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Chapter 1:Using Nonlinear Material Properties in Material Designer

You can compute stress-strain curves for RVEs with nonlinear constituent materials, simulating uniaxial
tension, uniaxial compression, and shear test cases. Both hyperelastic and elasto-plastic material models
are supported for the constituents. This document explains how to use the nonlinear material properties,

which are provided in the 2019 R3 release as a Beta feature. See this section for information about how
to activate Material Designer Beta features.

1.1.Nonlinear Material Analysis Settings

There are new Analysis Settings related to the stress/strain curves:
Ciptions - Settings

Material Properties

Type of Anisctropy: Orthotropic =
Compute Linear Elasticity
Compute Coefficients of Thermal Expansion
Compute Thermal Conductivity
Compute Stress-5Strain Curves (Bata)
Compute Strain Limits [Beta)
Stress-Strain Curves (Beta)

IUniaxial Tension

Strain X 0-002:30
niaxial Compression
Strain X 0--005:30
Simple Shear
Strain XY 0-002:30
General

Large Deformations (Beta)

Ilze Penodic Boundary Conditions
lUse Matenal Symmetry in XY
IUse Matenzl Symmetry in X2
lUse Matenal Symmetry in ¥Z
Temperature: 22 P

Reference Temperature: 22 P

Compute Stress-Strain Curves: Compute stress-strain curves based on one or more numerical tests.

Stress-Strain: Define which tests are carried out. You can activate uniaxial tension, uniaxial compression,
and simple shear test cases.

For each test case, you can specify for which values of strain the stresses are evaluated.
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Using Nonlinear Material Properties in Material Designer

For instance, 0 - 0.02 : 30 means that an analysis with 30 substeps is run, where the strain is increased
from 0 to 0.02. You can also use a comma separated list; for instance 0.005, 0.01, 0.0015, 0.02.

Note

- You can also specify a loading and unloading; for instance by stating 0 - 0.02 :30,0.02 - 0 : 30.
Or you can even have more complicated loading paths (including cyclic loading).

- If you use a comma as the decimal delimiter (per the number format settings in Windows), you
nevertheless need to input the numbers here with a dot as the decimal delimiter.

— Some of the tests are disabled when material symmetries are activated.

Press the ... button to edit the strain values more easily using a dialog:

85 Edit Strain Values for Tension X - O *

Number of

Strain Substeps

0

Cancel

e

+ Large Deformations: Activate large deformations. Input material properties based on strain-stress curves
are interpreted as true strain vs. true stress (see Large Deformation in the Mechanical APDL Material Reference).
You will need to activate large deformations if the RVE contains hyperelastic materials.

1.2. Nonlinear Material Results

Stress-Strain Curves is available under the Constant and Raw Variable Results Table. Click the icon to
see the data of the corresponding stress-strain curve:
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You can switch between Engineering Strain/Stress and True Strain/Stress.

