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Analysis of the maximum friction law
for green body forming in ANSYS environment.
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"EnginSoft Bergamo (Italy), Via Stezzano, 24126 Bergamo BG, Italy
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Abstract

Axisymmetric extrusion of elasto-plastic material with the maximal shear stress condition between
the material and the forming tool is considered. Elastic component of the deformation is assumed
negligible smaller in comparison with its plastic part. Challenges related to numerical modeling of
such problem with the commercial software ANSYS are identified. Recommendations to treat the
problem have been drawn.
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1. Introduction

Cold powder compaction leading to a mechanical densification of the granular material with its
subsequent sintering completes the treatment and yields the desired shape of the ceramics
possessing required mechanical properties [1-3]. A critical issue to eliminate waste in the ceramic
production is to be able to properly model the entire production process. On the stage of the
material compactness, the constitutive elasto-plastic models are required for modelling of the
process [4-13]. Various phenomenological models have been proposed there so far. Some of them
incorporate also friction phenomenon and lead to the singular yield surfaces that required a special
cure for the applied numerical procedure [14.15].

Friction is the other of the crucial phenomena in the forming processes of different materials and
requires proper description within the computational modeling [16]. Such processes, in turn,
constitute one of the main technological processes in production of ceramics. Moreover, any micro-
defect appearing on the stage of the green body forming may lead to unrecovered waste in the
further production process.

In the case of the maximum friction law, the friction surface can be a source of singular behavior of
rigid plastic solutions [17-19] and thus may be a source of further fracturing due to the
microstructure inhomogeneity. This singular behaviour is demonstrated by the normal component
of the strain rate tensor near the maximum friction surface (maximum in the sense - maximum
possible within the plastic flow rule).

The maximum friction surface is a source of singular solution behaviour for several rate-
independent plasticity models. In case of the conventional viscoplastic law, the singularity does not
appear while the sliding condition is no longer valid and sticking occurs [20]. However, it has been
recently revealed that viscoplastic law with saturation together with the maximum friction law on
the boundary may lead to the same overall results (sliding condition with the pronounced strain
singularity) as for the case of classic plastic material with constant yield stress [21-22].
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Even though such singular behavior can be directly implemented into the numerical scheme for
some simple geometry [23, 24] that allowed to analyse some specific features of the process,

Finite Element method becomes now the most efficient tool for modeling various technological
processes including ceramic production [25-31]. However, if one need to incorporate the maximum
friction law in the compactness process, aforementioned singular strain behavior causes essential
difficulties. Therefore, it is of fundamental importance to incorporate the fundamental properties of
the solutions obtained for boundary value problems involving the maximum friction law into the
FEM software or, at least, to estimate how available existing options allow one to obtain
meaningful computational results. This work is concentrating on performace of the popular FEM
commercial code ANSYS [32] to tackle the problems of that class.

2. Most Common Friction Laws

Various different friction laws are commonly used in commercial FEM codes to define for the
boundary conditions. The most common are listed in the following:

a) Stick condition (tangent velocity is equal to zero at the boundary). This is one of the
simplest laws. It used frequently in polymer forming processes [32].

b) Slip with shear force depending on shear velocity at the wall (with function given by user).
These are normally empirical laws mainly based on experimental data valid for single
materials undergoing large plastic deformation with an extremely law yield stress.

¢) Coulomb law is probably the most popular in contact problems with friction [16]. This is a
law of the form:

T = Uo,, (1)

where T is the friction stress, pu is the friction coefficient and o,, is the normal stress
measured at the boundary. This is a law commonly used in commercial software like
ANSYS and others. Solutions as Coulomb law can sometimes give unrealistically high
friction stresses and/or be incompatible with the yield functions.

d) For this reasons, the Tresca law was introduced (originally by researchers dealing with metal
forming) and is now the most popular law in modeling of various forming problems. The
Tresca law can be written in the form:

T = MTpnax > (2)

Here again, 7 is the friction stress, while 0 < m < 1 is the Tresca coefficient and 7,4, is the
maximum shear stress measured at the boundary which is allowed by the plastic yield
condition (also called yield shear stress). In case of m = 0 one deals with the frictionless
contact, while in case m = 1, equation (2) determines the maximum shear stress according to
the used yield condition which is prescribed along the boundary.

