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Abstract

Thixoforming is a relatively new forming method, with high deformation of semi-solid material. From numerical
point of view, such materials are difficult to simulate because of gathering some features of solid materials and some of
fluids. Materials properties are history dependent like in solids, while deformations could be extremely high, like in flu-
ids. A review of existing numerical solutions is presented in this paper, especially based on Computational Fluid Dynam-
ics (CFD) methods with Eulerian and Arbitrary Lagrangian Eulerian (ALE) motion description. Need of new methodol-
ogy for time-dependent materials behaviour simulations of thixoforming processes are pointed out. Convection of internal
variable in Eulerian based simulations is introduced. Implementation as a user supplied procedure into a commercial Fi-
nite Element application ADINA-F® is shown. Results of simple thixotropic flow with some shear changes are presented.
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1. INTRODUCTION

1.1. Thixoforming processes

Thixoforming is a relatively new forming
method. Material in semi-solid state with proper
microstructure is formed with high speed and ex-
tremely high deformation. It is often compared with
classical methods, like casting and forging. The
main disadvantage of thixoforming is a required
very narrow temperature range (due to semi-solid
state), as well as considerable tools and dies needs.
Also raw material costs are high. On the other hand,
parameters of thixoformed products are better than
in casting. In comparison to forging, more compli-
cated shapes could be achieved in one step, with
almost unlimited deformation. Lower energy con-
sumption, as well as higher production speed is as-
sured.
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Thixoforming becomes interesting technology,
with application in electronics, automotive and aero-
space industry. Nevertheless, complicated phenom-
ena during forming, caused by microstructural be-
haviour of material, constraints precision in process
development, making numerical modelling neces-
sary. Many works, provided from 70th of twentieth
century demonstrate that thixoformed alloys behave
as complex fluids, with some elasticity, as well as
strong, nonlinear shear rate and temperature depend-
ency. Moreover, constant shear rate microstructure
evolution had been proved (Joly & Mehrabian, 1974,
Kumar et al., 1994).

1.2. State of the art in thixoforming modelling

Semi-solid forming processes, like thixoforming,
rheocasting, some continuous casting variants and
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some others, merges phenomena from fluids and
solids behaviour. High deformation degree and time
dependency of the material is a cause that neither
structural, nor fluids computational methods are
suitable. Structural solutions are commonly based on
Lagrangian motion description and remeshing is
required when mesh becomes too distorted. Remesh-
ing dramatically increases time consumption and
decreases solution accuracy. In the other hand,
Computational Fluid Dynamics (CFD) methods,
based on Eulerian or ALE motion descriptions, are
not well conformable to history dependent materials
properties. Nevertheless, CFD solutions seem to be
more flexible and more promising than based on
Lagrangian description.

Semi-solid materials are usually described as vis-
coplastic or elastoviscoplastic (Bellet & Moto
Mpong, 2001; Kopp et al., 2003), as well as shear-
thinning/shear thickening fluids or Hershel-Bulkley
fluid (with yield stress). Compatibility of CFD meth-
ods with viscous, non-Newtonian fluids and structural
solutions with viscoplastic material was proved by
Zienkiewicz & Cormeau (1974). However, in solids
computations, dynamic effects are usually omitted. In
forming with high speed, like in thixoforming, dy-
namic effects are significant, what had been shown by
Sotek et al. (2005). The main limitations of CFD
methods application in metal forming modelling are
caused by Eulerian motion description, which is a
fundamental for CFD. At first, domain geometry dur-
ing simulation has to be preserved. Second, with
mesh nodes not tied to material points, history de-
pendency could not be complied. The first problem
could be resolved by employing an Arbitrary Lagran-
gian Eulerian motion description. ALE formulation
application in FEM could be found in numerous pub-
lications (Donea & Huerta, 2003 and many others).
The second problem is still not well elaborated. There
are two main issues. At first, material properties
could be bounded with material state history, like for
example strain, and second, they could change in time
with other conditions constant, like in thixotropy. In
this second case, which is more interesting in thixo-
forming modelling, internal variable application had
been applied in solid mechanics. Unfortunately, it is
not trivial to transfer internal variable method into
CFD techniques.

a) Numerical models of thixotropy and thixoform-
ing
At first, it should be noticed, that “thixoforming”
and “thixotropy” does not have the same meaning.

Thixotropy has wider meaning, because thixotropic
behaviour could be found in paints, inks, detergents,
clay suspensions, oils, food, pharmaceuticals and
many others. Metal alloys in semi-solid state are
only a small part of thixotropic fluids. On the other
hand, during thixoforming, thixotropic effects are
not apparent. There are many works, which adapts
numerical models neglecting time-dependent effects
and still obtaining correct results (Messmer et al.,
1999; Kim & Kang, 2000; Huilgol & You, 2005).
However, in many cases concerning thixotropic
effects could be helpful, especially in long lasting
processes, when time dependent phenomena are
noticeable.

b) Numerical models of thixotropy and thixoform-

ing with internal variable

Thixotropy models could be divided into three
categories — phenomenological, direct microstruc-
tural and indirect microstructural (Mujumdar et al.,
2002). Historically, first works refer direct micro-
structural models (Goodeve, 1939), where a number
of bonds or links between the particles is a measure
of microstructure. In indirect microstructural mod-
els, a scalar value of structural parameter, first intro-
duced by Moore (1959), is used as a measure. The
third approach is based on phenomenological de-
scription of thixotropic behaviour with some ana-
lytical functions. It was introduced by Slibar &
Paslay (1964), but nowadays it is rather rarely em-
ployed.

