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* The following will be covered in this Chapter:
A. Background Elasticity/Plasticity

Yield Criteria

Hardening Rules

Material Data Input

Analysis Settings

Reviewing Results
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. 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:
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... Metal Plasticity Overview

Customer Training Material

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 Chapter will review some basics of plasticity by defining certain
terminology.
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... Metal Plasticity Overview

Customer Training Material

 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
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... Metal Plasticity Overview
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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.

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.
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... Metal Plasticity Overview
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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:
O = O'eng E = é‘eng
— Up until the point at which necking occurs:

O-:O-eng(l_l_geng) gzln(l-l_geng)

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

— Hydrostatic stress - generates volume change.
— Deviatoric stress - generates angular distortion.

o p O,=p
= +
E 1* ; 1 P AE ; -

Stress State Hydrostatic stress (p) causing  Deviatoric stress causing
(Where: 01 # G5 # O3) volume change only angular distortion only
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... Yield Criterion
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* 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:

0,= %[(0'1_0'2)2"' (0'2_0'3)2+ (0'3_0'1)2]

* When von Mises equivalent stress exceeds the uniaxial material
yield strength, general yielding will occur.
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... Yield Criterion
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- If plotted in 3D principal stress space, the von Mises yield surface is a
cylinder.

The cylinder is aligned with the
axis 6,=6,=03.

Note that if the stress state is
inside the cylinder, no yielding
occurs. This means that if the
material is under hydrostatic
pressure (0,=0,=03), no amount
of hydrostatic pressure will
cause yielding.

Another way to view this is that
stresses which deviate from
the axis (c,=0,=03) contribute
to the von Mises stress
calculation.
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... Yield Criterion
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« 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.

Plastic

Elastic

O3 Uniaxial Stress-Strain

Principal Stress Space
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* 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.

Plastic

—— Yield Surface after Loading

"~ Initial Yield Surface
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* There are two basic hardening rules to prescribe the modification of

the yield surface:

— 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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- Most metals exhibit kinematic hardening behavior for small

strain cyclic loading.
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Customer Training Material

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

Subsequent
Yield Surface

Initial Yield [
Surface ™ " "~ -2 I A A o

- Subsequent yield in compression is decreased by the amount that

the yield stress in tension increased, so that a ch difference
between the yields is always maintained. (This is known as the
Bauschinger effect.)
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« 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.

20

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

ANSYS, Inc. Proprietary Release 13.0

© 2010 ANSYS, Inc. All rights reserved. December 2010



ANSYS Mechanical — Rate Independent Plasticity ANSYS
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* 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).

Subsequent
Yield Surface

Initial Yield
Surface
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... Isotropic Hardening
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* Plotting the stress-strain curve enables an understanding of what
occurs during a loading and reverse loading cycle:

Note that the subsequent

C [ == — yield in compression is

Oyl 17— equal to the highest stress
/ attained during the tensile

26 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:

A 4

v

Bilinear Multilinear
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 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. This will
be discussed next.

— Other nonlinear constitutive models may be added with Command
Objects

— Note that only ANSYS Professional NLS licenses and above support
nonlinear material laws.
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- To add metal plasticity, first navigate to the project schematic.
Highlight the Engineering Data branch, double click or RMB and
click on Edit...

: | @
5 )
4 @@ Model| 53 Duplicate
5 @l Setup Transfer Data Fram Mew b
A Soluti{ £ Update
7 @ Resul 4 Refresh
E—E Renamne
Properties
Quick Help
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* This opens the Engineering Data dialogue box for adding and editing
various material properties related to the active project(s).

File Edit View Tools Units Help
[INew [Sopen... [ save (& save as... |mlmport... ‘ o Recomnect @ Refresh Project # Update Project |@Remmmpmject &3 Compact Mode

e

Toolbox > oox C ematic A2: Engineering Data > I x ble of Properties Ro Dens > I x
Physical Properties A B i D A B
Linear Elastic 1 Contents of Engineering Data E @ B Description 1 Temperature (C) = | Density (tonne mm~-3) ~
Experimental Stress Strain Data 2 = B 7.85E-09 I
H
Hyperelastic Fatigue Data at zero mean stress comes from 1998 ASME BPY
5 W structural stes 1 |2 | Gode, section s, Div 2, Table 5-110.1
Plasticity
= Click here to add a new material
Creep
Life
Strength
B Gasket Chart of Properties Row 2: Density * oo
& GasketModel 1
Density e——pe
Properties of Outline Row 3: Structural Steel * o x
A B C D |E
1 Froperty Value Unit X3
2 'EI Density 7.85E-09 tonne mm~-3 |:| D 05
3 % Isotropic Secant Coefficient of Thermal Expansion =
5 T4 1sotropic Elasticity [} =
12 'EI Alternating Stress Mean Stress = Tabular =} ‘E
15 E Strain-Life Parameters = E
o
24 T4 Tensie Yield Strength = £ 5 i
T S —
25 E Compressive Yield Strength = =
; 2
25 E Tensile Ultimate Strength = Tabular | E
27 'EI Compressive Ultmate Strength = Tabular =} a
0.5
-1
-1 05 o 0.5 1
Temperature [C]
T View All { Customize...