W Stress-Strain: Tension X — O

[Exgrening Sran ] [Engrosinn Sos V]
Strain X | Stress ¥ in Pa Strain Y Strain £

] _ 0 0 0

| 0.00066667 8.9831E+06 3.5016E-05 53935605
0.0013323 1.7976E=07 -0.00015003 -0.00010737
0.002 2 B928E+07 -0.00028503 -0.00016137
0.0026667 3. 2345E+07 -0.0003436 -0.00019437
0.0033333 3.2455E+07 -0.00034465 -0.00019456
0.004 3.2628E+07 -0.00034612 -0.00015582
0.0046667 3. Z7RBE+D7 -0.0003475 -0.0001566
0.0053333 3.288BE+07 -0.000:3491 -0.000715744
0.006 3.3018E+07 -0.00035068 -0.000715833
0.0066667 3.3146E+07 -0.00035233 -0.00019525
0.0073333 33ZTIEHDT -0.000354 -0.00020022
0.008 3.3358E+07 -0.00035574 -0.00020122
0.0086667 3.3523E+07 -0.00035757 -0.00020227
0.0053333 3.364TE+D7 -0.00035543 -0.00020333
0.1 J37TELDT -0.00036132 -0.00020442
0.010667 3.3853E+07 -0.00036324 -0.00020554
0.011333 3.40N5E+07 -0.0003652 -0.00020666
0.m2 34136E+07 -0.0003672 -0.0002078
0.012667 3 4258E+07 -0.00036522 -0.00020853
0.013333 3.4375E+07 0.00037125 -0.00021008
0.014 3.4455E+07 0.00037331 -0.00021123
0.014667 3 462E+07 -0.00037538 -0.00021235
0.015333 3ATAE+DT -0.00037747 -0.00021357
0.06 3.486E+07 -0.00037957 -0.00021475
0.016667 34579E+07 -0.00032168 -0.00021554
0.017333 3. 5055E+07 -0.00038382 -0.00021713
0.ma 3B21BE+D7 -0.00038558 -0.00021834
0.018667 3.5337E+07 -0.00038814 -0.000215955
0.015323 3. 5455E+07 00003501 -0.00022078
0.02 3 BEVAE+DT -0.00035245 -0.000222
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Using Nonlinear Material Properties in Material Designer

1.3.Stress-Strain Charts

You can generate stress-strain charts for Constant or Variable material evaluations. To do so, right-click
Constant Material Evaluation or Variable Material Evaluation in the outline window and select Add
Stress-Strain Chart.

This adds a node in the outline and shows the following options:

Engineering Strain *

Engineering Stress
Tension X
Tension Y
Tension £
Compression X
Compression
Compression £
Simple Shear XY
Simple Shear X2
Simple ShearYZ

Add Tangents

Strain: Choose whether to plot the Engineering Strain or the True Strain.
Stress: Choose whether to plot the Engineering Stress or the True Stress.
Load Cases: Choose for which load cases the stress-strain curves are shown.

Add Tangents (only available for constant material): Choose to add tangents that would correspond
to a linear elastic material behavior (based on the computed engineering constants); see the dotted
lines in Figure 1.1: Example of Stress-Strain Curves (p. 5).

This allows you to verify that the computed material properties are consistent with the computed stress-
strain curves and allows you to see deviation from linear elastic material behavior more easily.

Note

For large strain the tangents do not necessarily represent the linear elastic material behavior.
If large deformations are active, then the tangents in the true strain-true stress diagram
correspond to the linear material behavior. Similarly, if large deformations are off, then the
tangents in the engineering strain-engineering stress diagram correspond to the linear ma-
terial behavior.

Click Complete to open a new window tab with the chart.
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Exporting Stress-Strain Curves

Figure 1.1: Example of Stress-Strain Curves

Figure 1.2: Example of Stress-Strain Curves (Variable)

1.4.Exporting Stress-Strain Curves

When you Export stress-strain curves, they are exported as Engineering Stress vs. Engineering Strain.
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Chapter 2: Nonlinear Material Properties Theory

In the following, we highlight how computing material properties differs for nonlinear constituent ma-
terials and show the theory behind the computation of stress-strain curves.

2.1.Orthotropic Linear-Elastic Material Properties

The computation of orthotropic linear-elastic materials is described in this section for linear constituent
materials. The following considerations apply in addition when using the new beta feature.

2.1.1.Nonlinear Constituent Materials

Note that you can also compute orthotropic linear-elastic material properties if the constituent mater-
ials are nonlinear. The computed properties are then valid only in a small strain analysis.

If possible the nonlinear effects are ignored completely, similar to setting nonlinear material effects
to Off in Mechanical (see Nonlinear Material Effects).

In case this is not possible (for instance, for hyperelastic materials) then the nonlinear material is used,
which will lead to some errors in computing the linear elastic material behavior as the applied strain
is not infinitesimal, but finite. However, the effect will be negligible in most cases.

2.1.2.Large Deformations

Note that if large deformations are active, input material properties based on strain-stress curves are
interpreted as true strain vs. true stress, as discussed in Large Deformation in the Mechanical APDL
Material Reference.

