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Chapter Overview 

The following will be covered in this Chapter: 

A. Background Elasticity/Plasticity 

B. Yield Criteria 

C. Flow Rule 

D. Hardening Rules 

E. Material Data Input 

F. Analysis Settings 

G. Reviewing Results 

H. Workshop 

 

The capabilities described in this section are generally applicable to ANSYS 
Structural licenses and above. 
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A.  Metal Plasticity Overview 

Review of Elasticity: 

Before proceeding to a discussion on plasticity, it may be useful to review 
elasticity of metals. 

• In elastic response, if the induced stresses are below the material’s yield 
strength, the material can fully recover its original shape upon unloading. 

• From a standpoint of metals, this behavior is due to the stretching but not 
breaking of chemical bonds between atoms.  Because elasticity is due to 
this stretching of atomic bonds, it is fully recoverable.  Moreover, these 
elastic strains tend to be small. 

• Elastic behavior of metals is most commonly described by the stress-strain 
relationship of Hooke’s Law: 

 E
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...  Metal Plasticity Overview 

What is plasticity? 

When a ductile material experiences stresses beyond the elastic limit, it will 
yield, acquiring large permanent deformations.  

• Plasticity refers to the material response beyond yield. 

• Plastic response is important for metal forming operations. 

• Plasticity is also important as an energy-absorbing mechanism for structures 
in service. 

– Materials that fail with little plastic deformation are said to be brittle. 

– Ductile response is safer in many respects than is brittle response. 

 

This Lecture will review some basics of plasticity by defining certain 
terminology. 
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Plastic deformation results from slip between planes of atoms due to shear 
stresses (deviatoric stresses).   This dislocation motion is essentially atoms in 
the crystal structure rearranging themselves to have new neighbors 

• Results in unrecoverable strains or permanent deformation after load is 
removed. 

• Slipping does not generally result in any volumetric strains (condition of 
incompressibility), unlike elasticity 

...  Metal Plasticity Overview 

 

 

Yield Strength y 

Elastic Plastic 

Unloading 
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The plastic response of a structure (typically due to a multiaxial stress 
state) is based on the results of a uniaxial test specimen.   

From the results of a uniaxial stress-strain test the following information 
can be derived: 

• Proportional limit 

• Yield point 

• Strain hardening 

...  Metal Plasticity Overview 
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Proportional limit and Yield point 

Most ductile metals behave linearly below 
a stress level called the proportional limit.   

• Below the proportional limit, the stress is 
linearly related to the strain.   

 

Additionally, below a stress level or yield 
point, the stress-strain response is elastic.   

• Below the yield point, any straining that 
occurs is completely recoverable upon 
removal of the load. 

 

 

 Proportional Limit 

Yield Point 

...  Metal Plasticity Overview 
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… proportional limit and yield point: 

Because there is usually little difference between the yield point and the 
proportional limit, the ANSYS program always assumes them to be the same.   

• The portion of the stress-strain curve below the yield point is called the 
elastic portion, and the portion above the yield point is the plastic 
portion. 

 

 

Yield 

Point 

Elastic Plastic 

...  Metal Plasticity Overview 



© 2015 ANSYS, Inc. April 14, 2015 9 

Strain hardening 

Post-yield behavior is typically characterized as being either elastic – perfectly 
plastic or strain hardening behavior.  

• Strain hardening is a material response in which the yield stress increases with 
increasing strain beyond the initial yield point. 

Elastic - Perfectly Plastic Strain Hardening 

 

 

y 

y  

y 

y 

 

Uniaxial Stress-Strain Curves 

...  Metal Plasticity Overview 
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...  Metal Plasticity Overview 

Rate-Independent Plasticity: 

• If the material response is not dependent on the rate of 
loading or deformation, the material is said to be rate-
independent. 

• Most metals exhibit rate-independent behavior at low 
temperatures (< 1/4 or 1/3 melting temperature) and low 
strain rates. 
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Incremental plasticity theory provides a mathematical relationship that 
characterizes the increments of stress and strain (D and D) to represent 
the material behavior in the plastic range.   

There are three basic components to incremental plasticity theory: 

• Yield criterion. 

• Flow rule. 

• Hardening rule. 

 

...  Metal Plasticity Overview 
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 B. Yield Criterion 
Yield Criterion: 

The yield criteria is used to relate multiaxial stress state with the uniaxial case. 

 

• Tensile testing on specimens provide uniaxial data, which can easily be 
plotted on one-dimensional stress-strain curves, such as those presented 
earlier in this section. 

 

• The actual structure usually exhibits multiaxial stress state.  The yield criterion 
provides a scalar invariant measure of the stress state of the material which 
can be compared with the uniaxial case. 
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... Yield Criterion 

In general, a stress state can be separated into two components.   

• Hydrostatic stress -  generates volume change. 