¢) Internal variable (V) in CFD

In Eulerian/ALE description material point is not
tied with mesh node. IV values could not be stored
in mesh nodes, like in Lagrangian meshes. Positions
of material points could be tracked during following
steps, but this method constraints approximation
between “material nodes” and “mesh nodes”. Also
changing domains borders is a big obstacle. A better
solution could be a “convection” of IV. In this case,
internal variable is no longer linked with material
point, but its values are computed in Eulerian mesh
nodes. Employing convection of I}V allows evolution
in time introducing. While convection equations are
employed, a source term seems to be a natural
mechanism for internal variable time dependency.
Convection solutions in CFD methods are widely
used and deeply described in many publications
(Zienkiewicz & Taylor, 2000; Donea & Huerta,
2003). In most cases, iterative solution is employed,
with velocity/pressure field computed in one step
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and convection in second. This method allows to
build complicated models, concerning systems of
multiply fields (velocity, pressure, mass transfer and
so on), being solved in one model.

d) Internal variable in CFD solutions for thixo-
forming

Nowadays, solutions of thixoforming processes
based on CFD and IV methodologies for unrestricted
geometries are not numerous. Burgos et al. (2001)
presented Finite Element computations with indirect
structural model for Sn-15Pb alloy, but model ge-
ometry and boundary conditions were simplified and
partially analytically transformed, what made IV
convection model non-applicable in unrestricted
domains geometries. Roussel et al. (2004) presented
solution of rotational viscometer, but governing
equation were analytically transformed. Moreover, it
was based on Finite Difference Method, what makes
this solution hard to apply in more complicated
problems.

The most advanced works are presented by
Modigell & coworkers (eg. Modigell & Koke, 1999,
2001, Koke & Modigell, 2001). Rheological model
of Sn-15%Pb alloy, based on indirect microstruc-
tural method where implemented into CFD software
Flow3D. Some comparisons between Newtonian
and thixotropic fluids where presented, as well as
comparison of numerical model computations with
experimental results.

Mentioned papers shows, that rheological mod-
els of thixoforming based on CFD and indirect mi-
crostructural assumptions are very useful in most of
thixoforming cases.

In this paper, implementation of numerical
model of thixotropy, based on convection of internal
variable, with Eulerian motion description is pre-
sented. ADINA-F commercial software has been
used as a computational environment. Solution in
based on Finite Element Method. There are no limi-
tations of domain geometry and time stepping in this
solution.

1.3. Numerical model of thixotropy

There are many models of thixotropic behaviour
in literature. Wide review could be founded in publi-
cations of Mujumdar et al. (2002) and Barnes
(1997). In this work an indirect microstructural
model has been chosen:

dA

E=g(]},l):a(l—l)b—cﬂp}?d, (1)

where a, b, ¢ and d - constants, A - structural pa-

rameter and 7 - shear rate. Relationship between
viscosity and structural parameter is based on
Baravian et al. (1996) proposal:

ne)=n=remy @
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where 7p and 77, are the usual limiting values of
viscosity at very low and very high shear rate. Pa-
rameters of above equations are to be selected for
particular material. An equilibrium value of struc-

tural parameter A is a function of shear rate 7 . For
those values, time derivative in equation (1) is equal
to 0, and solution is stationary. When shear rate
changes, this derivative becomes nonzero, pushing
structural parameter to its new equilibrium value.

a) Implementation in ADINA-F software

Equations (1)-(3) has been implemented as a
user supplied procedures of ADINA-F commercial
application. ADINA-F software supports iterative
solution of coupled model with Navier-Stokes equa-
tion system for velocity/pressure fields and convec-
tion/diffusion equation for mass transfer. Internal
variable has been introduced as a “virtual species”
into convection/diffusion equation. Due to numerical
stability, diffusion term of equation is not equal to
zero, but diffusion coefficient is very small (artificial
diffusion). Structural parameter time derivative is
transformed into source term:

d
o="28
5 f 4)

where S is finite element surface/volume in 2D/3D
space, respectively and f'is a constant. In ADINA-F
user supplied procedures, some limitation occurs. In
this case, the most significant is a necessity of viscos-
ity computing in mesh nodes, while source terms are
computed for elements. Moreover, in user supplied
procedures, shear rate values are available only in
mesh nodes. That concerns using averaged shear rate
values over each element for source computation.
Viscosities are computed for each mesh node with
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structural parameter value computed by ADINA-F
solver with convection/diffusion equation system.

b) The model

The case of 2D, axi-symmetric flow in narrowing
pipe was chosen (Fig. 1). No-slip boundary condition
on outer surface of flow was assumed. Temperature
effects were neglected. Flow velocity in axis of sym-
metry was chosen as a load. Geometry of the model
has been simplified due to simplify validation of
rheology model and its implementation.

