
Plasticity and 
Deformation Process
Non-linear deformation and the effect of processing 

variables



Plasticity is the study of the effect of various nonlinear stress-strain behaviors of materials on the response of 
structural  elements made of such materials.

Often the materials exhibit linear stress-strain behavior up to the yield point.

Many commonly used engineering materials exhibit nonlinear stress-strain behavior to various degrees:



Some materials have inherently non-linear stress-strain relationships

Most plastics and metals are non-linear or plastic

Polymers almost never have linear stress-strain relationship

Aluminum is a plastic metal with a very pronounced curvature of the stress-strain curve. It is rarely deformed at 
low stresses in the linear-elastic range

Rubber is also inherently nonlinear. It is used in bearings and various other load-bearing applications

Concrete has a nonlinear behavior in compression. It deforms in a very small linear elastic range in tension and 
then fractures in a brittle manner.

Composites like glass fiber in epoxy has some level of non-linear stress-strain behavior due to the nonlinearity of 
epoxy.



Metal forming operations are limited to stresses that are within the region of large plastic deformation so as to 
avoid fracture of a part during forming 

Mild steel, aluminum and other metals with non-linear stress-strain curves are used commonly in metal forming 
operations

The non-linear stress-strain characteristics of most engineering metals are utilized because of the large 
deformations in metal forming operations

Heat is often applied to make the material more easily deformed 

Heat is also generated during large deformations like bending a strip of aluminum back and forth



Extrusion: Heat is applied to an objet of some size and shape so that it can pass through a die of a different size 
and shape.

The material is pushed through the die and comes out of the die in the shape of the die.

A succession of dies that sequentially approach the desired cross-sectional shape are sometimes used 

The process involves a lot of plastic deformation so that the material can drastically change its shape as it goes 
from one side of the die to the other.



Metal is stretched in wire drawing so that its cross sectional area is reduced to a wire drastically

The main difference between drawing and extrusion is that drawing involves pulling  and extrusion ivolves
pushing of the material

A piece of material is passed repeatedly back and forth through rollers in rolling. 
The rollers come increasingly closer to one another as time passes until a very wide and long sheet of material is 
formed
Not only flat sheets but various structural shapes like I-beams and angles channel cross sections are rolled



In punching operations, a very hard punch is forced through a softer material to push a piece of the material out 
the other side

The stresses must go very high on the stress-strain curve locally to cause the material to shear off in the punching 
direction

In such operations that cause the material to go very far into the plastic region, the elastic deformation may not 
be considered because it is small compared to the inelastic deformation

A sheet of metal is forced between a male and a female die in forging 

Die pressing processes like forging and bending cause large plastic deformations



When we consider a material that deforms nonlinearly, a more complicated stress-strain relation is used

Its nonlinearity and the possibility of unloading in various manners lead to not having the same kind of equation 
that describes the simple linear stress-strain behavior

The Young’s modulus is constant for linear elastic deformation

For nonlinear deformation, Young’s modulus is a function of the stress level 



General nonlinear behavior of engineering materials can be explained by evaluating properties like ductility, 
yielding, energy absorption, unloading behavior, elevated temperature behavior, bimodular behavior, anisotropy

The resultant characterization of the material enables us find answers to the following questions:

What is the shape of the stress-strain curve upon loading?
In what manner does unloading occur?
In what manner does reloading occur?

The stress-strain curve shape is generally a function of the material, temperature, loading rate, and many other 
factors that we will consider



Many idealizations are possible to model the stress-strain behavior of engineering materials

The simplest is the linear elastic approach in which only two material parameters E and ν are needed for the 
model

The more complex stress-strain behaviors of inelastic materials require more modelling parameters

Elastic-perfectly plastic model is a good approximation to many plastic materials. At least three parameters are 
required to describe this behavior (E, ν, σ)

A linear hardening material has a bilinear modulus in only tension or in only compression

The yield stress increases after the unloading of the material. Hence this type of behavior is observed in loaded-
unloaded materials.
At least four parameters are required to describe the deformations.



The behavior of some materials in the initial elastic range up to the yield point can be neglected.

The rigid-perfectly plastic model provides an accurate representation of the real behavior only if the deformation 
associated with plastic yielding is much greater than the deformation before yielding.

This is the case in some metal forming processes where the plastic deformation is more than 20x the elastic 
deformation 

This idealization reduces the number of material parameters to only σ

Power-law plastic model represents some materials with large curvature from the start of loading.

The number of material parameters required to describe the deformation behavior depends on the equation. 
However this is the simplest model used to describe nonlinear behavior

A material may exhibit different deformations under different strain rates: linear for viscoelastic, nonlinear for 
viscoplastic

A viscoplastic polymer can be strained at room temperature at different rates very easily and exhibit different 
stress-strain behavior in the laboratory conditions.
Plastic aluminum on the other hand, must be subjected to extreme strain rates to exhibit different stress-strain 
responses to different strain rates.



The stress-strain behavior of mild steel is similar to the elastic-plastic idealization

The main difference is that the curve rises to a higher level of stress after yielding than its yield point 

The curve falls off after the ultimate stress from the engineering stress point of view. In that case the large 
deformations that occur when material necks are not accounted for.

The amount of strain that is obtained after yielding is about 20-30 times the amount of elastic strain.

The deformation behavior of the material can be simplified by considering it to deform linearly until yield point 
and at constant stress later.

When we describe the stress-strain curve of mild steel in equation form, we use one equation up to the 
proportional or elastic limit and then use another form of equation.



The nonlinear portion of the stress-strain curve is more difficult to fit into an equation because the Young’s 
modulus is a function of applied stress

Consider a specific point on the nonlinear portion of the curve where we can draw a line back to the origin, the 
slope of which is called the secant modulus (Esec)

The slope of the curve at that point is called the tangent modulus (Etan)

The initial Young’s modulus is always greater than the secant  modulus which is always greater than the tangent 
modulus. In the linear range all three are the same.



