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Numerical Simulation of Thixoforming 
A. Zavaliangos and A. Lawley 

Processing of alloys and composites in the solid plus liquid range has advantages over casting, forging, 
and powder metallurgy techniques. The sensitivity of semisolid slurries to temperature variations and 
their history and rate dependent behavior, however, make process design and control difficult. Precise se- 
lection of die velocity, process temperature, and die design is necessary to produce satisfactory products. 
Therefore, a computational capability for the prediction of the rheological behavior of semisolid materi- 
als would be an invaluable tool in process design. This work presents preliminary results on numerical 
simulations of thixoforming operations. Constitutive models that are able to describe qualitatively the 
transient flow behavior of semisolid materials are implemented in a finite element program. Simple but 
realistic thixoforming operations are simulated. Weaknesses of currently available constitutive models 
and numerical techniques are identified and discussed. 
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1. Introduction 

THIXOTROPYis defined as material behavior characterized by 
a reversible decrease of  apparent viscosity due to the applica- 
tion of shear. Thixotropic behavior in semisolid alloy slurries 
was first observed by Flemings and his coworkers in the early 
1970s (Ref 1, 2). In particular; it was found that if the alloy is 
agitated vigorously during slow cooling from the melt, the den- 
dritic microstructure is destroyed and replaced by a microstruc- 
ture consisting of  equiaxed grains. These alloys behave 
thixotropically with apparent viscosities in the range of  10 -2 to 
104 Pa �9 s. In general, metallic systems that possess a nonden- 
dritic microstructure can be formed to net shape in the semi- 
solid state. In addition, this microstructure is maintained during 
solidification and partial remelting of the alloy. This property 
allows the decoupling of  the forming step from the process that 

produces the equiaxed microstructure; i.e., there is no need to 
match the rate of  production of  the two processes. The process 
that produces the equiaxed microstructure can still benefit from 
the economy of scale, while at the same time small batch form- 
ing can be viable economically. Solidified billets can be trans- 
ported, stored, and sectioned to smaller sizes. Reheated billets 
can then be formed in the semisolid range. In this case, the 
forming process is termed thixoforming. 

Semisolid processing offers advantages over the competing 
processes of  die casting and forging, as identified in Table 1. In- 
terest in semisolid processing has increased recently because it 
became apparent that it provides an attractive route for fabricat- 
ing particle or fiber reinforced composite materials (Ref 3). Al- 
though the feasibility of  semisolid processing has been 
demonstrated, it has not been accepted widely. Two major dif- 
ficulties are encountered in semisolid processing. The first dif- 
ficulty is that the process that produces the nondendritic 
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thixoworkable microstructure is slow and complicated. Anum- 
ber of  routes capable of  producing such a microstructure have 
been explored, including electromagnetic stirring and strain- 
induced melt activation (Ref 4). Spray casting is currently un- 
der evaluation as a source of  material with a fine dendrite-free 
microstructure (Ref 5). 

The second difficulty is that process control and optimiza- 
tion are essential. The sensitivity of  the flow of  semisolid mate- 
rials to temperature and their strong history-dependent flow 
behavior necessitate careful selection of  the process variables, 
such as ram velocity, die temperature, maximum load, and 
dwell time. Moreover, semisolid processing is often unsuccess- 
ful due to flow instabilities and problems associated with the 
combined flow and solidification process, e.g., turbulent flow, 
solid-liquid segregation, and premature freezing of  the advanc- 
ing slurry. Temperature gradients can cause nonuniform flow 
behavior, uneven flow, or premature flow. It is important to de- 
velop the necessary processing science base consisting of con- 
stitutive models describing the rheology of  the semisolid state 
in terms of  material and process parameters. In turn, the design 
and optimization of  semisolid processes can benefit directly 
from modeling. 

