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Abstract: In semi-solid metal high pressure die casting, as well as in 

conventional high pressure die casting, it is common to find a defect band just 

below the surface of the component. The formation of these bands are not yet 

fully understood. However, there are several theories as how they occur. 

Previous research by the lead author suggested that aluminium globules 

migrate toward the centre of the component, leaving a band behind. In the 

present work the formation of these bands is investigated theoretically by 

reviewing suitable potential mechanisms from literature. It was found that it 

is not possible to positively identify the mechanism responsible for the 

observed banding using theoretical considerations alone. However, from the 

mechanisms examined there are two that are identified as the most probable: 

Saffman lift force and the Mukai-Lin-Laplace effect. Further testing is 

required to identify the mechanism that is causing the migration of the 

aluminium globules and suitable tests are proposed. 

Keywords: Semi-Solid Metals; Aluminium-Silicon Alloys; Particle Migration; High 

Pressure Die Casting  

  



  

 

 

1. Introduction 

High Pressure Die Casting (HPDC) is a common manufacturing process used to produce 

high integrity castings for, among others, the automotive industry. To address the ever-

increasing demands of lightweighting and improved mechanical properties, concurrent 

developments of material and process are necessary to avoid compromising the integrity of 

the component. 

One phenomenon that can affect both the material and process is defect banding, which 

has been observed in HPDC [1-3]. The defect band which exhibits a microstructure that 

consists mostly of a macrosegregated eutectic phase, is shown in Figure 1. 

 

Figure 1. Image showing a typical defect band near the surface as a thin grey band 
highlighted by the arrow. The band consists mainly of eutectic Al-12%Si. The white area is 

pre-eutectic aluminium. 

The present study utilises and extends upon experiments from trials on the possible 

correlation between plunger velocities and the formation of the defect bands in HPDC semi-

solid aluminium-silicon alloys [3]. The current goal is to investigate the influence of different 

plunger velocities on filling and castability [3]. These analyses show a measurable elevation of 

copper and silicon contents in the bands and a corresponding reduction in the aluminium 

content. It is thence deduced that primary aluminium globules are migrating due to some force 

and that the bands are formed by the remaining liquid from the semi-solid. 

The focus of the present paper is a theoretical review of the potential mechanisms [5-16] 

of the particle migration. Each mechanism will be critically reviewed and the magnitude of 

the force of velocity of the globules will be derived using relevant quantities from literature 

and calculations. The mechanism that is most likely to be responsible for the migration of 

the globules will be established. Some of the proposed mechanisms that are caused by fluid 

flow: Saffman lift, Magnus lift, wall effects, hydrodynamic diffusion and shear-induced 



  

 

Dilatant shear banding. Other mechanisms are driven by differences in the surface tension, 

which is quantified by the Mukai-Lin-Laplace (MLL) effect [11-13]. 

2. Materials and Methods 

The potential mechanisms that were identified from previous studies as potentially being 

responsible for particle migration in the components will be examined in turn. First, key 

parameters about the casting slurry and the fluid flow will be defined and/or calculated. 

2.1 Boundary layer 

A boundary layer is the region in which some quantity of interest changes from some 

initial value, to a constant far-field value. The relevant types are velocity boundary layers at 

the wall of the pipe, where the flow velocity is zero which transitions to a constant value away 

from the wall, 

 
Figure 2. Schematic image of velocity profile boundary layer 

 

and the concentration boundary layer, where solute rejected by the solid leads to a 

gradient between the solidification front and the far-field composition. 

 



  

 

 

Figure 3. Schematic image of the concentration gradient ahead of the solidifying front. 

 

Fluid mechanics states that the thickness of a velocity boundary layer, 𝛿, depends on the 

far-field (i.e. maximum) velocity of the fluid, 𝑣 , its density, 𝜌, its viscosity, 𝜇, and the 

distance from the start of the flow, 𝑥 (Equation 1 [17]). This assumes that there is no slip at 

the wall, which is a common simplification in fluid flow. 

 

δ =
30μx

ρv
 

Equation 1 

 

To establish how large and significant the migration of particles is, we need to find a value 

of 𝑣 . This was done using a computational fluid dynamics (CFD) simulation. A multiphase 

computational fluid dynamics simulation was performed using Ansys FLUENT 2019R1 and 

included both air and a fluid phase which used the properties of the slurry used in the analysis 

in the next section (Table 1). In addition, the surface tension of the slurry was set to 

0.82 N m . The calculation used the  k-ε turbulence model, a velocity inlet with fluid entering 

the simulation domain at 0.15 m s  and an outflow outlet. 