When m = 1, the respective solution can exhibit a singular behavior near the surface (according to
the theory [17] one can expect infinite strain rate at the boundary at least for the rigid plastic
materials). Moreover, it is difficult to predict what type on the deformation conditions are
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compatible with the process in each point of the interface (both sticking and sliding conditions are
possible depending on what the yield condition). Moreover, in case of sticking the strain rate is no
longer singular along the boundary but may demonstrate a very high concentration. We try to
understand how commercial FEM software like ANSYS behaves in such cases.

3. FEM model for forming simulations

Different geometries and settings were tried during the implementation of the model. Only the final
ones are presented here, although some results on preliminary models will also be shown for
explanation purposes.

3.1 Geometry, materials, program settings

The forming simulations were performed on the simple axisymmetric geometry shown in Figure 1,
which includes the part that has to be formed and a rigid mold. For the part to be molded, different
material properties were implemented: practically rigid - perfectly plastic material (to be more
accurate it was a material with an extrimely very high Young modulus) and elasto plastic material
with von Mises yield criterium and different tangent modulus after yielding (bilinear kinematic
hardening).

Geometry

Rigid Mold
P

Elasto-Plastic
Material ‘
0.005 0.60 {(mm) l;'

Figure 1: Axisymmetric extrusin of the elastoplastic material. Geometry of the model.

Transient structural analyses were performed with “large strain” option activated, since the material
undergoes large deformations during forming and we have to take into account stiffness changes
that result from changes in an element's shape and orientation. To obtain convergence, smaller time
steps were set at the starting part of simulations.

3.2 Boundary conditions, contact settings

Boundary conditions applied are shown in Figure 2. First kinematic boundary condition was applied
at lower boundary of the deformable body (more accurately it was 5 mm displacement in 1 s).

The symmetry condition was prescribed on the axis of symmetry. Frictional contact was imposed
between the deformable body and the rigid mold, except at the upper part of the mold where
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frictionless contact was imposed, to facilitate convergence. A pure-penalty method for the contact
detection was used in ANSY'S environment.

NO friction at
H: Transient Structural mD9 results L:‘/ the mold end

Displacement
Timne: L &

B Frictional - Surface Bady To Sudace Bo
D Displacernent

\Frictional

contact law:

O
Ttriction = M ™ Tmax

.

Displacements imposed

Figure 2: Boundary conditions emposed on different sides of the domain.

The friction along the contact was prescribed by the Tresca law with different values of the
coefficient m. Note that imposing such a friction law in ANSYS environment is not trivial task.
Normally Coulomb law is used by the program, as shown in Figure 3 where it is possible to fix a
limit value of friction stress through a proper choice of a parameter called TAUMAX. Using this
parameter and parameter COHE large anough to garantee that the only TAUMAX regime is
practically considered it is possible to make friction stress independent from the applied contact
pressure p.

(R
&
TAUMAX

/”ﬁ

COHE 7

Figure 3; Relashonship between friction stress at the boundary and pressure applied during
slipping in ANSYS environment

In ANSYS, or more accurately in its standard use, the TAUMAX parameter is considered as a given
costant, while in the Tresca law the friction stress normally is not a constant but depends on the max
shear stress calculated at different positions on the boundary.

In present simulations TAUMAX is written in table format as a function of coordinates. For each
mesh node on the boundary the coordinates are extracted and so the maximum shear stress. As a
result, the friction stress is calculated through the formula (2) and those values were assigned on the

4
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boundary contact elements (different values at different positions). This operation is performed for
each substep of the calculations. Since getting max shear stress is a post-processing operation
performed at the end of substep, while assigning friction stress on contact is a pre-processing
operation, this requires a RESTART at each substep (through RESCONTROL command) in
ANSYS environment. All these operations are performed through an APDL (ANSYS parametric
design language) macro suitably built.

3.3  Mesh Settings

As regards to the mesh settings, different element types were analyzed during model development.
Quadratic axisymmetric elements PLANE 183 (default for ANSYS) gave better convergence for
high values of Tresca coefficient m, considering approximately the same number of degree of
freedom. More elements were placed near the mold wall where higher velocity gradients are
expected, (see Figure .

Figure 4: Mesh used in computations. Size of the elements was adjusted for different values of the Tresca
parameter m to garantee convergence.

The size of the elements in the mesh was chosen to guarantee the convergence of results, in other
words, we checked that the difference in results obtained between two different meshes become
negligible.

Actually, for low values of the Tresca parameter m (for example m = 0.5) there were no real
differences in results obtained using a coarse or a fine meshes. However, with high values of m (0.9
or larger) there were essential differences in the velocities and the strain rates near the mold wall for
different meshes. Moreover, as one could expect from the near singular behavior near the boundary,
it was extremely difficult to trace the strain rate values near the mold wall with a coarse mesh (see
Figure ) where the mesh had to reassign to be fine enough to follow the values of the strain rate near
the mold wall with m > 0.9.