Numerical simulation covers a part of real proc-
ess, starting from stationary situation with non-zero
shear stress, so starting IV value is not equal to zero.
Because its distribution could not be found analyti-
cally, a few initial steps of simulations does not de-
scribe real phenomena, but are used for determination
of stationary IV distribution. In initial step, structural
parameter value in whole domain was equal to zero.
Accordingly to equation (1), it was non-equilibrium
state and first steps of simulation had no physical
meaning. After those “initial” steps, equilibrium val-
ues of structural parameters and shear rates were
achieved. After that, some shear jumps and shear
drops had been introduced with time intervals neces-
sary for equilibrium state attainment.

a) Effective viscosity
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Fig. 2. Variables variation in time.
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Fig. 1. Model geometry.
2. RESULTS

The most significant variables for recording
thixotropic behaviour are effective viscosity and
shear stress. Also velocities and internal variable
values are interesting. Variation of these parameters
in time is presented in figure 2. Due to postprocessor
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capabilities, velocities and internal variable values
have been recorded in nodes (no. 23 and 29) while
viscosities and shear stresses has been recorded in
elements (no. 21 and 25). Variables variations as a
function of radius are shown in figure 3. Time steps
10 (with higher shear rate) and 20 (with lower shear
rate, both after IV distribution stabilization) have
been chosen for presentation. Velocities and internal
variable values had been recorded on nodes’ line N,
when viscosities and shear stresses on elements’ line
E. Distribution of the most important variables are
also presented in figure 4.

a) Effective viscosity
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b) Z - velocity
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Fig. 3. Variables variations in radius

3. DISCUSSION

Thixotropic effects could be observed as a reac-
tion for shear rate jumps and drops, which could be
noticed in Fig. 2. Direct consequence of shear rate
changes is an evolution of internal variable value
(Fig. 2d). This value describes internal structure of
material, which influences viscosities and shear
stresses in fluid (Fig. 2a,b). Equilibrium distributions
of velocity, shear rate and internal variable (struc-
tural parameter) are also shown in figure 4. Internal
variable, viscosities and shear stresses values behav-
iour are qualitatively agreeable with results pre-

sented by Koke & Modigell (2003), Burgos et al.
(2001) and Martin et al. (1994)

4. CONCLUSIONS

Achieved results agree with results of theoretical
and practical works presented in literature. Indirect
microstructural model of thixotropy has been suc-
cessfully implemented into the commercial ADINA-
F software. It is possible now to perform more com-
plicated simulations, including thermal effects and
dies interactions, based on ADINA Fluid Structures
Interactions and Thermal Mechanical Coupling
modules.

¢) Shear stress
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In the future works, more realistic processes will
be introduced, including rheometrical tests, as well
as semi-industry tests. Rheological model parame-
ters for particular thixoformed alloys will be also
identified.
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Fig. 4. Main variables distribution in 10th and 20th time step.
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METODA KONWEKCJI ZMIENNEJ WEWNETRZNEJ
W ROZWIAZANIU Z ZAKRESU KOMPUTEROWEJ
MECHANIKI PLYNOW (CFD) DLA TIKSOFORMINGU

Streszczenie

Tiksoforming jest stosunkowo nowa metoda formowania.
Polega ona na nadawaniu znacznego stopnia odksztalcenia
materialowi w stanie stalo-ciektym. Z numerycznego punktu
widzenia, procesy te sa trudne do modelowania, co jest efektem
wystgpowania zjawisk charakterystycznych zaréwno dla cieczy,
jak 1 ciat statych. Wtasno$ci materialu sa zalezne od czasu,
podobnie jak w materiatach statych, podczas gdy odksztalcenie
moze by¢ bardzo duze, podobnie jak w cieczach. W artykule
zaprezentowano przeglad obecnie istniejacych rozwiazan nume-
rycznych, opartych gléwnie na metodach dynamiki plynow,
z zastosowaniem opisu kinetyki wg metody Eulera lub Arbitrary
Lagrangian Eulerian (ALE). Wykazana zostata potrzeba opra-
cowania nowej metody symulacyjnej dla zaleznych od czasu
materiatdw poddawanych formowaniu tiksotropowemu. Opisana
zostata metoda konwekcji zmiennej wewngtrznej dla eulerow-
skiego opisu kinetyki. Przedstawiona zostala implementacja
metody jako procedur uzytkownika komercyjnego pakietu
ADINA-F. Zaprezentowano przyktadowe wyniki dla prostych
przeplywow tiksotropowych.
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