
Plasticity and 
Deformation Process

Response of materials to stress



In the physically stressful environment there are three ways in which a material can respond to external forces:

• It can add the load directly onto the forces that hold the constituent atoms or molecules together (the main 
mechanism in crystalline ceramics)

• It can feed the energy into large changes in shape  (the main mechanism in noncrystalline polymers)

• It can flow away from the force to deform either semipermanently (as with viscoelastic materials) or permanently 
(as with plastic materials)



Elastic (Hookean) Materials

In a material at equilibrium, in the unloaded state, the distance between adjacent atoms is 0.1 to 0.2 nm. 

At this interatomic distance the forces of repulsion between two adjacent atoms balance the forces of attraction

When the material is stretched or compressed the atoms are forced out of their equilibrium positions and are either 
parted or brought together until the forces generated between them, either of attraction or repulsion, respectively, 
balance the external force

With most stiff materials the extension or compression is limited by other factors to less than 10% of the bond length

When the load is removed, the interatomic forces restore the atoms to their original equilibrium positions



A crystal consists of a large number of atoms held together by bonds. 

The behavior of the entire crystal in response to the force is the summed responses of the individual bonds. 

Hooke described this phenomenon as “ut tensio, sic vis” or “as the extension, so the force.” 

In other words extension and force are directly and simply proportional to each other, and this relationship is a direct 
outcome of the behavior of the interatomic bond

When we measure the response of the crystal to a stress, what is actually measured is the increase in length of the 
whole sample. We assume that the material is homogeneous and  one part will deform as much as the whole to 
obtain the general relation between the stress and the strain of the material:

𝜎 = 𝐸𝜀 Hooke’s law



The characteristic of Hookean materials is that they are elastic. 

They can be deformed within the elastic limit and will return to their original shape almost immediately after the 
force is removed (almost immediately because the stress wave travels through the material at the speed of sound 
in that material)

Young’s modulus is a measure of stiffness in simple extension or compression

There are other types of deformation that have different effects on the interatomic forces and therefore different 
effects on the material

Shear stress 𝜏 = 𝐺𝛾

Hydrostatic stress 𝜎ℎ = −𝑘𝑒



The Energy of deformation

When material is deformed , strain energy is stored in the deformation of its bonds
This energy brings the material back to (or close to) its original shape (energy can be dissipated in a number of 
ways, such as heat, sound, surface energy, plastic deformation, or kinetic energy)

Stains in a Hookean material are relatively small, and all the energy is stored in stretching the interatomic bonds, 
termed the internal energy, U.

If the material is made of relatively long and unrestrained molecules, the energy can also be stored in changes in 
their shape and mobility, termed the entropic energy, S.

𝐴 = 𝑈 − 𝑇𝑆
where A is the Helmholtz free energy, U is the internal energy component, and –TS is the entropic component, 
made up of temperature, T, and entropy, S. 

If you increase the temperature of a material that relies on internal energy for its elastic behavior (like ceramic), it 
will expand

An entropic energy based material (like rubber) will contract upon increase of temperature.



Elastomer response

A technical rubber is composed of very long chains (molecular weight of about 105) of one or more monomer 
units, with each unit more or less freely joint to the chain, so that each joint allows a wide range of movement. 

This free rotation about the bonds of the backbone is what distinguishes a rubbery polymer from a crystalline 
one: in a crystalline polymer (or in areas of crystallinity) the units cannot move freely because they are packed so 
closely and rubbery behavior is impossible.

As the temperature increases, the movement of the molecules and their subunits becomes more and more rapid.
Conversely, as the temperature decreases, the activity of the molecules slows until, finally, at a temperature 
dependent on the type of rubber, it ceases altogether and any force that is exerted on the rubber meets the 
resistance of the covalent bonds linking the atoms.

A rubber at the temperature of liquid nitrogen is Hookean and is glassy. The temperature at which this 
phenomenon occurs is called the glass transition temperature.

At normal temperatures the rubber chains rotate in Brownian motion. It is this rotation that produces the tension 
and elasticity of rubber. When we hold a rubber and stretch, we do work on the rotating molecules to decrease 
their entropy. Rubber resists stretching more at high temperatures.



Viscolelasticity

All materials are viscolelastic to some extent
They give both viscous (liquid-like) and elastic (solid-like) responses to stresses

Hence all materials flow

‘panta roi’ (panta roi) or ‘everything flows’ as Heraclitus said

‘the mountains flow before the Lord’ as prophetess Deborah said

Mountains flow if the time scale of observation is extended to geological scale. 

Using an every-day time-scale we can define a solid as a material which either does not flow or flows plastically. 

Plastic flow requires a stress larger than a definite stress, the yield stress, and a plastic solid does not flow under 
the action of a stress below that yield stress. 