• Deviatoric stress -  generates angular distortion. 

 

 

 

 

 

 

 

 

 

 

Stress State 

(Where: 1  2  3)  
Hydrostatic stress (p) causing 

volume change only 
Deviatoric stress causing 

angular distortion only 
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… Yield Criterion 

The von Mises yield criterion predicts that yielding will occur whenever the 
distortion energy in a unit volume equals the distortion energy in the same 
volume when uniaxially stressed to the yield strength.  

 

• From this theory, a scalar invariant (von Mises equivalent stress) is derived 
as: 

 

 

 

 

• When von Mises equivalent stress exceeds the uniaxial material yield 
strength, general yielding will occur. 
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 ... Yield Criterion 

If plotted in 3D principal stress space, the von Mises yield surface is a cylinder. 

2 

1 

3 

1 2 3 

The cylinder is aligned with the 

axis 1=2=3. 

 

Note that if the stress state is 

inside the cylinder, no yielding 

occurs.  This means that if the 

material is under hydrostatic 

pressure (1=2=3), no amount 

of hydrostatic pressure will 

cause yielding. 

 

Another way to view this is that 

stresses which deviate from 

the axis (1=2=3) contribute 

to the von Mises stress 

calculation. 
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The evolution of plastic strain is determined by the flow rule:    

 

 
 

 

Where:   dl is magnitude of plastic strain increment 

 Q is the plastic potential 

 

The flow rule defines how the individual plastic strain 
components (x

pl, y
pl, etc.) develop with yielding.  

 C.  Flow Rules 




l

Q
dd pl 
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Flow rules which are derived from the yield criterion  typically imply that 
the plastic strains develop in a direction normal to the yield surface.   

• Such a flow rule is termed associative.   

• The metal plasticity models exposed in WB-Engineering Data all have associative 
flow rules 

Flow rules which are derived from a function that is different from the 
yield criteria are called non-associative. 
• Some advanced plasticity models not directly exposed in WB-Engineering Data 

(I.e. Drucker-Prager, Cast Iron) have non-associative flow rules. 

 ...  Flow Rules 
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 C.  Hardening Rules 

• The hardening rule describes how the yield surface changes (size, 

center,shape) as the result of plastic deformation. 

• The hardening rule determines when the material will yield again if the 
loading is continued or reversed.  

• This is in contrast to elastic-perfectly-plastic materials which exhibit no 
hardening -- i.e., the yield surface remains fixed. 

 

Elastic 

Plastic 

Yield Surface after Loading 

Initial Yield Surface 
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 … Hardening Rules 

 Recall, at the edge of the cylinder (circle), yielding will occur.   

 

 No stress state can exist outside of the cylinder.   

 

 Instead, hardening rules will describe how the cylinder changes with 
respect to yielding. 

 

 Elastic 

Plastic 

3 2 

1  

y 

Principal Stress Space Uniaxial Stress-Strain 
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 … Hardening Rules 
• There are two basic hardening rules to prescribe the modification of the yield 

surface: 

 

 

 

 

 

 

 

 

 

• Most metals exhibit kinematic hardening behavior for small strain cyclic 
loading. 

 

 

– Kinematic hardening. 

• The yield surface remains constant 
in size and translates in the 
direction of yielding. 

– Isotropic hardening. 

• The yield surface expands 
uniformly in all directions with 
plastic flow. 
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 … Kinematic Hardening 

• The stress-strain behavior for linear kinematic hardening is illustrated below: 

 

 

 

 

 

 

 

 

• Subsequent yield in compression is decreased by the amount that the yield 

stress in tension increased, so that a 2y difference between the yields is 
always maintained.  (This is known as the Bauschinger effect.) 
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 … Kinematic Hardening 

• An initially isotropic material is no longer isotropic after it yields and 
experiences kinematic hardening. 

• For very large strain simulations, the linear kinematic hardening model can 
become inappropriate because of the Bauschinger effect.   

 

 

 

 

 

 

• Kinematic hardening is generally used for small strain, cyclic loading 
applications.   

 

 

y 
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y 

’ 



© 2015 ANSYS, Inc. April 14, 2015 23 

• Isotropic hardening states that the yield surface expands uniformly during 
plastic flow.  The term ‘isotropic’ refers to the uniform dilatation of the 
yield surface and is different from an ‘isotropic’ yield criterion (i.e., 
material orientation). 

 

 

 … Isotropic Hardening 
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 … Isotropic Hardening 

• Plotting the stress-strain curve enables an understanding of what occurs 
during a loading and reverse loading cycle: 

 

’ 

y 

2’ 

 Note that the subsequent yield 
in compression is equal to the 
highest stress attained during 
the tensile phase.  
 