This paper presents a framework for the numerical simula- 
tion of thixoforming. We implemented constitutive models ca- 
pable of  describing important aspects of  the flow and 

Table 1 Comparison of forging, die casting, and semisolid 
processing 

Process Advantages Disadvantages 

Forging Favorable High loads; die wear; low 
microstructure; shape complexity 
structural integrity 

Die casting Complex shape Turbulent flow; 
capability; low force undesirable 
requirements microstmcture; residual 

porosity; entrapped 
gas; inferior 
mechanical properties 

Semisolid processing Complex shape Requires careful control; 
capability; low force liquid segregation 
requirements; low possible 
porosity; acceptable 
microstmcture; ease of 
handling; laminar flow 
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deformation of semisolid materials at medium and high volume 
fractions of solid. Simple first-order simulations of thixoform- 
ing operations were carried out successfully. This computa- 
tional capability for the prediction of  the rheological behavior 
of  semisolid materials provides a firm basis for rational process 
design and control. 

2. Mechanisms of Flow and Deformation of 
Semisolid Alloys 

Three different types of  material behavior in the semisolid 
range were identified. 

At a low volume fraction of solid, gs (~gs < 0.2 to 0.3) inter- 
actions between the solid grains are small. The material be- 
haves as a Newtonian viscous fluid. The viscosity can be 
predicted by the theories of  Einstein (Ref 6) and Bachelor (Ref 
7). 

At a medium volume fraction of a solid (-0.2 to 0.3 < gs < 
0.6 to 0.7), increased resistance to flow and nonlinear viscous, 
history-dependent behavior are present due to strong interac- 
tions between the solid particles. Two types of  interactions 
characterize the resistance to flow: (a) hydrodynamic interac- 
tions due to the relative motion of  solid particles; (b) and ag- 
glomeration of the solid particles by a welding-type 
mechanism. Recent work on the behavior of  semisolid materi- 
als is based on the assumption that the resistance to deforma- 
tion of  the sheared material reflects the level of  agglomeration 
of  the solid particles (Ref 8). The reduction of  the apparent vis- 
cosity during continuous sheafing was explained on the basis of 
a disagglomeration process (the disruption of  the solid particle 
bonds). A simultaneous competing agglomeration mechanism 
is also active. 

At a high volume fraction of solid (gs > 0.6 to 0.7), a skele- 
ton o f  solid particles is always formed, and the system can be 
considered as a porous solid saturated with liquid. In this case, 
macroscopic deformation is accommodated by the deforma- 
tion of  solid grains (although slipping of  wetted solid grain 
boundaries can also offer a potential mechanism contributing 
to macroscopic strains). The relative motion of  the liquid phase 
can lead to extensive liquid-solid segregation. The permeabil- 
ity of  the porous skeleton depends on the square of  a charac- 
teristic length scale (Ref 9), typically of  the order of the 
center-to-center distance of  the solid grains. Therefore fine 
scale microstructures will reduce solid-liquid segregation due 
to the associated low permeability. 

The range between 0.5 and 0.75 volume fraction of solid ap- 
pears to be optimum for thixoforming because it satisfies the 
following requirements: (a) The semisolid material must be un- 
der conditions that allow easy handling; i.e., a billet should be 
able to retain its shape for a period of time. Elimination of the 
need to handle liquid substances will simplify dramatically the 
equipment requirements. (b) The forming operation must be 
performed at the lowest possible temperature in order to mini- 
mize the porosity that usually appears during solidification. (c) 
The flow and deformation resistance should be low enough to 
permit filling of complex shaped dies without excessive force 
requirements. 

The following section discusses two types of  pheno- 
menological models that can describe the behavior of  semisolid 
materials at medium and high volume fractions of  solid, respec- 
tively. 