 



  

 

 
Figure 4. Geometry of the simulation with velocity inlet and flow direction marked with arrows. 

This is a cross-section through the centreline of the ingate  

 

The simulation predicts that there will be a flow velocity boundary layer with a thickness 

of approximately 0.0015 m and a maximum far field flow velocity of 1.75 m s-  (Figure ). 

Using this value with the appropriate values of other parameters ( 𝑥 = 0.20 m , 𝜇 =

0.0015 Pa s, 𝜌 = 2700 kg m ), Equation 1 predicts a value for boundary layer thickness, 𝛿 =

0.0014 m . This value is in good agreement with the CFD prediction. With such values, the 

boundary layer is significant in the current flow situation. Thus, mechanisms that rely on a 

boundary layer must be considered. 

 

 
Figure 5. CFD showing the cross section near the ingate velocity gradient. 

 



  

 

During solidification of the current alloys, all alloying elements are rejected into the 

solute. This gives rise to a negative concentration gradient ahead of the solidification front. 

The defect bands that inspired this study are detectable as a decrease in the aluminium 

concentration and a corresponding increase of the concentrations of both silicon and copper. 

It is reported both that silicon does not affect [18] or has a weak effect [19] on the surface 

tension of aluminium alloys. Aluminium is considered to have no significant effect [18]. 

Mukai and Lin [11-12] states that a concentration gradient in front of the solidifying front 

propels a foreign particle in the direction of decreasing the interfacial surface tension. This 

gradient is caused by a solute enrichment (or depletion) of the liquid [20]. 

In the current solidification process, it is assumed that there is no diffusion in the solid 

phase, with diffusion and no mixing in the liquid close to the solidification front and that a 

steady state is reached. Then, the classic equation for the concentration profile is valid and can 

be solved in terms of distance ahead of the solid/liquid interface, 𝑥’ (Equation 2). [21] 

 

𝐶 = 𝐶 +
𝐶 (1 − 𝑘)

𝑘
∙ 𝑒 L⁄   

Equation 2 

 

where 𝐶 is the concentration of the melt at a distance ahead of the solidification front, 

 𝑥’, 𝐶  is the concentration of the bulk material, 𝑘 is the partitioning coefficient, 𝑥’ is the 

solute boundary profile ahead of the interface, 𝐷L is the diffusion coefficient of the solute in 

the liquid, and 𝑣 is the velocity of the solidification front. Assuming a concentration increase 

in the solute of 1%, = 1.01, 𝑘 = 0.13 and 𝐷L =  4.1 × 10  m  s  [22] which applies for 

the diffusion of copper in liquid aluminium and an average velocity of solidification front, 𝑣 =

0.01 m s  gives a boundary layer thickness of 2.66 × 10  m . This is a much smaller than 

the typical size of the primary aluminium globules, 100 × 10  m, and so it is extremely 

unlikely that this effect can be the reason for their migration. 

Fluid dynamics parameters 

All the flow related mechanisms depend on flow being non-uniform and on the fluid 

properties, which are conveniently represented by the Reynolds number, Re (Equation 3 

[23], where 𝑛 is an exponent determined by rheological properties of flow. For typical semi-

solid die castings 𝑛 = 0.4). It is possible to treat the semi-solid slurry as a homogeneous fluid, 

which flows across the diameter of the pipe. In this case, the characteristic length of flow is the 

diameter of the shot sleeve, which is 80mm. It is common for semi-solid aluminium-based die 

casting alloys to be injected with a volume fraction of solid of ∼ 0.30 at a temperature of 

~604℃ . The viscosity is approximately 0.4 Pa s  ( 𝐴356  at 𝑓 = 0.30  and shear rate 

300 s )[24]. This gives a Re number which falls in the regime of a “high” Reynolds number. 

However, it is also possible to consider the fluid to flow between globules. In this case, we 

suggest that the characteristic length is taken to be the approximate diameter of a globule, 



  

 

namely 100 µm. Taking the viscosity and density to be those of the liquid phase instead of the 

slurry (Table 1 [25]), the Re number increases to ~10 . In all conceivable situations, the Re 

numbers are high enough to discount laminar flow and turbulence must be considered. This 

opens the possibilities of flow-related mechanisms. 