Isotropic hardening is often 
used for large strain or 
proportional loading 
simulations.  It is usually not 
applicable for cyclic loading.  
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Curve shapes 

Two different type of stress-strain curve representations are possible: 

D. Material Data Input 

 

 

 

 

Bilinear Multilinear 
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Engineering vs. True Stress-Strain: 

• While engineering stress-strain can be used for small-strain analyses, true 
stress-strain must be used for plasticity, as they are more representative 
measures of the state of the material. 

True 

Stress 

Strain 

Engineering 

... Material Data Input 
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Engineering vs. True Stress-Strain (cont’d): 

• If presented with engineering stress-strain data, one can convert these values 
to true stress-strain with the following approximations: 

– Up until twice the strain at which yielding occurs: 

 

 

• Up until the point at which necking occurs: 
 
 
 

• Note that, only for stress conversion, the following is assumed: 

– Material is incompressible (acceptable approximation for large strains) 

– Stress distribution across cross-section of specimen is assumed to be uniform. 

• Beyond necking: 

– There is no conversion equation relating engineering to true stress-strain at necking.  
The instantaneous cross-section must be measured. 

 

 

eng  eng 

 engeng   1  eng  1ln

... Material Data Input 
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... Material Data Input 

Linear elastic material properties must be supplied 

• The same requirements exist for linear static structural analyses, namely 
that Young’s Modulus and Poisson’s Ratio must be defined as a minimum. 

 

Metal plasticity is available as a nonlinear material model.   

• Note that only ANSYS Professional NLS licenses and above support nonlinear 
material laws. 
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... Material Data Input 

There are two ways to introduce metal plasticity: 

• From the project schematic, highlight the 
Engineering Data branch, double click or RMB 
and click on Edit… 

 

• From the Mechanical GUI, within the Details 
Window of the body to be modified, highlight 
the current material assignment and RMB to 
choose one of three options: 

- New Material … 

- Import … 

- Edit … 
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... Material Data Input 
 This opens the Engineering Data dialogue box for adding and editing various 

material properties related to the active project(s). 
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... Material Data Input 

From the Toolbox, open the plasticity folder: 

• Highlight the metal plasticity model of interests (in the example below, Bilinear Isotropic 
is selected) 

• RMB on the material model and click on “Include Property” 

 

 

 

 

 

 

 

• The Bilinear Isotropic Hardening model  

    will then appear in the Properties Dialogue box. 

 

• The yellow blank boxes are now available for user  

   to define yield strength and tangent modulus. 
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... Material Data Input 

 After defining the yield strength and tangent modulus, the data will 
automatically be plotted graphically for inspection: 
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 Bilinear isotropic or kinematic hardening models also support temperature 
dependent properties via Tabular input. 

... Material Data Input 
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... Material Data Input 

 In a similar procedure, multilinear isotropic or kinematic hardening models can 
also be defined and verified: 
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E.  Analysis Settings for Metal Plasticity 

• Ensure that the substep size is adequate to 
capture the path dependent response  
accurately with minimal bisections. 

• Solver will trigger a bisection automatically for 
plastic strains exceeding 15% in a substep 

• Refer to CUTCONTROL command doc. 

• Large Deflection = ON is recommended 

• For large models with long run times and 
potential convergence trouble, consider 
setting up a Restart Control strategy in the 
event that adjustment to time step range or 
convergence criteria is necessary 
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F.  Reviewing Results 

• Reviewing results in a metal plasticity model is similar to a linear elastic run with 
the exception that there is now a path dependent plastic strain to consider. 

• Review multiple results sets along the path 

 

 

 

• Examine the nonlinear force deflection curve to better understand how the plastic strain 

is influencing the overall nonlinearity of the structure. 
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 … Summary of Plasticity in Mechanical 

• Metal plasticity deals with elastic and inelastic (permanent) deformation.  
Inelastic or plastic deformation occurs when the stress is higher than the 
yield strength.  There will always be some recoverable strain (elastic strain) 
upon unloading. 

• A stress-strain curve is based on scalar data, usually from a uniaxial test.  A 
system may undergo a multiaxial stress state, so WB-Mechanical uses the 
Mises yield criterion to relate a multiaxial stress state with scalar test data.  
In this situation, true stress vs. strain data should be supplied. 

• After yielding occurs, the yield point may increase due to strain hardening.  
This changes the yield surface, and the way in which it evolves in  

• Mechanical is determined by Isotropic or Kinematic hardening assumption. 

• The stress-strain curve can be represented by a bilinear or multilinear curve. 
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 … Summary of Plasticity in Mechanical 

Advanced plasticity models not directly exposed in Engineering Data. 
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G.  Workshop – Metal Plasticity 

Please refer to your Workshop Supplement for instructions on: 

• W4A-Metal Plasticity 

Workshops/WB-Mech_120_NL_WS05A.ppt
Workshops/WB-Mech_120_NL_WS05A.ppt
Workshops/WB-Mech_120_NL_WS05A.ppt