3. Modeling 

3.1 Medium Volume Fraction of Solid 

For low to medium volume fractions of  solid, the basis of  a 
tenable model is vested in the general description of  the non- 
Newtonian history-dependent incompressible fluids, in which 
the Cauchy stress tensor, T, is given by (Ref 10): 

T = -p  1 + 1"1(11 D, IIID)D + B(II D, IIID)D 2 (Eq 1) 

where p is the pressure, 1 is the second-order identity tensor, 
and ~ and B are functions of the second and third invariants, II D 
and IIID, of the stretching rate tensor D. This general form can 
be simplified if it is assumed that normal stress effects are neg- 
ligible, i.e., B = 0. Also the dependence o f t  I on III D is usually 
ignored. In order to include structure effects, the parameter I"1 
should be a function of  the internal variables Xi and the tem- 
perature 0. Equation 1 can be written as: 

T = 11(II D, 0, ~L i) D - p 1 (Eq 2) 

The model can then be complemented by an evolution equation 
for the internal variables Xi: 

~i = gi (liD, 0, ~,j) (Eq 3) 

Heating due to shear is introduced by a term T - D in the energy 
balance, and the latent heat should be taken into account for 
nonisothermal calculations. 

Martin, Kumar, and Brown (Ref 11) have introduced an in- 
ternal variable framework to represent the rheological behavior 
of  semisolid alloys and derived, from first principles, an ex- 
pression for the apparent viscosity, which reflects the contribu- 
tions from the hydrodynamics of  the flow and the disruption of 
particle bonds: 

1] = q l  +112 (Eq4) 

(C/Cmax) 1/3 

1] 1 = A (~.) l - ( C/Cmax) 1/3 "qliquid (Eq 5) 

r l 2 = ( n +  1)C 0 exp nlL-ffff) gs~'"~'t+l~tn-lqhquia (Eq 6) 

where A(~,) is a function of structure and reflects the effect of 
structure on the hydrodynamic part of  viscosity; cO,) = gs(1 + 
cO.) is an effective volume fraction of  solid; tx is a constant; gs 
is the volume fraction of  solid; Cma x = 0.64; "r,/a: 0 = 
exp(Q/(RO)) (7/yo) n is the temperature dependent power law 
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Table 2 Material properties for Sn-15wt % Pb at 460 K 0 

n 4. R s 9 x 10 -tt g~s .7~ 
Q 74.510 c 1 +0.1 
"q 0.0025 Pa. s Cma x 0.64 
C O 1.97 • 10 -28 A(~.) 24~. + 16 
H 1.46 ~ . 8 1 2  . . . . . .  

Table 3 Material properties representative of aluminum 
alloys in the semisolid range 

A 8 X 10Ills 
Q 167. kJ 
r I 0.001 Pa - s 
n 5. 
s 32 MPa 
KBlliqui d 5xl 0 -8 g2m2/(pa �9 s) 

stress-strain rate governing the plasticity of the solid phase; n is 
the power law exponent; R is the universal gas constant; Q is an 
activation energy; and ~, is the internal variable (a pure number) 
that represents the level of  agglomeration in the slurry and 
takes values between 0 (no agglomeration) and 1 (full agglom- 
eration). An evolution equation of  the structure was also pro- 
posed by Martin, Kumar, and Brown (Ref 11): 

~, = H(gs)( 1 - 2~) - Rs(gs))~ �89 n (Eq 7) 

where k represents the state of  agglomeration in the semisolid 
mixture. The two terms represent the agglomeration and disag- 
glomeration rates, respectively. 

3.2 High Volume Fraction o f  Sol id 

The volume fraction of  solid that corresponds to the close- 
packed configuration is the upper limit of  validity of the model 
presented in the previous section. At high volume fractions of  
solid, a porous skeleton forms and provides resistance to defor- 
mation. The application of  external pressure results in (a) a ten- 
dency for densification of the porous skeleton and (b) the 
development of pressure in the liquid. The latter case causes the 
liquid phase to flow relative to the solid phase toward regions 
of low pressure (e.g., free surfaces). These combined deforma- 
tion and flow phenomena can be described mathematically by 
a theoretical framework suitable for deformable fully saturated 
porous media. This idea was recognized early, and one-dimen- 
sional version of such models were presented (Ref 12, 13). This 
paper presents an improved three-dimensional version of the 
model intended for modeling the flow and deformation of  
semisolid materials with a high volume fraction of  solid. It con- 
sists of  three parts: porous viscoplasticity model, fluid flow in 
a porous medium, and continuity equations. 