 

 
Re =

𝜌𝐿 �̅�

𝜂
 

Equation 3 

 

Table 1. Values of flow variables used in the calculations of particle force and velocity. 

 
Slurry  

(Al-
6wt%Si) 

Liquid  
(Al-

12wt%Si) 
Reference 

𝜌 density of fluid [kg/m3] 2496 2474 [25] 

𝐿 characteristic length [m] 0.08 0.0001  

�̅� average velocity of fluid [m/s] 0.15 1.0  

𝜂 viscosity [Pa·s] 0.40 0.0015 [24], [25] 

n exponent of rheology 0.4 0.4 [23] 

Re number 109 41429  

 

Re (𝐿 =  0.08 m)  =  
2496 × 0.080 . × 0,15 .

0.4
 =  109 

Re (𝐿 =  100 µm)  =  
2474 × 0,000100 . × 1 .

0.0015
 =  41000 

 

3. Results 

3.1 Solidification front 

In any casting process, solidification starts at mould wall, were the liquid is coldest, and 

proceeds towards the centre of the cast. As the solidification front moves, it can cause 

entrapment of particles by engulfing them or reject them further into the liquid [14-15]. In our 

case, the particles are the rounded externally solidified crystals of pure aluminium. These 

crystals are assumed to be evenly distributed in the slurry, which is injected at 604 ℃ and 

consists of liquid enriched in alloying elements. As an approximation, the liquid is taken to 

include 12 wt% silicon: the eutectic composition. The crystal diameter, 𝑑, is ~50 ≤ 𝑑 / µm ≤

~150, based on scanning electron micrographs. In previous research regarding metal matrix 

materials, it is stated that a critical velocity of the solidification front determines if a particle 

is engulfed by the solid phase [14-15]. The critical velocity depends on particle size and 

viscosity of the liquid. Other sources [15,26] have shown that the transition between engulfing 



  

 

particles and not can be predicted quantitatively by the ratio of thermal conductivities of the 

liquid, 𝜆l, and particle, 𝜆p. This is true even at low front velocities. If 𝜆p > 𝜆l, the particle is 

captured in the advancing solidification front. In the case at hand, 𝜆p = 215 𝑊 𝑚 K  [25] 

and the liquid a value of 𝜆l = 65 𝑊 𝑚 K , suggesting that any particles at the solid/liquid 

interface would be incorporated into the newly-formed solid. Therefore, some other 

mechanism causes particles that existed in the banded region to move ahead of the interface 

and avoid being engulfed by the solid. Therefore, we will not discuss this mechanism further. 

3.2 Saffman lift force 

In a linear velocity gradient profile, a particle can be influenced and lifted by a force 

perpendicular to the flow direction. This is the Saffman effect [6,7]: 

 

𝐹Saff = 6.46𝜇𝑣𝑎  𝜅 ⁄ 𝜐 ⁄  Equation 4 

 

Where 𝑎  is the radius of a spherical object that experiences the lift force, 𝜅  is the 

magnitude of the velocity gradient, 𝑣 is the relative velocity of particle and fluid measured at 

the streamline through the centre, 𝜇 is the dynamic (regular) viscosity and 𝜐 is the kinematic 

viscosity. To calculate the velocity gradient, a linear profile was assumed, starting from 𝑣 = 0 

at the die wall and rising to 𝑣 = 𝑣max  beyond the boundary layer. The boundary layer 

thickness was found from calculations and computational fluid dynamics simulations to be 

0.0015 m and the maximum velocity to be approximately 1.75 m s  , as described earlier in 

this article. This gives a velocity gradient of 1170 𝑠 . This gives a Saffman lift force of 

1.7 × 10  𝑁 (Equation 4). 

3.3 Magnus lift force 

Particle rotation in a fluid can result in a lift force brought by a pressure difference of 

either side of the particle. The rotation could be the result of velocity gradient or other sources, 

such as collision of other particles or the wall. The Magnus force is given by Equation 5. [8] 

𝐹Mag = 𝜋
8 𝑑 𝜌

1

2
∇  × 𝐮 − 𝛚𝒅 ×  (𝐮 − 𝐯)  

Equation 5 

 

𝜋
8 𝑑 𝜌  is the particle mass, ∇ × 𝐮  is the local fluid rotation and 𝛚𝒅  is the local 

particle rotation, 𝑣 is the particle velocity vector and 𝑢 is that of the fluid. 