; Ready [ Show Progress L,,&_lshaw 7 Messages | .:
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* 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”

7 x
B | C D
B Physical Properties 1 Contents of Engineering Data = | b | 5., Description
. . o - Fatigue Data at ze ean stri

Experimental Stress Strain Data 2 I 3 2% structural steel | SR | comes from 1955 ASME 2PV Code,

H Hyperelastic Section 8, Div 2, Table 5-110.1

3 Click here to add a new material
Bl Plasticity /

|TE| Bilinearlsotropic‘{ard ;
E Multilinear Isotrop il Indude Property
E Bilinear Kinematic Harde =
E Multilinear Kinematic Ha
E Chaboche Kinematic Har Expand Al - 1 x
EI Anand Viscoplastidty Collapse all A B c D |E
Creep 1 Property Value unit (<L
2 7 Density 7.85E-09 tonne mm~-3 i ]
Life Properties Tsotropic Secant
Strength 3 @ W@ co effident o Fihemal |
Bl Gasket i | 5 ]
——
mgm " M 13 Yield Strength MPa
— The Bilinear Isotropic Hardening model ST —
15 = Maarnngﬁess =4 Tabular )
will then appear in the Properties Dialogue box 8 15 B st e =
pp p g - 27 T4 Tensie Yield strength | = Tabular [&]
2 g Someressve field = Tabular ]|
b2 5| ;ﬂil;ﬁhmm = Tabular ]|
@ tsigrgggm = Ultimate B Tabular (=)

— The yellow blank boxes are now available for user
to define yield strength and tangent modulus.
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- After defining the yield strength and tangent modulus, the data will
automatically be plotted graphically for inspection:

NANSYS

Customer Training Material

Outline of Schematic A2: Engineering Data LUl Table of Properties Row 12: Bilinear Isotropic Hardening * o ox
A B C D |« A B C
1 Contents of Engineering Data .= | il | 3. Description | 1 | Temperature () = | Yield Strength (MPa) ¥ | TangentModulus (MPa) T
- Fatigue Data at zero mean stress =
3 Structural Steel [[] | S8 | comes from 1998 ASME EPV Code,
Section 8. Div 2. Table 5-110.1 a
W U Sl Chart of Properties Row 12: Bilinear Isotropic Hardening * 3o

D |E

1 Property value Unit 3| Bl

2 % Density 7.85E-09 tonne mm~-3 I}
Isotropic Secant

3 ﬂh@ Coeffident of Thermal |:|
Expansion

3 Isotropic Elastici [l

—

Bilinear Isotropic

12 = E‘ Hardening |

13 Yield Strength 250 MPa ]

14 Tangent Modulus 10000 MPa [l
Alternating Stress

15 EI Mean Stress E Tabular ]

19 E Strain-Life Parameters Il

27 % Tensile Yield Strength = Tabular [l
Compressive Yield

28 = Strength = Tabular [l
Tensile Ultimate —=m

29 EI Strength = Tabular [}
Compressive Ultimate —=

30 EI Strength = Tabular ]

ANSYS, Inc. Proprietary
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- Bilinear isotropic or kinematic hardening models also support
temperature dependent properties via Tabular input.

Cutline of Schematic A2: Engineering Data - * ble of Properties Ro Bilinear Isotropic Hardening - o %
A B C D / B \G\ :
1 Contents of Engineering Data .= | £ | ... Description 1A Temperature (C) = | Yield Strength (WPa) * | Tangent Modulus (WPa) o™
- Fatigue Data at zero mean stress T 2 20 250 10000 h
3 Structural Steel [C] | SR | comes from 1998 ASME PV Code, 3 | a0 240 9910 3
Section &, Div 2, Table 5-110.1 N a 120 200 2000
Ahd e b o dd o .
Properties of Chart : Bilinear Isotropic Hardening * 0 x g\én 180 5000 e
= =
A B C D |E
’ * Box
Property Value Unit ra¥| (Bl
2 T Density 7.85E-09 tonne mm~-3 o
300 Temperature[20] -
Isotropic Secant FAEUrE[ 6 0] s—
3 & Eoefﬁalent of Thermal [ g p— ~Tempearature{120]
Hpansion 350 Temperature[180]  s—
5 % 1sotropic Elasticty [
Bilinear Isotropic —=
2 2 B Hardering = Tabular [l oo
13 Yield Strength: Scale 1 [ E
14 Yield Strength: Offset 0 MPa ] =
15 Tangent Modulus: Scale i [ B 190
w
16 Tangent Modulus: Offset a MPa [l %
Alternating Stress —=
17 e Mean Strezs 4 Tabular 1l 100
21 TEI Strain-Life Parameters [
29 TEI Tensile Yield Strength = Tabular ]| 50
Compressive Yield —=
30 | Strength = Tabular 1l
Tensile Ultimate — o
31 | Strength = Tabular 1l
c g — [l 0.001 0.002 0.003 0.004 0.005 0.006
32 2] SE—ZE;?SNE e = Tabular = Strain [mm mm™-1]

(| Show Progress @ Show 7 Messages | .:
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* In a similar procedure, multilinear isotropic or kinematic hardening
models can also be defined and verified:

