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Abstract：Simulating semi-solid metal forming requires modelling semi-solid behaviour. However, such modelling is difficult 
because semi-solid behavior is thixotropic and depends on the liquid-solid spatial distribution within the material. In order to better 
understand and model relationships between microstructure and behavior, this paper presents a model based on micromechanical 
approaches and homogenisation techniques. This model is an extension of a previous model established in a pure viscoplastic 
framework to account for elasticity. Indeed, experimental load-displacement signals revealed the presence of an elastic-type response 
in the earlier stages of deformation when semi-solids are loaded under rapid compression. This elastic feature of the behaviour is 
attributed to the response of the porous solid skeleton saturated by incompressible liquid. A good quantitative agreement is found 
between the elastic-viscoplastic predicted response and the experimental data. More precisely, the strong initial rising part of the 
load-displacement curve, the peak load and the subsequent fall in load are well captured. The effect of solid fraction on mechanical 
response is in qualitative agreement with experiments. 
 
Keywords: aluminium; solid fraction; elastic-viscoplasticity; homogenisation 
                                                                                                              
 
 
1 Introduction 
 

Semi-solid metals exhibit time and strain rate 
dependent behaviour labelled as thixotropy: they behave 
like solids in the undisturbed state and like liquids during 
shearing provided the shear rate is high enough. 
Semi-solid metal forming called thixoforming exploits 
this thixotropic and shear thinning behaviour since the 
semi-solid slug may be handle-able like a solid but also 
flow easily in the die. The use of FEM simulations to 
obtain the filling of the dies and to optimize the 
thixoforming process is clearly of great interest. To carry 
this out properly, the semi-solid flow and the heat 
transfer into the die have to be correctly described. In 
practice, various constitutive equations are used since 
discrepancies appear between experimental rheological 
data. In addition to the shear-thinning behaviour, the 
constitutive equation has to describe peculiar phenomena 
such as the presence or not of a plastic threshold, normal 
and abnormal behaviour, namely hardening and 
softening stress-strain rate relationship [1-4]. In a 
previous work, Favier et al [5] proposed a constitutive 
equation accounting for the mechanical role of four 
phases within the material: the solid globules, the solid 
bonds, the entrapped liquid and the free liquid. The 
evolution of the microstructure with the shear rate is 
captured via an internal variable that modifies the 
liquid-solid spatial distribution. This model, originally 
established in a viscoplastic framework, captures the 
transient response for shear rate jump tests for solid 

fraction lower than 0.5 [5].  In this paper, it is extended 
to account for elastic-viscoplastic behaviour. We 
analysed the transient behaviour using rapid compression 
tests. Experimental load-displacement signals revealed 
the presence of an elastic-type response in the earlier 
stages of deformation [6]. The elastic feature of the 
behaviour is attributed to the response of the porous solid 
skeleton saturated by incompressible liquid. We 
simulated rapid compression tests considering solid 
fraction higher than 0.5 and that the initial semi-solid 
material displays a continuous solid skeleton. We 
compared and discussed the results with the experimental 
data obtained in Professor Atkinson’s team [6]. Typically, 
the experimental load–displacement curve strongly 
increases up to a maximum and thereafter decreases and 
increases again. The strong initial rising part and the 
subsequent fall in load are well captured by the 
modelling. It is shown that the fall in load originates 
from a 3D continuous solid skeleton, which breaks down 
under load as suggested in literature. The effect of solid 
fraction on the mechanical response is studied. 
 