O 1o Ul W

1L O1 U OO OO OO BB BB DR WWWWWWWWWWNDNNDNNDNNDNDNDNNDNNNDNNNNNRERERERRRRRRREE
OO ~JOoO U d WNREP O WL -JOHUd WNEFE OWOW-JOUPdWNREFEFOWOWIOHU PD»WNE O WOW-J0Ud WNEFE O W

60
61
62
63
64
65

Velocity Shear Rate
P: Transient Structural m099 resilts
Directional Velocaty
Type: Directions! Velocy(Y Aus)

Global Caordinate System

rrpngd Shear Rate (1/s)
Time: 0.955 o

1.2195 Max
131
68443
6.6567
5,460
62814
60938
S.9062

5.7185
5.5309 Min hy

<— Moldwall

~+=m=099 . coarse mesh
--m=0.99 - intermediate mesh
~—m=0.99 fine mesh

Shear Rate (1/5)

u »
X_Coordinate (mm)|

Figure 5: Shear rate trend along the indicated path (from the point lying at the axis of symmetry to the
external boundary) for three different meshes.

4. Numerical results
For the final model, three different materials were used.
4.1. Rigid- perfectly plastic model.

The first material was will refer as the rigid-perfectly plastic one. It was implemented by choosing
the standard bilinear elasto-plastic model with a very high value of the Young modulus (more than
2 - 105 MPa) while the value of the constant kinematic hardening was only 50 MPa.

Figure shown both, the initial and the final, positions of the deformed material, while Figure
demonstrates the plastic strain for the same model. The level of elastic strain was negligible in
comparison with the plastic one and thus not presented.

Time = Se-4 s (first step) Time = 1s

™ Totw e

N: Transient Structural_m
Total Deformation

Type: Total Deformation
Unit: mm

N: Transient Structural_m09 results
Totsl Deformation 2

Type: Total Deformation

Unit: mm

Tirme: S.e-004 Time: L

8.2214 Max
0.0025639 Max 18618
0.0022689 B 7503
0.0020139 R
0.001739 57832
0.001464 64236
0.001189 £.0641
0.00091405 5.7045
000063908 5.345
0.0003641 49653 Min
8.9133¢-5 Min

l-.. L.

Figure 6: Displacement distrubution at initial and final stage of the process for the rigid-perfectly plastic
material.
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Plastic strain m=0.5
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e Max 0.23
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0086356
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Plastic strain m=0.9

N Teandient Stioctial 809 results
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01014
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Figure 7: Plastic strain with m = 0.5 and m = 0.9 for the rigid-perfectly plastic material.

Figure displays the vertical (y-direction) velocities computed for two different values of the Tresca
parameter m = 0.5 and m = 0.9 at the final stage of the deformation process. Note the difference in
velocity isolines for m = 0.5 and m = 0.9. It is clearly seen that the variation of vertical velocity near

the mold is much higher for the case m = 0.9.

Velocity Y m=0.5

Velocity Y m=0.9

1 Toamient Stouctusal f19 resilts
Total Vesocty

Type: Totat Velocay

Uret: s

Tene: 1

78992 Max.
15956
12518
63282
66046
67208
S8512
54338
53099
49867 Min

NOTE differencein |
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M Teansient Stouctural mS 1
: e
% nal locay s)
[
Tome:
V2059 Max.
7N
Tan
6.780)
LX)
60431
S
53555
49992 Min /
le

Figure 8: Vertical velocities at the final stage of the plastic deformation for two different values of the
Tresca parameter m = 0.5 and m = 0.9 for the rigid-perfectly plastic material.

In Figure 9 we present the profiles of the vertical velocities alongh the defined path in the middle
part of the domain for different Tresca parameter values: m = 0.5; 0.9; 0.95; 0.98; 0.99; 0.995).

Figure 4 shows the distrubution of the shear component of the strain rate along the same path for
different values of Tresca parameter m. As m approaches it maximum (m = 1), the component of the
strain rate increases near the mold wall while the convergence of the computations becomes
difficult to preserve and the program finally crashes when the programe can no longer preserve the
imposed boundary condition (and the sliding regime along a small part of the external boundary

changes to the sticking one).
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However, for the value close enough to the maximun (m = 0.995), ANSYS provides reasonable
results. Moreover, one can observe that the shear component of the strain rate tenson demonstrates
behaviour close to 1/+/s where s is the distance to the mold wall. This fact fully coinsides with the
theoretical predisction [17-19] for such material.

