N values. Thus, fatigue ultimately occurs regardless of the magnitude of the 

stress. For these materials, the fatigue response is specified as fatigue strength, which is defined as 

the stress level at which failure will occur for some specified number of cycles. Fatigue life Nf is the 

number of cycles to cause failure at a specified stress level, as taken from the S–N plot 

Area above the fatigue limit on the S-N curve is considered ‘unsafe’. Different curves are drawn for 

the same material to indicate different probability of failure.  

Crack initiation and propagation:  

Three steps: 1. Crack initiation, in which a small crack forms at some point of high stress 

concentration. 2. Crack propagation, during which this crack advances incrementally with each 

stress cycle, creating beachmarks and striations. Beachmarks are of macroscopic dimensions and 

may be observed with unaided eye. Fatigue striations are microscopic in size andsubject to 

observation with the electron microscope. 3. Final failure, which occurs when the advancing crack 

has reached a critical size, it can be either brittle or ductile.  

Under fatigue, the crack grows even though Kmax < plain strain toughness factor. The crack grows 

faster as the change in stress increases, as crack gets longer, and as the loading frequency increases.  

The fatigue crack growth rate varies as a function of the applied cyclic stress and the crack length: 

 

 

It indicates how much the crack grows by each cycle. 

NOTE: if the stress-intensity factor is not defined for compressive stress, that is if the minimum 

stress is negative, Kmin=0.  

 

There are some factors affect fatigue strength.  

1. Fatigue strength is reduced by stress concentration, caused by poor designs and defects. 

2. Surface roughness, as ta smoother surface increases the fatigue strength. Fatigue crack 

always initiates at the surface of a component at some point of stress concentration.  

3. Surface condition: surface treatment like carburizing and nitriding increases fatigue life.  

4. Environment: chemically reactive environment may cause corrosion, which decrease fatigue 

life.  

There are some ways to improve fatigue life: 

1. Impose a compressive surface stress. Compression suppresses surface cracks from growing, 

as it does not cause crack propagation. This can be achieved through shot peening (with the 

risk of increasing surface roughness) and carburizing/ nitriding (creating local compression).  

2. Remove stress concentrators. The design could avoid sharp/ abrupt transition of cross-

sections.  



Creep is defined as the time-dependent and permanent deformation of materials when subjected to 

a constant load or stress. The stress is constant, creep failure occurs due to the change in strain. 

Deformation/ strain is measured and plotted as a function of elapsed time, there are three stages: 1) 

primary creep, where the slope (creep rate) decreases with time. 2) Secondary creep, with constant 

slope indicating steady state. 3) Tertiary creep, the slope increases with time, there is an 

acceleration in rate. For metals, creep occurs at elevated temperature, where T> 0.4*Tm.  

 

 