The material properties are corrected for the fact that true strain rather than engineering strain is the
active strain measure. Similarly, the area changes are taken into account when computing material
properties.

However, it is not possible to setup a "clean” shear case if large deformations are active; there are always
some other macroscopic strains that are non-zero (see Polar Decomposition of a Shearing Deformation
and the corresponding description). Once again, the effects will be negligible in most cases given that
the applied shear is small.

2.2.Computing Stress-Strain Curves

Consider for the moment that we want to compute stress-strain curves for a tension test in X direction
for a periodic RVE with a periodic mesh. The basic principle is that we specify several values for the
strain in the X direction and measure the force in the X direction. After normalization, this yields the
corresponding stress values.
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Nonlinear Material Properties Theory

In contrast to the boundary conditions specified here, we allow the RVE to contract macroscopically in

o . E = .
Y and Z direction; in other words, we allow a non-zero lateral strain —# and —Z .To do so, we introduce
PV u PO rot, PO rot, PV, and rot,”V" (via an additional node in the
finite element model) and let them correspond to the macroscopic strains.

6 degrees of freedom u,”', u

Assume that the RVE occupies the volume [0,L,] x [0,L,] x [0,L,]. Then we enforce the following boundary
conditions:

On the faces normal to the X-axis, enforce

Ue(Ly,y,2)=u(0,y,z) +ub™" L,
uy(Ly,y,z)=uy(0,y,z)
u,(Ly,y,z)=u,(0,y,z)

On faces normal to the Y-axis, enforce

uy(x,Ly,z)=u,(x,0,2)
uy(x,Ly,z)=uy(x,0,2)+uh)"" L,

HQ[XJL_VJZ]=H;;(X.{],Z}

On faces normal to the Z-axis, enforce

ue(x,y,L;)=u,(x,,0)
”y{f-’i';}’;Lx\} :“}'{X:J’:U}
u,(x,y,L;) :uz(xly10]+”§mﬂ L,

In addition to these periodicity conditions, rigid body motions must also be prevented. This is done by
enforcing

ttz(a point with x =0) =0
uyla point with y =0) =0

i, (a point with 2 =0) =0

The strain in X is enforced by setting

pivot __

”.r.' o

ivot ivot
p ; uzp

while u are unconstrained, allowing lateral contraction of the RVE.

y

€y . . .
s successively set to the values specified by the user.

The remaining degrees of freedom rot,”", rot,”**', rot,”*" are not needed for this load case and are
set to zero. They will be used in the shear load cases to introduce shear strains.
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Computing Stress-Strain Curves

Note that we aim to compute engineering strain vs. engineering stress (even in case large deformations
are active). Thus, the force in the X direction is integrated and normalized by the original area L, L, to

obtain o,.
The lateral strains can be extracted from the degrees of freedom of the pivot node:

__ ., pivot
€y = U,

€. = U pivot

In case true (logarithmic) strains are needed, you can compute them via
[T
€. = log(1 4 ¢,)

To compute true stresses, one needs to compensate the stress for area changes due to contraction,
which leads to

true rT-i'

(1+€)(1+¢.)

The boundary conditions for the other test cases will be specified in the following.

Note that the stress-strain computation in Material Designer does not take into account (microscopic)
damage, such as pull-out of fibers, micro-cracks, delamination, nonlinear interfaces, etc. If these effects
are important, then Material Designer is not suitable to model and simulate this RVE.

Further note that it is not possible to setup a "clean" shear case if large deformations are active; in

other words, there are always some other macroscopic strains that are non-zero (see Polar Decomposition
of a Shearing Deformation and the corresponding description). For stress-strain curves, there will in
general be a non-negligible effect given that the applied strains can be large.

Note that Material Designer is limited to rate-independent material behavior. You can use constituent
materials that show a hyperelastic or a rate-independent plastic behavior. Rate-dependent material
properties, like viscoplasticity, viscoelasticity, and creep are not supported.