3.2.1 Porous Viscoplasticity Model 

The ideal of effective stress T* = T -  Pliquid 1 (T = macro- 
scopic Cauchy stress, Pliquid = pressure in the liquid phase) can 
be employed together with a porous viscoplasticity model in 
order to describe the macroscopic deformation of  the material. 
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Fig.1 Prediction of flow of a free standing Sn-15%Pb billet un- 
der its own weight. 

A proper description of  the highly rate-dependent behavior of  
the solid skeleton must be included in the model. Earlier efforts 
(Ref 12, 13, 14) employed extensions of  rate-independent po- 
rous plasticity models (Ref 15, 16). Recently, Zavaliangos and 
Anand (Ref 17) presented a consistent temperature and rate-de- 
pendent framework capable of  describing correctly rate effects 
in porous plasticity. Briefly, the flow rule is given by: 

D p = 3@ (Eq 8) 
bT 

A 

where D p is the plastic stretching rate, @ = @(E e, Z h, s, gL,0) is 
a viscoplastic potential (i.e., a generalization of  the yield func- 
tion for rate-dependent materials), Y-'h is the pressure, Y'e is the 
equivalent stress, s is a measure of  the deformation resistance 
of  the solid (flow stress), 0 is the temperature, and gL is the vol- 
ume fraction of liquid (or the porosity equivalent). In the fully 
dense solid phase, the flow potential and the equation for the 
plastic stretching have the classical power law form: 

n + 1 exp (Eq 9) 

For porous materials, the existence of  a potential is postulated: 

tl) = F(X, gL, n) dO d (Eq 10) 

The function F accounts for the presence of  porosity, and X = 
Eh/Z e is the stress triaxiality. A recently proposed form for the 
function F (Ref 17) is: 

F = A 1 +(A2 X + A3)(n+1)/2 (Eq I1) 

where A i refers to functions of  porosity and the power exponent 
n. Here we adopt the forms for A1, A2, and A 3 proposed by 
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Fig. 2 Die filling with a semisolid alloy (gs = 0.55): (a) specimen geometry, (b) undeformed finite element mesh, (c) deformed finite ele- 
ment mesh, (d) state of agglomeration near complete filling (simulation with ~.0 = 1. and R s = 2 x 10 -7, and (e) load vs. stroke. 

15 

Zavaliangos and Anand (Ref 17). Modification of  these forms 
is necessary to account for the effect of the shape and intercon- 
nectivity of the pores as well as for the evolution of the charac- 
teristics of  porosity with very large strains. 

3.2.2 Fluid Flow in a Porous Medium 

The D'Arcy equation can be employed for describing liquid 
flow with respect to the solid phase: 

K (~Pliquid _ ) 
V = l l l i q u i d ( 1  - -  gL) t c)X PliquidgZ (Eq 12) 

where v is the velocity of  the liquid relative to the solid, Tlliqui d 
is the viscosity of  the liquid phase, Pliquidis the liquid density, g 
is the acceleration of gravity, and K is the permeability of the 
porous medium. A simple model for permeability is given by: 

K = 24nnx----- ~ (Eq 13) 

where x is the tortuosity factor, which takes into account the 
fact that the channels in which the liquid phase flows are nei- 
ther straight nor symmetrical; n is the number of  channels per 
unit area, which is proportional to the inverse of  the square of 
the interchannel distance, e.g., proportional to the size of  the 
solid grains for equiaxed microstructures, or the dendrite spac- 
ing for a dendritic microstructure. An important consequence 
of  this definition is that smaller grain microstructures reduce 
the tendency for solid-liquid separation. 

3.2.3 Continuity Equations 

In order to couple properly the deformation of  the porous 
skeleton and the flow of the liquid phase, continuity equations 
for both phases must be written. 

For the liquid phase: 
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Fig. 3 Simple compression of a semisolid billet gs = 0.7, low friction): (a) finite element mesh, (b) contours of pore pressure, (c) contours 
of volume fraction of liquid, and (d) contours of macroscopic pressure. 
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Fig. 4 Effect of strain rate on the loss of liquid phase during 
simple compression of a semisolid billet. 