2 Background semi-solid response under 
rapid compression test 
 

Fig.1 shows the load-displacement curves of 
semi-solid aluminium alloys under rapid compression 
trials at constant ram speed (500 mm/s) for various 
temperatures [6]. We focused on the black curve 
corresponding to 574°C and approximately to 0.7 solid 
fraction. Deformation in the initial rising part of the 
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load-displacement curves but also in the subsequent parts 
is macroscopically homogeneous (deduced from 
microstructure observations in Fig.1). The strength of the 
semi-solid is mainly due to the solid skeleton strength. 
The entrapped liquid may contribute to carrying the load: 
the pressure in the entrapped liquid develops from the 
resistance to the motion of liquid in response to 
volumetric changes of the porous solid skeleton [7]. The 
behavior of the solid skeleton saturated with entrapped 
liquid is elastic-viscoplastic. Indeed, the 
load-displacement curves start from (0,0); the initial slope 
is high and has low sensitivity to the strain rate. However, 
the peak load increases with increasing strain rates [6]. 
The origin of the quite high strain sensitivity of the peak 
load is not clear. During this first stage, some grain 
boundary decohesion occurs. The subsequent fall in load 
is attributed to the breakdown of the 3D solid skeleton 
(see e.g. [5]). The lost of stiffness of the solid skeleton is 
thought to be very rapid and is followed by a slower 
disagglomeration process of the solid agglomerates. 
Behaviour in the final rising part is not completely 
understood. It may be linked to the increase of the strain 
rate due to the decrease of the current slug height. It may 
be also attributed to solidification phenomena leading to 
an increase in solid fraction. These solidification 
phenomena would be due to thermal exchanges with the 
specimen environment.  

 

Fig.1 Load signals and microstructures at different 
temperatures for Alusuisse A356 Al Alloy (ram speed: 500 mm/s) 
from Liu et al [6] 

 
 
3 Modelling 

 

Based on micromechanics analysis and homogenization 
procedure, the present model is an extension of a 
previous model, developed to describe the transient 
response of semi-solids [5], to capture the initial rising 

part of the load-displacement curves for rapid 
compression tests (Fig.1). Contrary to the previous 
model which assumed pure viscoplastic behavior, the 
new model assumed that semi-solids exhibit 
elastic-viscoplastic response when loaded under rapid 
compression. In the current work, the solid fraction, , 
is higher than 0.4 and typically around 0.7. The 
representative volume element (RVE) of the studied 
semi-solid contains solid skeleton and isolated solid 
agglomerates, free liquid and entrapped liquid. The solid 
skeleton is considered as a porous solid phase saturated 
by an incompressible Newtonian fluid. The semi-solid is 
represented by a Voigt Model having two branches (Fig 
2). The first branch represents the solid skeleton 
saturated with entrapped liquid (K). The second branch 
contains the free liquid and the isolated solid 
agglomerates. It is labeled as concentrated suspension (C). 
The fraction of the saturated skeleton is ψ. The fraction 
of the concentrated suspension is 1-ψ. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.2 Schematic representation of semi-solids for the 
micromechanical modelling 
 
The choice of the Voigt model is justified by the fact that 
the deformation is macroscopically homogeneous. Thus, 
the strain rate tensors of (K) and (C) are given by 

                                (1) 

where  is the overall strain rate. The overall stress 
tensor is given by 

                       (2) 

where  and  are the average stress tensors of the 
saturated skeleton and the concentrated suspension, 
respectively. When semi-solid deforms, parts of the solid 
skeleton break down up to the complete failure of the 3D 
solid network. As a result, semi-solid appears as a 
suspension composed of isolated solid agglomerates. 
From modeling point of view, these changes are 
represented by the change of ψ  with the overall strain 
and strain rates as follows:  

ψ 1-ψ 

saturated solid 
skeleton (K) 

concentrated 
suspension (C) 

active zone 
(A) 

inclusion 
(I) 

200 µm 
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                    (3) 

where  is constant and characterizes the 
disagglomeration rate of the solid skeleton. The initial 
value of ψ is assumed to be given by 

                          (4) 

 

where  is the percolation threshold prescribed at 0.4 
[8]. 
 
The saturated skeleton is assumed to have an 
elastic-viscoplastic behaviour: 

                           (5) 

where  is the elastic moduli tensor and is the 
viscoplastic strain rate of the saturated skeleton.  
 
The viscoplastic behaviour is given by a power-law type 
equation: 

       (6) 
where  is the deviatoric part of the stress tensor,  
is the Von Mises equivalent viscoplastic strain rate,  is 
the consistency and   is the strain rate sensitivity 
parameter associated with the saturated skeleton.  is a 
reference slip rate equal to 1 s-1. 
 