Cutline of Schematic A2: Engineering Data LA Sl Table of Properties Row 12: M2 ear Isotropic Hardenir * 3 x
A B | C D i T
1 Contents of Engineering Data = | Il | 3... Description 1 ature (C) = 1 Plastic Strain (mm~-1) .= | Stress (Mga) ~
- Fatigue Data at zero mean stress ] 2 0 2 0 175
3 Structural Steel [[] |52 | comes from 1998 ASME BPY Code, a0 1o 3 | 001 200
Section 8, Div 2, Table 5-110.1
[ 50 PRy PRSP TR D [ A2 4 ZDD 4 DIDIE 201
Properties of Chart : Bilinear Isotropic Hardening Structural Steel * 0 % - 5 0.02 2015
A . c o | 5 | o002 2016 /
E3
1 Property Value Uinit | R P
2 %2 Density 7.85E-09 tonne mm--3 [N /
Isotropic Secant
3 EE‘ Coeffident of Thermal [l
Expansion
6 % 1sotropic Elasticity [l
E‘ Multilinear Isotropic =
12 Hardering = Tabular ] of Properties Ro : otropic Hardenir > 1 x
Alternating Sress ==
15 E Mean Stress E Tabular I:‘ Terperatura : 0 [C] e
230 T ture : 100 [C] sepet
19 % strain-Life Parameters [l Smperaturs -
240 Temperature ; 2000 [C] - g
7 EI Tensile Yield Strength [ Tabular E —_ —— +
-
5 - 230
Compressive Yield == 5
28 E Strength = Tabular [l .
w
Tensile Ultimate —= @
29 © Strength EH Tabular [l % 210
Compressive Ultimate = 200 ¥ T T
30 @A Strength = Tabular [l
190 44
180
o] 0.005 0.01 0.015 0.0z 0.025
Flastic Strain [m m™-1]

[ Show Progress ”L‘Ql Show 7 Messages | .

ANSYS, Inc. Proprietary Release 13.0

© 2010 ANSYS, Inc. All rights reserved. December 2010



ANSYS Mechanical — Rate Independent Plasticity AN SYS

E. Analysis Settings for Metal Plasticity

Customer Training Material

- Ensure that the substep size is adequate

to capture the path dependent response g v Contots 1
Umioer Eps f
accurately with minimal bisections. Current Step Number L
Step End Time 1.3
— Solver will trigger a bisection automatically [unes oo
for plastic strains exceeding 15% in a i suseteps =
Maximum Substeps 100,
SUbStep —|| Solwver Controls
Solver Type Program Controlled
— Refer to CUTCONTROL command doc. if;fé‘:ii:i?m gfnf
e =
- Large Deflection = ON is recommended =T Restart Controls
Generate Restart Points Manual
. . Load Ste All
- For large models with long run times and Substep Speciied
potential convergence trouble, consider e
setting up a Restart Control strategy in the o cireiisone e
- - Force Convergence Program Controlled
event that adjustment to time step range or [~ "o s
convergence criteria is necessary Displacement Convergence Program Controlled

ANSYS, Inc. Proprietary Release 13.0
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- 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

*#%% LOAD STEP 2 SUBSTEPR 3 COMPLETED. CUM ITEE = 16

T TINE = T.005/5 TINE IHL = .38/ o00E-01

%% MAW PLASTIC STEAIN STEF = 0.4541E-04 CRITERION = 0.1500
= . - TOER = 1.5000)

— Examine the nonlinear force deflection curve to better understand how
the plastic strain is influencing the overall nonlinearity of the structure.

1.1249+5

B: Belleville Spring-MNon Linear Materials 10124845
Equivalent Plastic Strain
Type: Equivalent Plastic Strain 89959
U-I'llt: mmymm 76740
Time: 3
212812009 10:14 AM 67492
0.013453 Max 56243
0.011955 44995
0.010464 253746
0.0039659
0.0074741 22497
0.0059792 11249
0.0044544
1.6304e-6

0. 0029596

Force [N]

Deflection [mm]
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... Summary of Plasticity in Mechanical Sl T e

- 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 Simulation
is determined by Isotropic or Kinematic hardening assumption.

* The stress-strain curve can be represented by a bilinear or multilinear curve.

ANSYS, Inc. Proprietary Release 13.0
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Belleville Washer (Spring)

* A Belleville washer, also called a Belleville spring, is a cone
shaped washer that deforms to preload a bolted joint

 The Belleville washer acts like a lock washer and also provides
some compliance to a bolted joint

Axi-symmetric FE model of washer
and contact surfaces
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* Goal:

— Define a nonlinear metal plasticity material for a belleville spring
geometry and simulate “spring back” upon application of and
subsequent removal of a displacement load.

— Post process stress and strain results
— Generate a force vs. deflection curve on the spring.

1.124%+5

1.0124e+5

39989

Fa740

67492
56243

Force [N]

44995

33746

22497
11249

1.6304e-6

Deflection [mm]
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- 2D axisymmetric geometry

* The spring material is a ductile steel sandwitched between two rigid
surfaces.

* Frictionless contact is assumed between the spring and the rigid
geometries

Displaced rigid boundary

2D axisymmetric : _
centerline Belleville spring

Fixed rigid boundary
' L
| %

0.00 20,00 40,00 {rrn)
[ | ]

10.00 30.00

ANSYS, Inc. Proprietary
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Steps to Follow:
 Restore Archive... browse for file “W5a-belleville.wbpz”

View Tools Units Help

Mew Ctrl+M
Cpen... Ctrl+0
Save Ctrl+5

Save As...

=
=
&
@_‘3 Sawve to Teamcenter...
el
=

Import. ..
Archive, .,

Restore Archive...

Scripting ]

« Save as
—  File name: “Wb5a-belleville”
— Save as type: Workbench Project Files (*.wbpj)

Save as type: ’Wﬂrkbench Project Files (*.whbpj) v]

~ Hide Folders C sawve )

ANSYS, Inc. Proprietary

Release 13.0
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... Workshop 5A — Metal Plasticity

The project Schematic should look like the EEEEE:
picture to the right.

— From this Schematic, you can see that
Engineering (material) Data and Geometry have
already been defined (green check marks).