10000 

O~(PLg L) 

~t - -  = - V .  [pLgL(Us + VL) ] 

For the solid phase: 

(Eq 14) 

3(Psgs) = - V .  (psgsUs) (Eq 15) 
3t 

Solidification requires an additional term in the continuity 
equations. Additional terms to account for the change is density 
due to the shift of composition are also necessary. 

4. Simulation Results 

The predictive capacities of  the models presented are dem- 
onstrated in three examples: (a) flow of a free standing, semi- 
solid billet with medium volume fraction of  solid under its own 
weight; (b) thixoforming of  a semisolid billet with gs = 0.55; 
and (c) compression of  a semisolid billet with gs = 0.70. The 
models presented were implemented in ABAQUS,  which is a 
commercial  Lagrangian, displacement based finite element 
program. One restriction associated with this selection is that 
simulation with the nonlinear fluid model are restricted to 
"slow" (nonturbulent) types of  flow. It is fortunate though that 
in the volume fraction of  interest for thixoforming, flow is typi- 
cally nonturbulent due to the relatively high viscosity of the 
slurry. It may be argued that Eulerian or perhaps Arbitrary La- 
grangian Eulerian formulations are more suitable. Our selec- 
tion was based mainly on the local availability of  software. The 
numerical simulation of  thixoforming is associated with some 
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Fig. 5 Simple compression of a semisolid billet (gs = 0.7, high friction): (a) finite element mesh, (b) contours of pore pressure, (c) con- 
tours of volume fraction of liquid, and (d) contours of macroscopic pressure. 

of  the most difficult numerical issues, such as moving surfaces, 
contact, friction, very large strains, significant material non- 
linearities, and history dependence. Different approaches can 
accommodate some of  the above, but there is no commercial 
software that can address them simultaneously in a satisfactory 
way. 

4.1 Free Standing Billet 
The ability of a semisolid billet to withstand its own weight 

is important because it allows for convenient handling and 
transportation. The isothermal simulation presented here is 
based on the model of Martin, Kumar, and Brown (Ref 11), 
with the solid particles fully agglomerated (~. = 1) and inertia 
included. Material properties employed in this calculation cor- 
respond to those of  a Sn-15wt%Pb alloy (see Table 2) (Ref 1). 
The results of  this isothermal simulation demonstrate that for 
volume fractions o f g  s < 0.5, the resistance to flow is minimal, 
mainly due to inertia effects; see Fig. 1. The billet acquires a 
significant resistance to flow only when the volume fraction of  
solid is close to the percolation limit, where a solid skeleton 
forms throughout the volume of  the specimen. 

Experimental observations indicate that at volume fractions 
0.5 < gs < 0.6, the resistance to flow of the semisolid material is 
characterized by spikes, which correspond to particle bridging 
between stationary and nonstationary boundaries. It is clear 
that percolation-type arguments can justify such behavior, 

which depends on the ratio of  internal over external charac- 
teristic lengths, e.g., the ratio of  grain diameter to specimen di- 
mensions. The transition from fluid-like behavior to saturated 
porous material behavior and its mathematical description is an 
open issue. 

4.2 Simple Thixoforming Operation 
The key advantage of  thixoforming is the ability to achieve 

die filling at temperatures much lower than the liquidus. In this 
example, we demonstrate the ability to simulate die filling op- 
erations. The forming of  a component shown in Fig. 2(a) was 
simulated. This geometry was selected (Ref 18) to demonstrate 
the ability of semisolid materials to fill complex cavities with 
reasonable force requirements. It is very difficult to produce 
such geometry by forging. 