The concentrated suspension is assumed to behave as a 
non-Newtonian fluid: 
 

                                 (7) 
 
where  is the viscosity of the concentrated suspension. 
This viscosity is given by the previous micro-macro 
model [5]. This model distinguishes the role of four 
mechanical phases: the isolated solid 
globules/agglomerates, the solid bonds between the solid 
globules, the free liquid and the entrapped liquid. Note 
that, for the concentrated suspension, the entrapped liquid 
is trapped inside the solid spheroids and agglomerates 
(not inside the continuous 3D solid skeleton). The 
viscoplastic deformation is assumed to be accommodated 
by the solid bonds and the free liquid. In contrast, the solid 
isolated agglomerates deform very little though they 
contribute to increase the suspension viscosity. In a 
statistical representation, this complex microstructure is 

viewed as a spherical inclusion (I) gathering all the solid 
agglomerates entrapping some liquid surrounded by a 
coating composed of the solid bonds and the free liquid 
(Fig.2). As the overall deformation is mainly 
accommodated by the coating, the coating is labeled as 
the active zone (A). The viscosity of the concentrated 
suspension is calculated by the self-consistent 
approximation developed for coated inclusion where the 
volume fraction of the active zone and the inclusion are 

 and  respectively. In this model, the 
inclusion and the coating are also two-phase systems. The 
coating (active zone) consists of the solid bonds and the 
non-entrapped liquid with volume fractions  
and , respectively. The inclusion is composed of 
both solid and liquid with volume fractions   and 

respectively, to represent entrapped liquid within 
the solid agglomerates. 
 
Assuming that the volumes of liquid and solid do not 
change, the following equations have to be checked 

                              (8) 

                      (9) 

V is the volume of the RVE. ,  are the volumes 

of solid belonging to the skeleton and to the 

concentrated suspension, respectively. ,  are the 

volumes of liquid belonging to the skeleton and to the 

concentrated suspension, respectively. We can easily 

demonstrate that all theses quantities can be expressed 

as a function of , , . 

We assume that 

                               (10) 

Eq.10 captures that when  or  increase, the 
amount of solid belonging to the skeleton increases. As 
mentioned in Section 2, the breakdown of the solid 3D 
skeleton is followed by a disagglomeration process of the 
solid agglomerates leading to a suspension having more 
and more isolated solid spheroids. To capture this 
microstructural change, we assumed that the amount of 
solid bonds decrease as follows [5]: 
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                    (11) 

where  is the critical shear required to break a solid 
bond.  is the average shear rate in the solid 
bonds. It is given by 

                          (12) 

 is the average equivalent strain rate of the solid of 
the active zone. It is naturally deduced from the 
self-consistent model. Further details are found in [5]. 
 

Concerning the local behavior of the phases, the 
constitutive equations of the liquid phase and the solid 
phases are: 

                        (13) 

   (14) 
The exponents l and g,b refer to the liquid and solid 
(globules and bonds) phases, respectively. 
 

To determine the effective properties of the 
concentrated suspension, we firstly evaluated the overall 
behaviour of the inclusion and of the active zone from the 
behaviour of the solid and liquid phases. Secondly, we 
calculated the effective concentrated suspension. To do so, 
we used modeling based on micromechanics and 
homogeneization techniques and the so-called 
self-consistent approximation. Further details are found in 
Favier et al [5]. 
 
4 Results and discussion 
 
   Model parameters were identified to match the 
experimental curve obtained by Liu et al [6] for a solid 
fraction around 0.7 (574°C) and a ram speed equal to 500 
mm/s. The radius and the height of the initial slug were 
18 mm and 44 mm, respectively. Parameters associated 
with the material representation are listed in Table 1. 
Rheological parameters are listed in Table 2. Note that 
the liquid viscosity was not identified but taken from 
experimental measurements [9]. Both set of parameters 
remain constant for all the subsequent simulations, 
unless otherwise stated. 
 