— It remains to set up and run the FE model in
Mechanical

Customer Training Material

- .= P T
= Skatic Struckural (BMSYS)

@ Engineeting Data
ﬂi} Geometry

@ Maodel

ﬁ Setup

Solution

@ Resulks

[ S

-
1
2
3
4
5
3
7

R W WS A

Belleville Spring-Linear Materials

— Open the Engineering Data Cell (highlight and

. . ‘roperties of Qutline Row 3: Structural Steel -
double click OR Right Mouse Button LTt . :
(RMB)>Edit) to verify the linear material 1 Property value i
properties_ z % Density 7.55E-09 tanne mi

3 = Coefficient of Thermal Expansion
— Verify that the units are in Metric(Tonne,mm,...) \ G Cocfrt f Tmd A P
system- If not, fix this by clicking on--- g E Reference Temperature 22 i
- Utility Menu > Units > Metric(Tonne, mm,...) ° = e
7 ( Young's Modulus ZE4+05 MPa
8 [ ~Puisson's Ratio 0.3
9 |E B9 akernating Stress MeanoERE | = Tabular

ANSYS, Inc. Proprietary Release 13.0
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ANSYS Mechanical Structural Nonlinearities I\NSYS

... Workshop 5A — Metal Plasticity R ——————

* Double click on the Model Cell to open the FE Model (Mechanical
Session) (or RMB=>Edit...)

File  Wew Tools  Units  Help

_Mew [ Open... |l Save |®l Save As... | <o Reconnect @ Refresh Project # Updake Project g ] Impart... | ¢

Toalbox

| B &nalysis Systems
Electric (ANSYS)
[ Explict Dynamics (ANSYS)

Hatmonic Response (AR @ Engineering Data v o

ﬁ Linear Buckling (AM3YS) @ Geometry v

[E] Magnetastatic (AMSYS) | ® o

fH maodal (ansys) pode

w Maodal (Samcef) a Setup

[y Fandom Yibrakion (AMSYS) Solution 53 Duplicate

[l Response Spectrum (ANSYS) @ RecUlts Transfer Data To Mew N

[ e R PP PP

ANSYS, Inc. Proprietary Release 13.0
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ANSYS Mechanical Structural Nonlinearities AN SYS

... Workshop 5A — Metal Plasticity

* Once inside the Mechanical application, verify the working unit system
— “Unit > Metric (mm,kg,N,s,mV,mA)”

* Open the folders beneath the model branch to become familiar with the
model set-up.

Customer Training Material

Highlight “Geometry” and refer
to the details window to verify that
this is a 2D axisymmetric model.

U

Inspect the two asymmetric
frictionless contact regions on top
and bottom of spring which interface
with top and bottom rigid boundaries.

Inspect the no-separation contact
region which ties down the spring at
the bottom corner to prevent rigid
body motion during unloading.

ANSYS, Inc. Proprietary Release 13.0

© 2010 ANSYS, Inc. All rights reserved. December 2010
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... Workshop 5A — Metal Plasticity

* Review the mesh:
— RMB>Generate Mesh

Customer Training Material

Insert L4

....... JE :j Update

Generate Mesh

The upper and lower geometries are meshed = <
with one element each, while the belleville e
spring geometry is a free mesh. /

ANSYS, Inc. Proprietary Release 13.0
© 2010 ANSYS, Inc. All rights reserved. December 2010




ANSYS Mechanical Structural Nonlinearities

. Workshop 5A — Metal Plasticity

This is going to be a 3 load step analysis:

NANSYS

Customer Training Material

With the bottom plate fixed:
LS1: Null Solution (to generate results at origin for force-deflection plot)
LS2: Apply displacement load (-5mm) to upper plate - g siatic structurai gas
LS3: Remove displacement load | Analysis Seltings

"""" I=plACemen

o
B ;. 55| Solution (AB)
-------- //m Solution Information

- Confirm the following Analysis Settings: @ Directional Deformtion

- M Equivalent Stress
M Equivalent Plastic Strain

N um ber Of Ste ps . 3 M Equivalent Elastic Strain
Weak Springs: Off

Details of “Analysis Settings"

Large Deflection: On

For Current Step Number =1, Auto Time
Stepping On and with Initial, Minimum and
Maximum Substeps = ‘1°. (Null Solution)

For Current Step Numbers 2 and 3, Program
Controlled for Auto Time Stepping.

=

Step Controls

Mumber OF Steps

3

Current Skep Mumber

—_

Auta Time Stepping

StEE End Time 1,5

on

Define By

Substeps

Initial Substeps

1,

Minirnum Substeps

1,

Maximurm Substeps

1,

=

Solver Controls

Solver Tvpe

Program Controlled

Weak Springs

off

Large Deflection

on

Inertia Relief

off

Release 13.0
December 2010
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... Workshop 5A — Metal Plasticity

Customer Training Material

* Review the predefined displacement load on the upper plate for the
three load steps.

A: Belleville Spring-Linear Materials
Displacement

Time: 2. 5

41102009 3:24 PM

S [ Model (A4)
-, A Geometry
,f)!«. Coordinate Systems
/B Connections
et Mesh

. Displacement
Components: Free, -5, mm

//ﬁ Directional Deformation
_;ﬁ Equivalent Stress
M Equivalent Plastic Strain

a0, 00 {mm)

Geometry A Workshest A Print Prewiew A Report Preview /

Time [51 |[v [l

-| Scope 2.

Scoping Method Geametry Selection 0. I ? 0.