To get an estimate of the Magnus lift force, 𝐹Mag, the fluid rotation was assumed to be 0, 

in line with results from computational fluid dynamics and the net velocity to 1.75 𝑚 𝑠 , 

which is the case of a stationary particle in the flowing fluid and is a reasonable approximation 

for the maximum relative velocity that is likely to be found. The particle rotation is set to 1 𝑠  

as an approximation. This gives 𝐹Mag = 1.9 × 10  𝑁. 



  

 

3.4 Wall effects 

It has been seen that a lubricating layer forms at the tube wall when carrying a liquid 

suspension. [9]. This is mainly seen at higher ratios of tube to sphere diameter, 𝑢. It has been 

observed in experiments that the lubricating layer is not significant if 𝑢 is greater than 60. In 

our case 𝑢 is well above the set criteria, at ~300, for this mechanism to develop. Hence, this 

mechanism is unlikely to be acting here. 

3.5 Hydrodynamic diffusion 

Collisions of particles between particles can lead to a net flux of particles, 𝐽 . Shear 

induced particle migration operating when the solid fraction is sufficiently high (> 30%) and 

have a very low Reynolds number (~1 × 10 ) [10]. 

 

𝐽 = 𝐾
𝑓s

𝜏

𝑑𝜏

𝑑𝑦
�̇�𝑑  

Equation 6 

 

where 𝐾  is a dimensionless parameter depending on concentration (set to 1), 𝑓  is the 

fraction solid of particles (0.30), 𝜏 is the local shear stress, 𝑦 the distance from the tube wall 

(1.5mm), �̇� the shear rate and d is the particle diameter (100µm). K  may be taken as 1 [10], 

𝜏 and �̇� are unknown, but could be assigned approximative values found in literature [23, 27-

28] and  needs to be derived (Appendix A). The shear stress, 𝜏, is found through a Herschel-

Bulkley fitting which is known to be suitable for non-Newtonian fluids like semi-solid slurries 

(Equation 7, where 𝜏
H-B

= 7.34 Pa, 𝐾 = 5.65 Pa s and 𝑚 = 0.45 [27]) 

 

 𝜏 = 𝜏 + 𝐾�̇�  Equation 7 

 

The model from [27] is based on alloy A356, (Al-6 wt% Si-3.5 wt% Mg) with a fraction of 

solid, 𝑓s = 0.2. This is very close to the current case (Al-6 wt% Si-2.5 wt%Cu-0.3 wt% Mg, 𝑓s =

0.3 and so the same constants are used for the current calculation. 

The shear rate, �̇� could be approximated by the known velocity of flow and diameter in 

the inlet. There are two expressions for strain rate that may be found in literature [23,28]. 

Here, we use equation used by Hu et al. [23] 

 

 
�̇�pipe =

3𝑛 + 1

4𝑛

8𝑣

𝐷

2𝑟

𝐷
 

Equation 8 

 

Where 𝑣 = 1.75 m s  is the far field velocity of the flow, 𝐷 = 0.030 m  is the 

instantaneous diameter of the pipe, 𝑟 = 0.015 m is the radial distance from the centreline of 

the pipeline to the point of interest and 𝑛  is an exponent determined by the rheological 



  

 

properties of the flow. Here 𝑛 = 1 [23], which gives a shear rate at the wall (𝑟 = 0.5𝐷) of 

470 s . In turn, this gives a shear stress of 97 Pa (Equation 7). 

In Equation 6, 𝑦 is the distance from the wall of the pipe, while 𝑟 in Equation 8 is the 

distance from the centreline of the pipe. Hence, 𝑦 = − 𝑟. Using the known values of each 

coefficient and 𝑦 = 0.0015 m, i.e. at the pipe wall, the shear stress gradient is 100 Pa m . 

Using this result in Equation 6, together with the other known values listed above, the 

hydrodynamic diffusion velocity 2.6 × 10  m s . 

3.6 Dilatant shear  

A mechanism that is commonly regarded as the most significant is dilatant shear band 

formation. These bands are due to response of localised deformation [16]. It is observed in 

cohesionless granular material such as dense sand or glass beads and the mechanism has been 

adapted to partially solidified metals. A localised deformation comes from volume expansion. 