If we observe the objects for a very long time we see that the limiting stress below which the materials do not 
flow is quite low



The difference between a solid and a liquid material is only temperature

The response of matter under stress at high temperature for a short time is identical to the response of matter 
under stress at low temperature for a long period of time

Hence solids need more time to respond to stresses and to flow

Let’s consider homogeneous suspensions that consist of both liquid and solid as model to analyze the flow 
behavior

Suspensions exhibit different degrees of elasticity and viscosity depending on their structure



Consider water as the binder phase of the suspension. Its resistance to flow under stress is defined as its viscosity, 
η.

𝜏 = 𝜂  𝛾

where 𝜏 is the shear stress (Pa) and  𝛾 is the shear rate (1/s)

Simple shear flow of water between two plates of infinite lengths deforms the liquid according to Newtonian flow:

Velocity gradient is linear 𝑉𝑧 =
𝑉0

𝐻

Shear stress 𝜏𝑦𝑧 =
𝐹

𝐴𝑟𝑒𝑎

Shear strain rate  𝛾 =
𝜕𝑉𝑧

𝜕𝑦
=

𝑉0

𝐻

𝜂 =
𝜏𝑦𝑧
 𝛾
=
𝐹 ∗ 𝐻

𝐴 ∗ 𝑉0



Water behaves purely viscously because it does not contain solid and structure

Consider alumina powder as the filler of the suspension

Alumina is a hard, brittle ceramic and behaves mostly like an elastic solid under shear stress:

𝜏 = 𝐺𝛾

where 𝜏 is the shear stress, G is the shear modulus, 𝛾 is the shear strain

𝜏 =
𝐹

𝐴𝑟𝑒𝑎

𝛾 =
𝑑𝑥

𝑑𝑦



The suspension is a homogeneous mixture of water and alumina, powders are well dispersed in water without 
agglomerations

By virtue of the interactions between the binder and filler particles (surface adhesion, wetting, hydration), the 
flow behavior of the mixture changes to non-Newtonian viscosity:

𝜏 = 𝜇  𝛾𝑛

where 𝜇 is the non-Newtonian viscosity, n is the consistency index. Shear thinning occurs when n<1.

Non-Newtonian fluids respond with a more or less than doubled shear rate when the force is doubled, depending 
on whether they show shear thinning or shear thickening. 

Most aqueous ceramic suspensions show shear thinning, so that doubling the force will more than double the 
shear rate, thus making deformation of the material relatively easier at higher shear rates.

𝜇 =
𝜏𝑦𝑧
 𝛾𝑛
=
𝐹 ∗ 𝐻𝑛

𝐴 ∗ 𝑉0
𝑛



The stress-strain relation of non-Newtonian suspensions has been analyzed using Maxwell’s model:

A unit suspension is considered according to the model as the combination of purely viscous and purely elastic 
parts.

The shear stress of purely viscous damper is proportional to the shear rate

𝜏𝑦𝑥 = 𝜂  𝛾

The shear stress of purely elastic spring is proportional to shear strain

𝜏𝑦𝑥 = 𝐺𝛾

The relation according to the model is a combination of those:

𝜏𝑦𝑥 +
𝜂

𝐺

𝑑𝜏𝑦𝑥
𝑑𝑡

= 𝜂  𝛾

Under steady flow, stress response of the suspension should be constant (independent of time) and the flow will 
be of viscous character

Under sudden flow, stress response of the suspension should be time dependent and  
𝑑𝜏𝑦𝑥

𝑑𝑡
≫ 𝜏𝑦𝑥

So the suspension behaves like a pure elastic solid under sudden deformation.



𝜏𝑦𝑥 +
𝜂

𝐺

𝑑𝜏𝑦𝑥
𝑑𝑡

= 𝜂  𝛾

Maxwell model is applicable to all materials since all materials are viscoelastic to some extent

The ratio of the viscosity of a material to its shear modulus 
𝜂

𝐺
is termed the relaxation time λ

The relaxation time is basically the time it takes for the molecules in the unit cell of the material to liberalize from 
the effect of the surrounding stresses and return to equilibrium structure by Brownian motion.

λ determines the extent of elastic response of a material to stresses.

Low relaxation time means the material quickly returns to equilibrium structure after the stress is removed



Prophetess Deborah: ‘even the mountains flow before the Lord’, M. Reiner’s translation of Bible, Judges 5:5

Deborah number is the ratio of the relaxation time to deformation time which is the inverse of shear rate:

𝐷𝑒 =
𝜆

𝑡𝑑
, 𝑡𝑑 ≈

1

 𝛾

The higher the Deborah number (deformation time smaller than the relaxation time), the more elastic is the 
response of the material.

Molecular structure of a material is close to equilibrium conditions when the deformation or the deformation rate 
(inversely proportional to deformation time) is small

The response of the material to deformation in that region reflects the molecular arrangements 



Nothing seems more solid-like than the rocks of the earth, but even they flow by creep

Geologists found the viscosities of many rock samples by observation for a long time

These very long time scales appropriate to geological studies mean that even very high viscosities and the 
resultant very low shear rates are significant. 

Long-term creep experiments on natural quartzites led to viscosities in the region of 3–4×1015 Pa s 

Cooled lava viscosity is 1012 Pa.s and the viscosities for lower crust and upper mantle of Earth are found as 3×1019

and 3×1018 Pa.s respectively













How do solids behave below their yield stress, especially when examined over very long time periods of stress?