Geomekry 1 Face 2:
3| Definition -1 3

Type Displacement

Define By Zomponents 2

Coordinate System | Global Coordinate System

% Component Free 3

Y Component Tabular Data

Suppressed Mo -
3| Tabular Data <

Independent Variable | Time . 5. 2

I L I 3 |

ANSYS, Inc. Proprietary Release 13.0
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ANSYS Mechanical Structural Nonlinearities I\NSYS

... Workshop 5A — Metal Plasticity

- Execute Solve: | /5. -

Customer Training Material

- After solution is complete, review convergence history:

Project Force Convergence B
[&] Model (A4)
- A Geometry
5B bellevile spring
5B rigid lower boundary —a— Force Convergence Force Criterion — — . Load Step Corwerged
ﬁ tigid upper boundary
- ‘/)\ Coordinate Systems 1.932+8 + |
‘/)\ Global Coordinate System
- ,/% Caonnections 767846 |
: V:’m Frictionless - Surface Body 3.052+5 |
v P Frictionless - Surface Body
-‘/‘I,,\ Mo Separation - Surface Bo 1.21e+4 |
[l 48 Mesh —
-ﬁ.\ Edge Sizing 5483 |
-ﬁ.\ Face Sizing 8 192 ]
=[] Static Structural (A5) 5 f |
i o Ainalysis Settings w0765
./ﬁﬂ Displacement 3.05e.2 |
A, Fived Support
g 1.21e-3 |
Solution Information > |
Directional Derormatic 48323 \T
A Equivalent Stress 1.0%-6 |

M Equivalent Plastic Stre 1. 2.5 5, 7.5 10, 12.5

15, 1a.
,/ﬁ Equivalent Elastic Skr:
1| | " —3 - - - - - -
2 0) R U R
n o
" I 12 1/
[=| Solution Inform =
s * ] 25 5 7.5 10 125 15 16
Mewton-R.aphson Residuals [0 ' ' ' ' ' ' ' '
Update Inkerval 2,565 Cumulative Iteration
Display Points All LI
" Geometry ) Worksheet APrint Preview hRepart Preview S |
1 x
Texk Associakion | Timestamp
Warning | Contack stakus has experienced an abrupt chanage, Check resulks carefully for possible contact | Project »Model =Static Struckural >Solution 2/2712009 11:30:28 AM
Warning | One or more contack redions may nok be in initial contack, Check results carefully, Refer to Tro | Project »Model =Static Struckural >Solution 2/2712009 11:30:28 AM
Warninn |1 arne deFrarmatinn effects are artive which maw have invalidated some of oo annlied <onnnrks | Proieck =Madel =Skatic Steockoral =Solnkion PIFFIAON 1130027 AM

ANSYS, Inc. Proprietary

Release 13.0
©2010 ANSYS, Inc. Al rights reserved. WS5A-11 December 2010
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... Workshop 5A — Metal Plasticity

* Post Process results at Load step 2:

— Note how high the stress in the spring is at the end of LS2.
Recall, this is still linear elastic material.

NANSYS

Customer Training Material

— At LS3 (not shown), plastic strain is zero and there is no permanent
deformation of the spring upon unloading as expected.

A ER AT
=) Project #: Belleville Spring-Linear Materials JANSS _.’t.g\,
- [ Model (A4) Equivalent Stress wil2

=k Bl Geometry Type: Equivalent (von-Mises) Stress
o belleville spring Unit: MPa
o B0 rigid lover boundary Time: 2
o5 rigid upper boundary 2(27j2009 3:27 PM
B2k Coordinate Systems
-y Global Coordinate System 2817.2 Max
&, Connections 2504.2
“J‘-‘ Frictionless - Surface Bady T 2101.2
B Frictionless - Surface Body T 18781
~ B, Mo Separation - Surface Boc 15651
(= s 12521
B, g 2eng 933.07
e A Fare Sizing
=h-,/=] Static Structural {A5) 526.05
S Analysis Settings 3302
-, Displacement 0Min
/B, Fixed Support
= /8] Solution (AG)Y
-4/ 4] Solution Information
<.. - I > W
e e tal 0.00 25.00 50,00 {mm)
- M8 Equivalent Elastic Strai \2.50 37,50 ]
. ] \ Geometry A Viorkshest A Print Preview A Report Preview / |
JAmmat\on > F ‘ ’E Jin| | Q0 10Frames * 2 %ec(auto) e
Scoping Method [ Geametry Selection 2817.2
Geometry | 8l Badies 2617.2 2.5231e-009
=) Definition
Type Equivalent (vore... 1690.3
By Time i5.16
Display Time 2.5
Calculate Time Hiskory | Yes 0.
Use Awerage Yes o
Identifier I f I 2 | 5 |
=) Results
Minimam 0. MPa |w| . Messages. Graph |
|Press F1 for Help | 183 Messages Ho Selection [Metric (mm, kg, M, 5, m¥, mA)  Degrees radfs Celsie 2

ANSYS, Inc. Proprietary

Release 13.0
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... Workshop 5A — Metal Plasticity

Customer Training Material

+ Generate Force vs. Deflection Curve of Spring | e | he
— With Solution Branch Highlighted: vl oo I T
T T Lo <] Clean ;
RMB>Insert>User Defined Result ~ © & e 2 Rename strain
----- uivalent Elastic Strain Stress
— Scope result to the upper rigid plate /% et Hesic .
. . pr
— Define the expression as ‘abs(FY)’ for absolute value  refinement Fatigue
of force in Y-direction e Contact Tool
M User Defined Resul =l i User Defined Result
o E: commands
—l| Scope
Scoping Method Geometry Seleckion
<@metry 1 Fau:e)
3| pefinition
Type ser Defined Result
< Expression = abs(FY
m Metric (mm, ka, M, 5, mY, ma)
Qutput Uniit Forcee >
By Tirne
Display Time Last
Coordinake Swstem lobal Coordinate System I
Calculate Time Histary | Yes 15.00
Use Average Yes
Identifier Geometry A Wiorkshest b Print Preview hReport Preview /
|Resuits
Minirnuni
Maxirnum
# | Information