It is found that for alloys containing spherical particles with a fraction of solid greater than 

0.5, liquid is drawn into the expanding band of concentrated strain and dilatant shear bands 

form. The width of these bands is found to be in the range 6 ≤ 𝑤
𝑑 ≤ 20, where  𝑤 and 𝑑 are 

the band width and particle diameter, respectively. 

This mechanism requires a fraction of solid that is at least 50%, which is higher than in 

the early stages of solidification in the current case. Since the bands are observed close to the 

die wall, it is likely that the local solid fraction is below the level required for this mechanism 

to act. However, the mechanism could presumably become active in the later stages of 

solidification, when the fraction of solid is above 50%. 

3.7 Mukai-Lin-Laplace effect 

The force, 𝐹MLL, that acts on the particle due to differential surface/interfacial tension 

acts towards the direction of lowest surface tension (Equation 9). 

 

𝐹MLL  =  − 
8

3
𝜋𝑅 𝐾 

Equation 9 

 

Further, the velocity 𝑣 of such particle is expressed as follows, 

 

𝑣 =  −(4𝑅𝐾/9𝜂) 1 − exp −9𝜂𝑡/ 𝜌 + 2𝜌  𝑅  Equation 10 

 

where 𝐾 is the interfacial tension gradient and may be expressed as 
d

d  

d
  or , 

d

d  

d
, 

where 𝜎 is the surface tension, 𝐶 is the concentration, 𝑇 is the temperature and 𝑥 is the 

distance between the solidifying interface and the centre of the particle, 𝑅 is the is the radius 

of the particle and 𝜂 is the viscosity of the liquid, 𝜌l and 𝜌p are the density of the liquid and 

particle, respectively and 𝑡 is the time from when the particle starts moving. A value of 𝐾 is 



  

 

required to estimate the velocity and force acting on the externally solidified crystals. The 

possibility has been excluded of a concentration gradient giving rise to a change in surface 

tension across the externally solidified crystals. However, a temperature gradient could still 

be acting and the effect of such a gradient is quantified from published literature to be 𝐾 =

−4.67. To reach this value, a mean value of the surface tension temperature coefficient 𝜎  of 

pure Al and Al-12%Si [29] was calculated to 𝜎 % = −0.00015 N m . It is known that the 

liquid is injected at 604 ℃ and that solid will start to form at 615 ℃ according to the Scheil 

calculations made. Cao et al. [30], states that the interfacial heat transfer coefficient between 

a similar alloy (B390, Al-18 wt% Si) and die wall, ℎ: 15 ≤ ℎ / 𝑘W m  K ≤ 80. Since the 

current alloy contains a lower level of silicon, a lower value is more appropriate, such as 5 ≤

ℎ / 𝑘W m  K ≤ 40. This will give a Biot number, 𝐵𝑖: 1 ≤ 𝐵𝑖 ≤ 10, which implies that a 

temperature gradient will be established in the liquid, but that heat is lost quickly at the die 

walls (Figure 6). Therefore, a lower bound for the temperature gradient may be estimated by 

assuming a linear temperature profile from the solidification temperature at the mould wall 

to the injection temperature at the centreline. This results in a gradient of 30900 K m . 

 

 

Figure 6. Schematic drawing temperature profile. 

 

The externally solidified crystals are assumed to be pure aluminium and the liquid is 

assumed to be eutectic Al- 12 wt% Si. Together with the following values, the resultant terminal 

velocity may be calculated to be 0.08 m s  (Equation 10): particle radius, 𝑅 = 5 × 10  m, 

liquid viscosity, 𝜂 = 0.0013 Pa s, liquid density, 𝜌l = 2480 kg m  and solid crystal density, 

𝜌s = 2700 kg m . This terminal velocity is reached within 12 ms . The corresponding 

calculation for the accelerating force (Equation 9) gives a value of 9.78 × 10  N. 

 



  

 

4. Discussion 

From the different mechanisms considered the results are summarised in Table 2. In 

order to compare the values attained, Stokes’ law has been used to convert force to velocity 

and vice versa, where needed. The assumptions made by using Stokes law are deemed to be 

reasonable in the current situation: laminar flow, smooth, spherical, non-interfering particles 

and a homogeneous liquid. 