 
Table 1 Set of parameters associated with the representation of 
the material used for simulations of compression tests 

s
Ainitialf

 

 cγ  Af  
cf  

0.401 200 s-1 1        0.04 0.4 

 

 

Table 2 Set of constitutive parameters used for simulations of 
compression tests 

Skeleton 

   

100×106 Pa 20×106 Pa.s 0.2 
 
 

Solid Liquid 
Kg Kb mg=mb Kl 

17×105 Pa.s 17×105 Pa.s 0.2 1.8×10-3Pa.s 
 

 

Fig.3 compares the experimental load-displacement 
curve with the calculated curves assuming an 
elastic-viscoplastic or pure viscoplastic behaviour for 
semi-solids. The predicted load-displacement for pure 
viscoplastic hypothesis is simply deduced from the 
elastic-viscoplastic model considering that the skeleton 
has pure viscoplastic behaviour. At the start of the 
compression, the load is mainly carried by the saturated 
skeleton. With assuming pure viscoplastic behaviour, the 
predicted load displays a threshold Lc that does not exist 
in the experiment (Fig.3). In addition, the initial slope is 
too low. However, a very good quantitative agreement is 
obtained with the elastic-viscoplastic model (accounting 
for elasticity) except at the end of the compression test 
where the slope is underestimated.  During deformation, 
as the bonds of the solid skeleton breakdown, some liquid 
is released, and more and more isolated solid 
agglomerates are created. As a result, the contribution of 
the concentrated suspension increases and the overall 
behaviour becomes mainly viscoplastic.  
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Fig.3 Experimental and predicted load-displacement curves 
assuming an elastic-viscoplastic or pure viscoplastic behaviour 
for semi-solids 
 

Fig.4 shows the liquid viscosity sensitivity of the 
load-displacement curves. The slope clearly increases 
with increasing the liquid viscosity. This result suggests 
that the strong final experimental rising is attributed to 
solidification due to thermal exchanges between the 
specimen and its environment. 

 

0.0

1.0

2.0

3.0

4.0

5.0

6.0

7.0

8.0

9.0

10.0

0 5 10 15 20 25 30 35

Lo
ad

 (k
N

)

Displacement (mm)

Experimental data (fs~0.7)

Calculated results fs=0.7 - Kl=1.8e-2 Pa.s

Calculated results fs=0.7 - Kl=1.8e-3 Pa.s

 
Fig.4 Experimental and predicted load-displacement curves 
after model parameter identification and for two liquid 
viscosities: Kl=1.8×10-3 Pa.s and Kl=1.8×10-2 Pa.s 
 

The load-displacement curves for different solid 
fractions are shown in Fig.5. In good agreement with the 
experiments of Liu et al [6], the model predicts that the 
initial slope and the height of the peak fall with decreasing 
solid fraction (or increasing temperature). The minimum 
load before and beyond the peaks also decreases with 
decreasing solid fraction. The peak occurs at lower 
displacement with decreasing the solid fraction. 

The fraction of skeleton decreases with decreasing 
overall solid fraction. As a consequence, the skeleton 
contribution to carry the load decreases at the start of the 
test (lower initial slope and peak load). Also, the 
concentrated suspension contributes more significantly at 

smaller displacements. Then, the load is reduced during 
the subsequent deformation because the suspension 
contains a smaller solid fraction.  
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Fig.5 Predicted load-displacement curves of isothermal 
compression tests for different solid fractions. 
 
 
5 Conclusions 

 
Throughout this paper, the response of semi-solids 

during rapid compression is analysed and modelled. The 
proposed model is an extension from a previous model to 
account for elastic-viscoplastic behaviour. We analysed 
the experimental transient behaviour using rapid 
compression tests. Experimental load-displacement 
signals revealed the presence of an elastic-type response 
in the earlier stages of deformation. The elastic feature of 
the behaviour is attributed to the response of the porous 
solid skeleton saturated by incompressible liquid. We 
simulated rapid compression tests considering solid 
fraction higher than 0.5 and that the initial semi-solid 
material displays a continuous solid skeleton. Typically, 
the experimental load–displacement curve strongly 
increases up to a maximum and thereafter decreases and 
increases again. The strong initial rising part and the 
subsequent fall in load are well captured by the modelling. 
It is shown that the fall in load originates from a 3D 
continuous solid skeleton, which breaks down under load 
as suggested in literature. The model predicts that the 
initial slope and the height of the peak fall with decreasing 
solid fraction.  
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