ANSYS, Inc. Proprietary Release 13.0
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ANSYS Mechanical Structural Nonlinearities

NANSYS

... Workshop 5A — Metal Plasticity

Repeat Procedure for Displacement in ‘UY’

Pow e

- M Equivalent Plastic Strain
v M Equivalent Elastic Strain
b _//@E o User Defined Result

EN _//ﬁ o User Defined Resultz

rekails of "User Defined Resulkz"

-l| Scope

Scoping Method

Geometry Seleckion
< Geumetry

1 Face >
|| Definition

Twpe IUser Defined Resulk

e
< Expression = al:u;s@D
Input Unit Syskem Metric (mm, kg, M, 5, mY, ma)
Lutput Linit Displacement —
By Time
Dizplay Time Lask

Coordinate Syskem Glabal Coordinate Swskem

Calculate Time History | Yes

se Average Yes

Identifier

J|Results

Minirnurn

Mazxirnurm

+

| Information

I/

Geometry A Viorkshieet A Prind

Graph

| |

\ Messag%\ Graph |

g mempmememmameas

| Fixed Support

Efsolution £
..... 4] solut Insert

----- Direc

..... Jm qu.li‘\- ‘ﬂ CIEan

_____ BB Equiv b Rename

----- A0 Equivalent Elastic Strain

Customer Training Material

|he

Stress Tool
Deforrnation
Skrain
Skress

Linearized Stress

1 Refinement Fatigue
-oops 1. Conkact Tool
il Z,

M User Defined Result

[E- Commands

El ----- ;t@ Solution {AB)

------- Salution Information

------- v,ﬁ Direckional Deformation
------- B Equivalent Stress

— Highlight both User Defined Results: | s
RMB>Rename based on Definition B ot i s
— Highlight Solution Branch:

RMB>Evaluate results

ANSYS, Inc. Proprietary
© 2010 ANSYS, Inc. All rights reserved.

Release 13.0
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ANSYS Mechanical Structural Nonlinearities I\N SYS

... Workshop 5A — Metal Plasticity R ——————

* Insert a Chart Tool for plotting FY vs UY hanical [ANSYS Multiph<ics]
e et [ '

e : : pr| S & @ | @ E-a- A
— Fill in Chart tool Details Window as Follows: = (Mew, Chart and Table [

— Outline Selection: Select ‘abs(FY)’ and ‘abs(UY)’ from Solution Branch

— X Axis: abs(UY) (Max)

_ X-Axis Label: Deflection e
e Chart

— Y-Axis Label: Force

— Omit: Time, abs(FY)(Min), abs(UY)(Min) || Definition

Cutline Selection |2 Ohbjects
El| Chart Controls

,.
A

'

Details of "Chart"

® Bxis | abs{ (Ma)
[=l| Anis Labels
#-fis Deflection
-xis Force
=l REepOrt
Conkent Chart And Tabular Data
| CaEtiDn

[=1{ Input Quantities

Time | Omit
[=]{ Dutput Quantities

[A] abs(F¥Y (Min) | ik
[B] abs(FyY (Max) | Display
[iZ] abs{Iy {Mim) | ik

[Press F1 far Help

ANSYS, Inc. Proprietary Release 13.0

©2010 ANSYS, Inc. Al rights reserved. WS5A-15 December 2010




ANSYS Mechanical Structural Nonlinearities I\NSYS

... Workshop 5A — Metal Plasticity T e

Resulting Chart of Force vs Displacement for linear material is a
straight line with no permanent deformation as expected

=l| Ddefinition Steps | Time [5] |[w [E] absiFy) (1

Outline Selection |2 Objects 4,4152e+45 1)1 L, 2.6863e-006

| Chart Controls g g g :j;g?eg%?
_ . . -

¥ Ais | abs{v) iMax) 3.9737e+5
[=l| Axis Labels 2.5371645

n-Axis Ceflection

W-Auxis Force 3, 09066+5 —
[=]| Repork

Zonkent Chart and Tabular Data E 2.6491e+5 —

Caption =

W 22076845 —
=l Input Quantities Fad ®
- - o

Time | Omit WL 1.7661e+5 —
[=]| Output Quantities

[A] absiFY (Min) | mit 1.32466+5 —

[E] abs{F {Max) | Display

[C] abstLIY) (M) | Omit 83304

bs{ LY (M X A
abs(1 (Max) wis 44157 —
2.6863e-6
0. 5.
Deflection [mm]
Messag%\Eraph ]

Iress F1 For Help | |E;Ql 3 Messages |N-:| Selection |Metriu: i, ki

ANSYS, Inc. Proprietary Release 13.0
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ANSYS Mechanical Structural Nonlinearities

NANSYS

... Workshop 5A — Metal Plasticity

* Duplicate the Static Analysis
— Return to the Project Schematic
— Highlight the Model Cell and RMB> Duplicate

Toolbo

B Analvsis Syskems

[ Electric (AMSYS)

% Explicit Dynamics {ANSYS)
Harmonic Response (ANIYS
B3 Linear Buckling (ANSYS)

[64] Magnetostatic {AMSYS)

B raodal (arsvs)

H_j Modal (Samcef)

[l Random vibrakion (AMSYS)
m Response Spectrum (AMNIYS)
[z=) shape Optimization (ANSYS)
Tﬁ' Skatic Struckural (AEACQUT)
B Static Structural (ANSYS)
Tﬁ' Skatic Struckural (Samcef)
WY steady-state Thermal (ANSYS)
Thermal-Electric {AMNSYS)
TE; Transient Structural {AMNSYS)
Tﬁ, Transient Skructural (MED)
E, Transient Thermal (AMIYS)

ANSYS, Inc. Proprietary
© 2010 ANSYS, Inc. All rights reserved.