Previous published results show that the bands are found in all sections of the cast 

component that were examined [3]. As the metal slurry flows through the cast mould, the flow-

related mechanisms can act at all times. However, the temperature gradient subsides as the 

metal travel the distance from the ingate to the overflow region due to heat losses. This could 

reduce the steepness of the temperature gradient, and consequently the surface tension 

gradient in the MLL effect. However, the initial assumption of temperature gradient is likely 

to be a significant underestimate of the gradient during early stages of the casting process. 

Table 2. Force and velocity of particles in fluid for the flow behaviour determined, using 
parameters derived for the alloy and injection conditions. An asterisk (*) denotes that the 

value is determined using Stokes’ law. Other values are calculated directly from published 
equations. 

 Saffman 
lift 

Magnus 
lift  

Hydrodynamic 
diffusion 

MLL effect 
(temperature) 

10 × Force, 
𝐹 / N 

17333 19 0,00032* 980 

Terminal Velocity, 
𝑣p / m s  1.41 * 1.5 × 10 * 2.6 × 10  8.0 × 10  

 

4.1 Saffman Lift Force 

According to a numerical simulation by Laukli [5], spherical crystals of diameter 250 μm 

flowing through a 20 mm diameter led to no Saffman-force-induced effects. Furthermore, 

Wang et al. discounted the Saffman mechanism since they were unable to produce the effect 

in experiments that matched their calculations [31]. Since the current case is similar to both 

previous studies mentioned, it is unlikely that the Saffman mechanism is responsible for the 

observed segregation. However, the current calculations suggest it is the most potent 

mechanism. There is no obvious reason why the Saffman mechanism is so much more 

powerful that the alternatives in the current calculations, but previous findings suggest that it 

should be discounted. 

4.2 Magnus Lift Force 

It is not possible to determine the fluid rotation or particle rotation with certainty. 

However, computational fluid dynamics may be used to estimate the fluid behaviour. 

Furthermore, it is unlikely that the relative rotational velocity is hundreds of revolutions per 



  

 

second, which is required to make the Magnus lift force comparable in magnitude to other 

mechanisms. The Magnus lift force is therefore rejected as the mechanism responsible for the 

banding observed. 

4.3 Hydrodynamic diffusion 

The value reached is smaller by a magnitude of 6 and is outreached by all the other 

mechanisms considered. Although the equation is valid for slurries with fraction solid >

0.3 %, it also requires a very low Reynolds number, in the region of 10  [8]. Our calculations 

of possible Reynolds number ranging from magnitude of 10 < Re < 10  and is still regarded 

as too high values. The calculated Re values are greater than the number specified to be valid 

for this mechanism to operate. Therefore, it is reasonable to say that this mechanism is not a 

major contributor of the migration of particles during these circumstances 

4.4 Mukai-Lin-Laplace effect  

The calculations show that a bubble or particle would start migrating up the temperature 

gradient and down the surface tension gradient and would outrun the solidification front. 

However, in the very rapid process of high pressure die casting, it is unlikely that this is the 

only mechanism for the migration of particles. The typical mould filling time, 𝑡fill, in high 

pressure die casting is 1 < 𝑡fill / ms < 10 [32], by which time frame the MLL effect predicts 

that the particle may not have reached its terminal velocity. However, in semi-solid HPDC 

processes the filling time is longer to compensate for the higher viscosity:1 < 𝑡fill / s < 3. This 

is much greater than the time required to reach the terminal velocity (0.012 s), which is 

plausible in the current work. Therefore, it is concluded that it is plausible that this mechanism 

is responsible for the particle migration that leads to the observed banding. 

4.5 Future work 

The current calculations represent an advanced theoretical treatment. To advance the 

field further, it is recommended that experiments are performed to test each mechanism. 

Water or another transparent liquid may be used as the fluid, with nonreactive particles 

entrained in the flow. A high-speed camera may be used to record the exact behaviour. Flow 

velocities and geometries may be selected to promote one mechanism over the others to see if 

it leads to segregation of the particles. 

5. Conclusions 

It is not possible to positively identify a single mechanism that is responsible for the 

banding observed in the previous high pressure die casting experiments using theoretical 

considerations alone. However, calculations and literature results suggest that the effect of a 

temperature gradient leads to a difference in surface/interfacial tension across the externally 

solidified crystals of aluminium, in accordance with the Mukai-Lin-Laplace theory. This leads 

to a net force, which is capable of moving the particles ahead of the solidification front. 