The secant modulus is just a representation that if we know the 
nonlinear stress level and the modulus, then we can calculate the 
strain

To write an expression for the secant modulus as a function of the 
stress level is the first part of the solution to the equation of the 
nonlinear part of the curve.

Secant and tangent moduli are used only in loading situations.

A secant modulus during unloading would mean that the material is 
anelastic (loading and unloading returns the material to the same 
shape while dissipating the applied energy)

The unloading typically occurs along the appropriate line with the 
slope of the initial Young’s modulus. A permanent set should occur 
due to the applied energy when zero stress is reached 



The ductility or brittle behavior of a material depends on the mode of loading: tension or compression

A linear elastic material in both tension and compression is glass which consumes much stress when compressed

On the other hand gray cast iron is brittle under tension and ductile under compression. We have to specify the 
type of loading to call it either a brittle of ductile material.

As a result the material model and the equation that would represent the stress-strain curve would differ under 
different types of loading.

Also the shape and size of the structure that we consider affects the material behavior from one part of the 
structure to another.
For example a beam has a tension region and a compression region.





The strain energy density or resilience of a material is a more quantitative analysis than ductile failure.

The area under the stress-strain curve (strain energy absorbed per unit volume) provides a number that can be 
used for comparative purposes

The application of heat and increase of temperature makes all the stress-strain curves more nonlinear.
Decreasing temperature makes materials more linear.

As a consequence of the increased nonlinearity, the material consumes more strain energy as the temperature 
increases.

Of three different temperatures, which energy is highest depends on the strain rate 







Moisture has an influence on material nonlinearity similar to that of temperature for some materials.

The deformation behavior of polymeric matrix materials in fiber reinforced composites is an example.

Both increasing temperature and moisture disturb the material microstructure such that the molecular mobility is 
increased.



Isotropy means that the material stiffnesses are identical in all directions at a point.
For an anisotropic material a different deformation behavior will be observed from every different direction.

This different deformation behavior may result in various nonlinearities, different Youngs moduli or different 
strengths at different directions.

Transverse isotropy is a simpler anisotropy where the deformation behavior is the same in all directions of one 
plane but different perpendicular or transverse to that plane.

Orthotropy means the material undergoes different deformations at perpendicular x-y-z directions but some 
symmetry exists within these planes.

Wood is the most common orthotropic material. Fiber reinforced polymer matrix composite is another.
A crystal with some structural symmetries can be rolled to a thinner, wider material to reorient its structure and 
create an orthotropic material.



Anisotropic crystalline structure can be visualized as having a shifted set of molecules so that the perpendicular 
symmetry planes no longer exist. 

Anisotropic materials have more complicated deformation behaviors due to lack of symmetry.

The higher Young’s moduli in the fiber directions of the composite (the lower deformation) reflect the strength of 
the fibers





Different deformation of materials under tension and compression (Bimodulus) is a result of different stress levels 
achieved at these conditons.

The modulus, strength, absorbed energy and failure stress may be different under different loading directions in 
such materials.

A suitable material model for bimodular materials that have mostly linear deformation is bilinear approximation



Unloading of materials after loading and the way they behave during unloading affects their deformation behavior 
upon further loading

If a material with linear stress-strain curve is loaded and unloaded, their curves coincide on the elastic region line

If a material with a nonlinear stress-strain curve is loaded to some stress level in the vicinity of the offset yield 
point, then the  unloading behavior is concave upward and the subsequent loading curve is concave downward.

Typically there is a difference between the unloading curve and the reloading curve, a hysteresis loop is seen that 
indicates that energy is dissipated. 

The dashed line is a useful idealization. Hysteresis loop is omitted and a simpler model is possible.



In reality the reloading curve does not join the unloading curve at the maximum stress level before unloading. 
Instead a larger strain is seen than the original curve at the same stress

The reason is that a cycle of loading, unloading and reloading causes irreversible damage to the material

The loading history affects both material microstructure and the resultant stress-strain curve
Progressive lowering of the stress-strain curves after unload-reload cycles from the virgin curve is called 
progressive damage

Presence of such loading history in the material complicates modeling material behavior 







An idealized loading and unloading behavior is reflected by a material with an initially linear stress-strain curve, 
followed by some nonlinearity which then becomes linear for a large portion of the curve.

The loading and unloading cycle produces some strain hardening, permanent deformation and an associated 
springback effect

A body that is plastically deformed and then released, undeforms or springs back toward its original shape.
Consider bending of a metal plate between a male and female die or through offset rollers:

The reason for the springback is the elastic strain that is recovered during unloading





If the direction of the load is changed from tension to compression when we load and then unload a material, the 
yield stress changes due to the Bauschinger effect.

This behavior is observed for many metals. The same strain hardening can be produced by a single loading or 
cyclic loadings.

In any case 
𝜎𝑦
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Consider another material behavior phenomenon called anelastic behavior.

When we load and unload an anelastic material, we have no permanent deformation so all the deformation 
energy is dissipated as heat.

This behavior is different than elastic behavior because the loading and unloading curves are different, plastic.

A few materials exhibit this behavior and are used as shock absorbers or dampers





Overall the factors that must be taken into account when modeling nonlinear materials are:

• Degree or form of nonlinearity

• Effect of temperature change

• Effect of moisture content change

• Unloading

• History of deformation

• Tension versus compression behavior

• Degree of anisotropy

Idealizations of stress-strain behavior are the key to practical engineering analysis of deformation processes.

All of the above factors complicate the material model to use as an idealization of the actual deformation

A material model more complex than necessary should be avoided as it may not be possible to solve.