Project Schematic

Skatic Structural (ANSYS)

Customer Training Material

2 Q Enginesring Data v o
3 @ FEomekry v o4
4 |_. Model — 1
(%) Edit..

= ﬁ Setup i 2

P : <~_-E*| Duplicate >
] Solution
7 @ Resulks FaNSTer Lakg 10 e 3

Belleville Spring-Linear Ma| F  Update

4 Refresh

WS5A-17

Clear Generated Data

Resek

E—E Rename

Propetties

Release 13.0
December 2010
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... Workshop 5A — Metal Plasticity

* Disassociate material properties link
— The second analysis is going to be with metal plasticity defined
— Highlight the Engineering data link and RMB>Delete

Customer Training Material

Project Schematic

- ! - B

1 ? Skatic Struckural (AMNSYS) 1 ? Skatic Struckural CAMNSYS)

z @ Enginesring Data W @;‘ Ermimnvina Dink v g

3 G Geometry S e Delete v 4

4 ﬁ Model 7 F‘ru:uEerties 7

5 ﬁ Setup v ] ﬁ Setup rd

& Salution v & Solution r

7 @ Resulks W i @ Resulks F
Belleville Spring-Linear Materials Copy of Bellevile Spring-Linear Materials

ANSYS, Inc. Proprietary Release 13.0
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ANSYS Mechanical Structural Nonlinearities I\N SYS

. Workshop 5A — Metal Plasticity

* Project Schematic should now look like the diagram below

— We can now modify the Engineering data in Table B without effecting the
model and/or results of Table A.

— Change the title of the new Analysis to:
“Belleville Spring-Nonlinear Materials”

— Open the Engineering Data Cell in Table B

Customer Training Material

Project Schematic

o
-

I .

Static Skruckural [AMSYS) Skakic Skeockoeal CARSY S

@ Engineering Data

2 v 4

3 W iGeormetry S e B W iGearnetry v 4

4 @ Madel v 4 @ Madel &,

= ﬁ Setup v = a Setup rd

B Solution v = Solution rd

7 Q Fesulks W 7 Q Fesults rd
Belleville Spring-Linear Materials Belleville Spring-Mon Linear Materials

ANSYS, Inc. Proprietary Release 13.0
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ANSYS Mechanical Structural Nonlinearities I\N SYS

... Workshop 5A — Metal Plasticity R ——————

* Insert a Metal Plasticity Model
— From the Tool Box, open the Plasticity Folder
— Highlight Multilinear Isotropic Hardening and RMB>"Include Property”
— The new material should now appear in the Properties dialogue box

Properties of Cutline Row 3 Structural Skeel * =

- & B Z
[ YWs5a-belleville - Workbench 1 Property value LImik
File  “iew  Tools  Units  Help

l_‘INE"w [jODEI'I... HSEVE‘-‘ IE-!SENE fs,,. | =@ Reconne
Toolbox DB Cutline Fiks

T Density 7.55E-09 tonne mm*-3

2

3 U Coefficient of Thermal Expansion
& E Isatropic Elaskicity
3

x
D
Physical Properties hd
Linear Elastic 1 |:
Experimental Stress Strain Data 2 P ?El Mulkilinear Isotropic Hardening = Tabular |:
Hyperelasti
- Plzzzzjs . : : )EF E Alternating Stress Mean Stress =3 Tabular |:
4
7 Bilinear Isotropic Hardening / 14 E Skrain-Life Parameters |:
[ Multilinear Isatropic Hardening~
T2 Bilnear Knematic Hardening einoiioe EEOREIEY 22 T Tensile vield Strength 250 MPa [
Multilinear Kinematic Hardeni
E. e e T Soerdd 23 El Compressive Yield Strength 250 MPa |:
Life: Collapse all
S — 24 E Tensile Ulkimate Strength 460 MPa |:
25 “]ﬂ Compressive Ulkimate Strength o MPa |:

ANSYS, Inc. Proprietary Release 13.0
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ANSYS Mechanical Structural Nonlinearities I\N SYS

... Workshop 5A — Metal Plasticity R ——————

* Define Plasticity data : T—— R

A . . A B o
— Fill in plastic strain anfi stress T - @B C
data as shown to the right RED 2 o 250
+ 3 | 0.001 265
4 | 0.002 275
5 | 0.003 278
6 | 0.004 279
— From the Utility Menu, read in
the modified material properties
with
° Refresh Project fhart of Properties Row 12: Multilinear Isotropic Harde > 0
280 Temperature 1 22 [C
Fead modified inputs g
270
¢
W 265
— Return to Project Workspace "
255
Return ta Project Zompact Mode IT
250 ¢
4|Returns ko the Project Wnrkspaceﬂ
0,001 0.0015 0,002 0.0025 0,003 0.0035 0.004

;l | = | ,|:|, 0 0.0005
Plastic Strain [mm™-1]

ANSYS, Inc. Proprietary Release 13.0
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... Workshop 5A — Metal Plasticity

* From the project schematic, highlight and open the model cell in
Table B.