  

 

Furthermore, the calculations also indicate that a flow dependent velocity profile would induce 

a force strong enough to move the particle ahead of the solidification front, namely the 

Saffman lift force. 
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Appendix A 

For the sake of clarity, the authors present their derivation of the local shear stress from 

expressions retrieved from references [23] and [28]. 

 

Reference [28] presents the following expression, where 𝑑 is the diameter of the tube 

within which fluid is flowing and 𝑈 is the far-field flow velocity. 𝑛 is a constant and Δ𝑃 is 

the pressure drop across the length, 𝐿, within the fluid. 

 

 Δ𝑃

𝐿

𝑑

4
= 𝐾

3𝑛 + 1

4𝑛

×
8𝑈

𝑑
 

A1 

 

Reference [23] presents the following expression as its equation 11, where 𝐷  is the 

diameter of the tube in which fluid is flowing and 𝑉 is the far-field velocity of the flow. �̇�pipe 

is the shear strain rate in the fluid and 𝑟 is the radial distance from the centre of the pipe. 

 

 
�̇�pipe =  

3𝑛 + 1

4𝑛
×

8𝑉

𝐷

2𝑟

𝐷
 A2 

 

 

Rearranging equation A1 by dividing by K: 

 

 ∆𝑃𝐷

𝐿4𝐾
=

3𝑛 + 1

4𝑛
×

8𝑈

𝑑
 A3 

 

Rearranging equation A2 to the power of 𝑛 and multiply the result by : 

 

 𝐷�̇�pipe

2𝑟
=

3𝑛 + 1

4𝑛
×

8𝑉

𝐷
  A4 

 

Noting that 𝑈 = 𝑉 and 𝑑 = 𝐷, the right-hand sides of equations A3 and A4 are identical.  

This allows the two left hand sides to be equated: 

 

 𝐷�̇�pipe

2𝑟
=

∆𝑃𝐷

𝐿4𝐾
  A5 

 

Simplifying and rearranging equation A5: 

 



  

 

 
𝐾�̇�pipe =

Δ𝑃𝑟

2𝐿
 A5 

 

The left-hand side of equation A5 is the shear stress, according to the Herschel-Bulkley 

power-law equation for a fully developed laminar flow, simplified for a Netwonian fluid [33]. 

The right-hand side of equation A5 is the shear stress due to a pressure drop that drives the 

fluid flow [28,34].  From here on in, the derivation uses the conventions of reference [23]. 

From the Herschel-Bulkley equation, the derivative of shear stress as a function of 

position form the pipe wall, , can be determined (Equation 7 [27]), where 𝜏  is the 

Herschel-Bulkley constant and 𝑚 is a constant equivalent to 𝑛 in this treatment: 

 

 𝜏 = 𝜏 + 𝐾�̇�  A6 

 

Substituting for �̇� using equation A2 and noting that both �̇� and 𝐾 are constants: 

 d𝜏

d𝑦

= 0 + 𝐾
d

d𝑦

8(3𝑛 + 1)

4𝑛

𝑉

𝐷

2𝑟

𝐷
 

A7 

 

In Equation 6, 𝑦 is the at the centre line of a couette rotating gap. [10] This implies that 

the shear rate at the centre of the couette rheometer is zero and at its maximum at the walls. 

However, 𝑟 in Equation 8 [23] is the distance from the centreline of the pipe to the wall, with 

the shear rate at its maximum at the wall. Thence, it is defined in opposite directions of 

distance and 𝑦 = − 𝑟.  Substituting to remove these discrepancies: 

 

 
d𝜏

d𝑦
= 𝐾

𝑚

𝑛

8(3𝑛 + 1)

4𝑛

𝑉

𝐷
(1−

2

𝐷
𝑦)  A8 

 

Values have been published for similar alloys than the one under consideration here:  

𝐾 = 5.65 , 𝑛 = 1  and 𝑚 = 0.45 . Values for the other variables may be taken from 

consideration of the current die casting operation: 𝑟 = 0.015 m , 𝐷 = 0.030 m  and 𝑣 =

1.75 m s .  Using these values and assuming a value of 𝑦 = 0.0015 m, which is where the 

bands are observed, the shear stress gradient is calculated to be 102.96 Pa m . 