2.2.1.Periodic Boundary Conditions

For completeness, the boundary conditions used in the different load cases for the stress-strain curves
are presented here as well.

€xs €1 €20 Vgyr Ve and Y,

In each load case, one of the quantities Z is successively set to the values

specified by the user.

. . . . €y Ey, E .
In tension and compression cases, the remaining two normal strains of '~ ~Z are left free, while

Viy: Yy @and ¥,

£ are set to zero.

€xi €1 €2 Vgyr ¥y and Y,

In the simple shear cases, all quantities 4 except the one specified by

the user are set to zero.
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Nonlinear Material Properties Theory

Then there is a one-to-one correspondence between the macroscopic strains and the degrees of
freedom of the pivot node:

pivot __ -
“.IT = €, .}.ot;};l\ul — -

Yz
ivot .
”*!y o Fy 'l'f;‘i;n(” — Ar"..r:;

vt : . pivat -
L L T

With these macroscopic strains in place, the boundary conditions are defined as follows:

On the faces normal to the X-axis, enforce

g Lap oy 2) = ug(0,y.2) + u_‘:.]”” L
ty(Le y. ) = u,(0,y,2) + '.F'f')fi:]w”' L.,

wo(Lasy. 2) = us(0,y, 2) + roth ' L,

On the faces normal to the Y-axis, enforce

Ug (X, Ly, 2) = ug(2,0, 2)
wy (1, Ly, 2) = uy(2,0,2) + uftf"“ L,

uz(x, Ly, 2) = us(2,0,2) + 'r'rn‘ghm Ly

On the faces normal to the Z-axis, enforce

ug(x,y,L.) = ug(2,y,0)
wy(a,y, L) = uy(x,y,0)
u(r,y, L.)=u_(x,y,0)+ u‘:’i“”'Lz

To avoid rigid body motions, enforce

iy (a point with x =0) =0
uy(a point with y =0) =0

i-(a point with 2 =0) =0

Note that the compression and tension cases are the same, except that you are expected to specify
different strain values.

2.2.2.Non-Periodic Boundary Conditions

. €, € €, .
For the tension and compression tests, one quantity of X =) and ~Z is nonzero, the other two

€ € €
normal strain are left free. All the shear strains XV, XZ and ~¥Z are set to zero.
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Computing Stress-Strain Curves

Once again there is a one-to-one correspondence between the macroscopic strains and the degrees
of freedom of the pivot node:

pivot

T = €y J'f_n"__']’,”‘” = Yyz
pivot _ ivot

”y = (y ;'”j'.lq = Ye=
pivot iv

“.:H\H = €, j_(”q:mm — A;:i:y

On the faces normal to the X-axis, enforce
up(0,y,2z) =0
Uz {Lt‘ U,z } e !.I‘i;i\'fli Lr
On the faces normal to the Y-axis, enforce
uy(r,0.2) =0
wy(x, Ly, 2) = qum L,
On the faces normal to the Z-axis, enforce
uy (. y,0) =0
sz, y, L) = ub™VO' L,

€
For the shear XY case, the boundary conditions are set as follows ( X} as specified by the user):
On faces normal to the X-axis, enforce
uyl0,y,2) = }]
”_!I{L.‘e‘- W, =)= "..ryL:e‘

w:(0.9,2) =0
tx(Lpoy,z) =10

On faces normal to the Y-axis, enforce

Uy, 0,2) =0
tg{x, Ly, z) =10
(w0, 2) =0

uz{x, Ly, z) =0

On faces normal to the Z-axis, enforce
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Nonlinear Material Properties Theory

tux(r,y.0) =0
u.(r,y.L.) =10
The boundary conditions for shear XZ can be obtained by switching the roles of y and z.

The boundary conditions for shear YZ can be obtained by switching the roles of x and y (starting from
the shear XZ case).

Note that for the non-periodic shear test cases, we refrain from using additional degrees of freedom.
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