Customer Training Material

v hd B

W = Static Structural {AMSYS) W = Static Structural (BN

2 @ Engineering Data v 4 2 @ Engineering Data ¥ 4

3 Wi Geometry W g5 ) Geoma

5 a Setup W 5 | Setup F

6 Solution v & Solution -

7 9 Resulks W 7 9 Resulks F
Bellevile Spring-Linear Materials Belleville Spring-kon Linear Materials

- All the geometry entities, meshing specs, boundary conditions, loads
and analysis settings are preserved from the previous analysis.

— Execute the Solve with the newly defined plasticity properties

M B : Belleville Spring-Non Linear Materials - *icchanie=! [4*s¥S Multiphysics]

| File Edit View Units Tools Help |J O\ isove - 1 b -

(Y vRARER & e QR QRQ Qs |-

JMDdeI | ﬁi/Cu:unstruu:tiu:n Gaeomekry | ﬁ‘l'-.-'irtual Topology | @S‘y‘mmetry | @\Remnte Paink | [ Conmections | @Sulutinn Combination

Cutline a

Project
= 6@l Model (B4)

ANSYS, Inc. Proprietary Release 13.0
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ANSYS Mechanical Structural Nonlinearities I\N SYS

... Workshop 5A — Metal Plasticity R ——————

- After solution is complete, review Solution output:

— Confirm that the metal plasticity, as defined, was included in this new run

PLA3TIC (PLAS) Table For Material 3
TZ0TROPIC HARDENING PLASTICITY

Temperature = ZZ.000000

Point Plitrain Stress

1 0.000000e4000 2. 500000e4+002

2 l.000000e-003 Z2.650000e4+002

] Z.000000e-003 2.750000e+002

L) 3.000000e-003 2. 780000e+002

5 4.000000e-003 2. 790000e+002
#%% LOAD ZTEP 2 SUESTET 3 COMPLETED. CUM ITER = 16
e TLNE = L. aara TINE 100G = . o6 odiE-01

#=*% Max PLASTIC STRAIN STEP = 0.4341E-04 CEITERION = 0.1500

Fee BROTO TINE GIEP: HEAT TINE INC = 0.00lz0E-01 INCRELSED (FALTOR = 1.5000)

ANSYS, Inc. Proprietary Release 13.0
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ANSYS Mechanical Structural Nonlinearities

... Workshop 5A — Metal Plasticity

* Review the Convergence History. Compare this with the Linear

NANSYS

Customer Training Material

material run.

3.69e+6
218e+5
1.29e+4
761

244.9

8 265

£ 0,157
9.27e3
54724

3.23e-5 I

1891es

—— Force Convergence
—— —— - Substep Converged

-y

Force Criterion —— —— - Bisection Occurred

— — - Load 5tep Converged

/

1.

10, 25, 40,

ANSYS, Inc. Proprietary
© 2010 ANSYS, Inc. All rights reserved.

10, 15, 20, 25, 30, 35, 40, 45, 50, o4,

Cumulative Iteration

Release 13.0
December 2010
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ANSYS Mechanical Structural Nonlinearities AN SYS

... Workshop 5A — Metal Plasticity

* Post Process results at Load step 2 as before:
— Compare the max stress in this material with the linear material
— Note also that the spring now takes a permanent set after load is
removed as expected.

Customer Training Material

A\ VERUAT A ERAS
B: Belleville Spring-Non Linear Materials L'Q\\J_rx\\)\f 8 B: Belleville Spring-Non Linear Materials LAY \J_[:\)%ﬁ’ '&\’
Exquivalert Stress vz Equivalent Flastic Strain als]
Type: Equivalent (won-Mises) Stress Type: Equivalent Plastic Strain
Unit: MPa Unit: mmjmm
Timne: 2 Time: 3
2{28{2002 10:20 AM 2[28(2009 10:14 AM

294.09 Max 0.013453 Max

261.41 0011958

228.74 0.010464

196,06 0.0089689

163.38 Ty e s RS e RPN 0.0074741

P .

130,71 ST ey e RNV S AR 00059792

98.03 0.0044544

65,353 0.0029696

32,677 0.0014943

0 Min O Min

[
3
0.00 20.00 40.00 (rore) 0.00 20.00 40.00 (mm)
10,00 30.00 10.00 30,00 ‘
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ANSYS Mechanical Structural Nonlinearities I\N SYS

... Workshop 5A — Metal Plasticity R ——————

- Highlight the Chart tool and Plot Force vs Deflection as before.

— Note the nonlinear path of the curve reflecting the influence of
the material yielding and taking a permanent set.

— Note also the difference in the magnitude of the load required to
produce the same deflection with this material verses the linear
material, underscoring the importance of considering nonlinear
material behavior in some designs.

[=]| Definition
Cutline Seleckion |2 Cbijects 1.124%+5
[=l| Chart Controls 1.0124845
% Axis |abs(LI‘.’]l (Max)
[=| Axis Labels LEECE
n-fiis Deflection TEF40
-fxis Farce lE! 67492
[=l| Report —_
Content Chart And Tabular Data 5 S6243
Zaption LE 44995
[=]| Input Quantities
Time | Omit F3iee
[=]| Output Quantities 22497
[&] abs(F¥ (Ming | ik 11249
[B] absiFy iMax) | Display
[C] abs(UY) (Min) | Omit 1.6304e-6
abs(LY) (Max) W Axis 0 >
Deflection [mm]

ANSYS, Inc. Proprietary Release 13.0
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