The equation for hydrodynamic flux (equation 6 in the article, called A9 here) may now 

be calculated: 

 
𝐽 = 𝐾

𝑓s

𝜏

d𝜏

d𝑦
�̇�𝑑  A9 

 



  

 

𝐾  is a constant which is taken to be 1 [10], 𝑓  is the volume fraction of solids in the die 

casting slurry, which is 0.3 in this study and 𝑑 is the particle diameter, which is approximately 

100 μm in the slurry used. 𝜏  is calculated using equation A6. This gives a hydrodynamic 

flux,𝐽 =  2.6 × 10  ms , towards the centre of the cast component. 

  



  

 

Appendix B 

This appendix contains a list of all variables used in the calculations presented in this 

article, together with sources. 

Quantity Symbol Value Source Calculations 

where value 

used 

Liquid alloy 

density 

𝜌 2700 kg m  [25] 1 

Distance from 

start of flow 

𝑥 0.20 m Experiment 1 

Liquid viscosity 

(Al-12wt%Si) 

𝜇 0.0015 Pa s [25] 1, 3 

Slurry viscosity 

(Al-6wt%Si) 

𝜂 0.40 Pa s [24] 3 

Kinematic 

viscosity 
𝜐 =

𝜇

𝜌
 5.55 × 10  m  s  Calculated [25] 4 

Slurry density 

(Al-6wt%Si) 

𝜌 2496 kg m  [25] 3 

Liquid density 

(Al-12wt%Si) 

𝜌 2474 kg m  [25] 10 

Maximum 

velocity 

𝑣  1.75 m s  CFD 1, 8 

Al-Si eutectic 

surface tension 

𝜎 0.82 N m  [35] CFD 

Increase of solute 

1% 

𝐶

𝐶
 

1.01 Approximation 2 

Partitioning 

coefficient  

𝑘 0.13 [21] 2 

Diffusion 

coefficient 

𝐷  4.1 × 10  m  s  [22] 2 

Solidification 

fronts average 

velocity 

𝑣 0.01 m s  Approximation 2 

characteristic 

length 

𝐿 0.08 m Experiment 3 

characteristic 

length 

𝐿 0.0001 m Experiment 3 

     



  

 

Average velocity 

of fluid 

(plunger velocity) 

�̅� 0.15 m s  Experiment 3 

Average velocity 

of fluid 

�̅� 1.0 m s  Experiment 3 

Exponent of 

rheology 

𝑛 0.4 [23] 3 

Spherical radius 𝑎, 𝑅 50 µm Experiment 4, 9, 10 

Relative velocity 

of particle 

𝑣 1.75 m s  CFD 4 

Magnitude of 

velocity gradient 

𝜅 116.7 s  Calculated 4 

Rotational 

velocity of 

particles 

𝜔 1 s  Approximation 5 

Spherical 

diameter 

𝑑 100 µm Experiment 5 

Net velocity (𝐮 − 𝐯) 1.75 m s  Approximation 

CFD 

5 

Dimensionless 

parameter 

𝐾  1 [10] 6 

Fraction solid 

(volume) 

𝑓  0.30 Experiment  6 

Shear stress 𝜏 97 Pa Calculated [27, 

23] 

6, 7 

Shear rate �̇� 470 s  Experiment, 

[23] 

7, 8, A2, A9 

Local shear stress d𝜏

d𝑦
 

102.96 Pa m  Experiment 

[27] 

6, A9 

Herschel-Bulkley 

yield stress 

𝜏
H-B 7.34 Pa [27] 7, A6 

Constant 𝐾 5.65 Pa s [27] 7, A6, A8 

Constant 𝑚 0.45 [27] 7, A6, A8 

Tube radius 𝑟 0.015 m Experiment 8 

Tube diameter 𝐷 0.030 m Experiment 8 

Rheological 

properties 

exponent  

𝑛 1 [23] 8 



  

 

Distance from 

tube wall 

𝑦 0.0015 m Experiment, 

CFD 

8 

Interfacial tension 

gradient 

𝐾 −4.67 N m  Calculated [29] 9, 10 

Surface tension  𝑑𝜎

d𝑇
 −0.00015 N m K   Calculated [29] 9, 10 

Temperature 

gradient 

𝑑𝑇

d𝑥
 

30900 K m  Approximation  9, 10 

Viscosity of the 

liquid 

(Al-6wt%Si) 

𝜂 0.0013 Pa s  [25] 4, 10 

Density of the 

liquid 

𝜌l 2480 Kg m  [25] 10 

Density of the 

particle 

𝜌p 2700 Kg m  [25] 5, 10 
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