Frost and Ashby found an answer to this question by analyzing the creep behavior of many types of materials 
under carefully controlled conditions

The answer: If brought within the range of measurability by increasing the test temperature, almost all materials 
will show creep, however low the applied stress

Creep is the steady-state, continuous deformation of a material when a stress below yield stress is applied, and 
this is usually after an initial linear elastic deformation and may take some time to arrive at steady state

The scientists took care to avoid the initiation and propagation of cracks by applying a very large hydrostatic 
pressure to seal up any opening cracks and observed pure creep behavior

Pressurized specimen was taken to a high-enough temperature (T>0.5Tm)

At these temperatures atomic diffusion occurs and grains grow but the material is still solid



At T>0.5Tm for all materials creep rates are brought within the measurable range, i.e. 10−9 s−1

At these conditions all solids undergo creep and display three identical characteristics:

1. After a long-enough time, a steady creep rate is achieved
2. This creep rate, at low-enough applied stress, usually becomes a linear function of applied stress (Newtonian 

flow)—and is governed by atomic diffusion
3. At higher stresses, the creep rate increases faster than the stress, and usually shows a power-law-like non-

Newtonian behavior



Creep of plastic materials

Some materials deform extensively above their yield strengths. Plastics refer to these materials with low yield 
strengths.

A common example is plasticine or play-doh. It is a mixture of clay and mineral oil.

This material deforms easily and to a large extent. It is often used to model metal working operations such as 
forging, rolling, milling, extrusion, and cutting

Its response to plastic deformation is represented as     𝜎 = 𝜎𝑌 + 𝜇  𝛾𝑛

where 𝜎𝑌 is the yield stress



The creep behavior of plasticine was investigated by Barnes et al. under very long-time testing (days)

Its flow behavior under yield stress was seen as typical non-Newtonian, steady-state liquid behaviour

This means that materials do not really have yield strengths when tested under precise rheometrical conditions, 
where very small shear rates are capable of being measured at very small stresses at very long times.

Yield strength is assigned to ductile solids for engineering purposes depending on measurements obtained under 
limited conditions.



Plasticity

Just as the mechanical properties of a viscoelastic material vary with temperature and strain rate, so do plasticity. 

Brittle failure is characterized by low strain and rupture that occurs at the highest stress reached.

Ductile failure involves plastic deformation after yielding, before rupture

Yielded materials exhibit necking and cold drawing. Necking occurs when the cross section is reduced abruptly. 
After necking material continues to extend, with the molecules reorienting themselves in the necked region at 
about constant force. This process of cold drawing produces a material, with its molecules now in a preferred 
orientation, that is much stiffer.











Plastic deformation

The deformation and failure of plastic materials are hard to characterize because of the non-linear stress-strain 
relationships and changes in the structure of the material during deformation

The plastic behavior can be understood by considering an idealized elastoplastic material which is close to mild 
steel

When stresses reach the yield strength of the material, it starts yielding and keeps deforming plastically under a 
constant load

Unloading takes place along a straight line parallel to the elastic region when the load is removed

The segment in the horizontal axis represents the strain corresponding to the permanent deformation.



The distribution of stresses on a surface during plastic deformation of an elastoplastic material is as follows:

The area under the stress distribution curve represents the load applied. So the area and the value of maximum 
stress should increase as the load increases.

As the load is increased beyond the yield stress, the stress distribution curve flattens in the vicinity of a void since 
the stress in the material exceeded the value of yield strength.

The plastic zone where yield takes place keeps expanding as the load is further increased, until it reaches the 
edges of the plate.

At that point the distribution of stresses across the material is uniform at yield stress and the load is the largest 
which may be applied to the bar without causing rupture.



A mathematical theory on the fracture behavior plastic materials is not present since it usually occurs at high 
strains, which are mathematically difficult to characterize

Fracture mechanics of brittle materials as described by Griffith serves as a reference to understand the failure of 
plastics

According to Griffith, a fracture results in the formation of two new surfaces on each side of the crack and that 
the formation of these surfaces requires energy. This energy is stored as changes in bond length throughout the 
rest of the material as it is stretched

Fracture then involves the transmission of this energy to the fracture surfaces, at the same time relaxing the 
strain in the area from which energy has been released

Propagation of the crack depends on the crack length and the critical length should be exceeded for the energy 
transmitted by the surrounding material to cause brittle fracture.

But energy in plastic material can be used up before it can reach the crack tip to contribute to the new fracture 
surface
Ductility of metals can account for far more energy than is needed for propagation of the crack



Based on Griffith’s theory, two general criteria need to be satisfied for a piece of material to fracture:

• The strength of the material (the critical stress intensity, KC) must be reached

• There must be sufficient elastic strain energy (work of fracture) available at the tip of the crack to propagate 
it. 

In engineering, the critical stress intensity is known as the fracture toughness

Toughness of a material is important to resist the initiation of a crack.