The selected material parameters correspond to those of  Sn- 
15wt%Pb at 460 K (volume fraction of  solid gs = 0.55) and are 
shown in Table 2 (Re 8). The initial value of  the internal vari- 
able ~, was taken to be 1. Figure 2(b) shows the undeformed 
mesh geometry. Figure 2(c) shows the deformed mesh just be- 
fore complete die filling at a force of  about 1 kN and a die ve- 
locity of  1.5 m/s. The initial structure plays a critical role. 
Figure 2(e) shows computed force and stroke curves for two 
different values of  the initial level of  agglomeration, L = 0.5 
and L = 1. For the material parameters of Sn- 15wt%Pb, there is 
negligible disagglomeration during the forming step. Knowl- 
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edge and control of  the initial state is essential for the prediction 
and optimization of  the die filling process. To demonstrate the 
effects ofdisagglomerat ion,  we ran a simulation with ~, = 1 and 
a new value for the parameter R s = 2 • 10 -7 (Eq 7), which con- 
trols the rate of  disagglomeration. Such a high value for R s ac- 
celerates disagglomeration. Contours of  the internal 
variable ~. obtained from this simulation are shown in Fig. 
2(d). Disagglomeration occurs where the material is heavily 
deformed, resulting in reduced flow resistance and lower force 
requirements; see Fig. 2(e). 

4.3 Compression o f  a Semisol id Bi l le t - -S tra in  Rate and  
Frict ional  Ef fects  

Compression experiments on semisolid alloys were per- 
formed by Flemings et al. (Ref 12, 14) in order to characterize 
the behavior of  semisolid materials at high volume fractions of  
solid. Among the important results of these experiments are (a) 
the increased liquid-solid segregation with decreased strain 
rate, and (b) significant effects due to friction. In this simula- 
tion, we reproduce these observed experimental phenomena 
and confirm the validity of  the theoretical modeling approach. 
Simulations described in this section were performed using the 
material parameters listed in Table 3; these are representative 
of  aluminum alloys. 

We have simulated numerically simple compression tests 
under different frictional conditions over a range of imposed 
nominal strain rates. The geometry of the problem is shown in 
Fig. 3(a). Only a quarter of the specimen is modeled due to 
symmetry. Figure 3(b) shows the pore pressure gradient, which 
develops along the radial direction in the case of  low friction (It 
= 0.01) at a strain rate of  100/s. After a strain of  0.6, a signifi- 
cant amount of  liquid was expelled (~0.1 vol%). The variation 
of  the volume fraction of  liquid is minimal; see Fig. 3(c). 

In order to demonstrate the effect of  strain rate on the reten- 
tion of liquid, we repeated the simulations for a range of  strain 
rates. The variation of  expelled liquid with the imposed strain 
rate is shown in Fig. 4. As expected, the simulation predicts that 
at higher strain rates, less liquid is lost. This is a very important 
observation for thixoforming and must be exploited in the se- 
lection of  process parameters. 

Simulations with sticking friction were performed. Figure 5 
shows the variation of  the volume fraction of  liquid in a semi- 
solid billet compressed to e = 0.6 at e = 100/s. A significant 
variation of  gL is observed over the volume of  the specimen. 
This situation is undesirable because it leads to a variation of  
the local alloy composition and implies unwanted variability of  
the local properties. 

Friction between a semisolid alloy and a rigid die is ex- 
pected to be governed by the state of  the surface of  the billet 
(e.g., the presence or absence of  oxidation film), the local prop- 
erties of  the semisolid material (e.g., volume fraction of  solid, 
and permeability), and the stress state (e.g., normal stress on the 
surface, and pressure in the liquid). Clearly the usefulness of  a 
Coulomb type model  is limited. More work is needed to under- 
stand and develop an accurate description of  the friction on 
semisolid materials. 

5. Conclusions 

We presented a constitutive framework capable of  describ- 
ing several important aspects of  the flow and deformation of  
semisolid materials. Specific models were implemented in a fi- 
nite element code, and simulations of  thixoforming operations 
were carried out. Observed experimental trends, such as the ef- 
fect of  strain rate on liquid retention, were verified by numeri- 
cal simulations. 

It is important to stress the preliminary nature of  these re- 
sults. Significant effort must be focused on understanding the 
underlying physical mechanisms of  deformation in the case of  
high volume fractions of solid. Several other issues remain 
open: (a) interpolation in the transition between the medium 
and high volume fraction models, (b) modeling of  friction, (c) 
extension to nonisothermal calculations, and (d) extension to 
composite semisolid slurries. 
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