Velocity Y

—-m=0.5

--m=0.9
~a-m=0.95
——m=0.98
——m=0.99
~»-m=0.995

Time=1s

Velocity Y (mm/s)

o 3 6 e 12 15
X_Coordinate (mm)

Figure 9. Distribution of the vertical velocities alongh the highlited path of the domain for different values
of the Tresca parameter m for the rigid-perfectly plastic material.

1 Shear Rate (1/s)

——-m=0.5

-=-m=0.9
~+-m=0.95
——m=0.98
——m=0.99
~»-m=0.995

Time = 1s

Shear Rate (1/s)

X_Coordinate (mm)

Figure 4. Distribution of the shear component of the strain rate along the same middle part of the channel for
different values of the Tresca parameter m for the rigid-perfectly plastic material.

Figure shows how the shear component of the strain rate depends on the path position. When the
path is chosen closer to the upper border of the formed domain where the material undergos more
sevire plastic deformation, the global trend becomes more complex. However, the curves still
presrerve the main feature: the highest values of the strain rate are achived near the mold wall and it
becomes singular for the limiting case m = 1.
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[ Shear Rate (1/s)

~-m=0.5
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Time=1s

Shear Rate (1/s)

X_Coordinate {mm)

Figure 11. Distribution of the shear component of the strain rate along the other path in the channel for
different values of Tresca parameter m for the rigid-perfectly plastic material.

4.2 Plastic model with hardening.

Material considered in the previous subsection was an ideal material: rigid-perfectly plastic.
However, green body in a compaction process normally demonsttate hardening effect after yielding
has occurred, and, as regards to the elastic part, can have Young modulus much lower than
supposed previously. For this reason, further analysis was performed using material called

e material 2: the same Young modulus for the elestic part as in the previous model and linear
kinematic hardening after yielding: k, = ko + ki€, where k; = 50 MPa, k; = 100 MPa,
and ¢ is the equivalent strain;

e material 3: with the Young modulus smaller than in two previous material models E; = 2 -
10* MPa and the same linear kinematic hardening after yielding as in the material 2.

Results for the vertical velocity and the shear component of the strain rate tensor along the middle
path of the extrusion domain and computed for these two materials are shown in Figure — Figure
15. For such materials, solution with maximum friction at th boundary does not exist and sticking
has to occure wne m = 1. Indeed, ihe solutions were obtained foe a bit smaller values of the friction
parameter m. Behaviour of the solution in cases of these more “realistic” materials are even more
complex than for the rigid-perfectly plastic material 1 in the regions clode to the upper or lower
entrances of the extrusion domain.

The same tendency for the shear component of the strain rate near the mold wall is also observed in
these two cases.
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~-m=0.5
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Figure 12. Distribution of the vertical velocities alongh the highlited path of the domain for different values

Figure 13. Distribution of the shear component of the strain rate along the middle path of the channel for

10
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Velocity Y

B

~-m=0.5
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Figure 14: Distribution of the vertical velocities alongh the highlited path of the domain for different values
of the Tresca parameter m for the Material 3 case.

Shear Rate (1/s)

I~

——m=0.5

~a-m=0.9
—-m=0.95
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——m=0.99
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Shear Rate (1/s)
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Figure 15: Distribution of the shear component of the strain rate along the middle path of the channel for
different values of Tresca parameter m for Material 3 case.

5. Conclusions

ANSYS structural program can be used for forming process in ceramic using Tresca friction law.
For the given geometry, entrance boundary conditions and the analyzed materials, one can obtain
meaningful results for the friction parameter m close enough to its maximal value provided that:

e Appropriate mesh dimension is used, better with quadratic elements and finer mesh near
the mold wall;

e Small time steps are imposed above all at the beginning of simulation;
11
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e Appropriate macro or user subroutine is built to write parameter TAUMAX in tabular
format and to allow restart of analysis at each time steps.

Calculations could be easily extended to more complex geometries if ANSYS developers
implement the Tresca law directly into software alongside with other friction laws. In its present
form, ANSYS cannot compute the limiting case of maximal friction law (m = 1) with its standard
settings and elements types.

The maximum shear stress condition could be probably implemented into ANSYS directly if the
developers adopt the respective special singular element. This task has been already recognized as
important (see [33]). This would allow researchers to test the concept of the strain rate intensity
factor recently proposed in [34, 35].
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