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Abstract. The current work, describes a numerical methodology to obtain deeper understanding 

of the kinetics of solidification and the dynamics of Al melt infiltration into porous iron preforms, 

in order to develop a near net shape process for a new class of highly advanced ductile and fine 

grained Fe-Al intermetallic. Investigations on macroscale simulations revealed that certain 

pressure and wetting conditions are beneficial for infiltration into finer structures. Microstructure 

showed a dependency of the solidification process on diffusion. Estimates for infiltration and 

solidification times are developed to determine which structures can be infiltrated before 

solidification stops melt flow. 

1.  Introduction and objectives of the work 

Chromium and Nickel are listed in the table of Critical Raw Materials (CRMs) with a current projected 

lifetime of 25 – 100 Years [1-3]. In line with the strategy to find solutions to replace these CRMs in high 

volume end consumer products, a HORIZON-2020 project: EQUINOX [4] was funded to develop a 

novel process that allows to substitute Cr/Ni based (stainless) steel parts used in certain consumer 

products. The goals of this technological development is to develop a novel near net shape process for 

a new class of highly advanced ductile and fine grained Fe-Al based intermetallics. The basis of this 

development will be based on a reactive infiltration process of porous iron preforms with liquid Al or 

an Al-Fe-alloy, by using two different pressure assisted techniques: suction and centrifugal casting. Fine 

grain structures, which benefit tensile strength and ductility [5], are achieved by infiltrating preforms 

with fine structured porosity. Infiltration of Al in porous preforms can also be used for rapid prototyping 

[6]. Here the permeability of additive manufactured materials has a major impact on the infiltration 

process, but it is also important e.g. in biomedicine applications [7,8]. 

The first step is to effectively infiltrate melt into the preforms, which is directly related to the melt 

flow paths, or the structure of porosity in these preforms.  Different preforms were manufactured by 

selective laser melting process (SLM), Metal injection Moulding (MIM), Powder metallurgy moulding 

and sintering (PMM) and Kochanek Process (KE) [9]. Preforms from SLM process consists of Fe-

powder and characterized by thin long roughly square channels of approximately 400 -550 μm in size, 

representing around 50% of porosity.  The unique process of manufacturing preforms developed by [9] 

uses powder  moulding  process  of  metal  oxides  rather  than  pure  metal  powders.  

The flexibility of the KE process allows building preforms of different porosities and channels of 

different sizes. For all industrial purposes, the KE process is highly viable cost effective compared to 
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SLM and other processes to manufacture preforms. However, the preforms from well controlled SLM 

process can be used to develop the manufacturing of preforms through KE process.  

Initial centrifugal casting experiments performed at Access e.V. indicated well designed channels in 

SLM preforms are very effective for infiltration into the depths of a preform body (see Fig. 1). This 

aspect of development is currently explored within the EQUINOX project, to yield similar channels as 

those of SLM and with that a substantial improvement in infiltration depth.  

Due to the complexity of the process multiscale 

modeling tools are being employed to guide the 

experiments. In this work, a simulation methodology 

based on computational fluid dynamics macroscopic 

simulations using STAR-CCM+[10] and 

microstructure simulations using MICRESS [11] is 

presented to obtain deeper understanding of the 

kinetics of solidification, the formation of 

intermetallic phases and the dynamics of Al melt 

infiltration into porous iron preforms, that will aid in 

design of channels in preform. 

The structure of the paper is as follows: Section 

2 presents modelling of infiltration and 

solidification. Section 3 summarizes the results for 

infiltration and solidification times. Section 4: 

concludes and summarizes the work. 

2.  Modelling and Simulation 

2.1.  Macrosimulation 

Macrosimulations under isothermal conditions were performed to understand infiltration dynamics in 

these preforms. In the simulations two phases were considered, starting with gas filled preforms and 

variations considering surface tension, and contact angle effects, viscosity, pressure etc., were included 

in order to understand how these parameters affect filling of these preforms consisting of inlay channels.  

  
Figure 2: Left: Snapshot of CAD model of SLM manufactured preform (transparent view shows the 

entire geometry with internal structure, and cross-sections are shown in blue). Right: Comparison of 

filled volume of SLM preform (shown in Fig 1) and a simplified duct of 550 µm with inlet pressure 

of 20000 Pa, Surface tension coefficient of 0.9 N/m and wetting angle of 110°. 

 

At first fluid flow in the centrifugal casting machine was simulated to obtain the typical melt pressure 

acting on the preform. This was obtained to be around 20000 Pa, which was used as inlet boundary 

conditions for subsequent investigations. Next filling simulations were then performed on an SLM 

preform (see Fig. 1) with an inlay channels of size of 550 µm and 40mm in length and a comparison of 

filling times are shown in Figure 2. 

 
Figure 1: A metallographic image of a section 

      of SLM sample after infiltration with Al. 

 

500 μm 
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Simulations were performed on different square cross-section channel sizes, with a constant length 

of 4 cm. Results are shown in Table 1. A typical simulation setup consists of a square channel with inlet 

and outlet. At the inlet a boundary condition with a definite pressure is applied. All other boundaries are 

considered as walls with no slip boundary condition. The channel is assumed to be filled with air 

initially. Starting at simulation time t= 0 s, the melt is allowed to flow in with a pressure P = 20000 Pa. 

The simulations were performed using Al with 2700 Kg/m3 density, 0.00125 Pa-s viscosity, 0.9 N/m 

Surface tension coefficient and the second medium was considered as air with 1.18415 Kg/m3 density 

and 1.85x10-5 Pa∙s viscosity. Initially the melt was assumed non-wetting (110° wetting angle) with the 

channel walls. 

 

Table 1: Infiltration times for different square cross-section channel sizes and wetting angles. 

No. Channel 

Size (µm) 

Wetting 

Angle (°) 

Time for 

infiltration (s) 

 No. Channel 

Size (µm) 

Wetting 

Angle (°) 

Time for 

infiltration (s) 

1 550 110 0.01492 9 30 90 1.32 

2 400 110 0.01842 10 30 80 0.655 

3 200 110 0.056 11 10 90 8.8 

4 100 110 0.354 12 10 80 2.51 

5 100 90 0.145 13 3 90 Partial Infiltration 

6 50 110 No Infiltration 14 3 80 6.8 

7 50 100 1.4 15 1 90 Partial Infiltration 

8 50 90 0.55  16 1 80 12 

2.2.  Thermodynamics 

Prior to solidification simulations the thermodynamics of the Al-Fe system was investigated using the 

CALPHAD- (CALculation of PHAse Diagrams) software Thermocalc [12] and the High Entropy Alloys 

database [13]. Several solid phases occur in the Al-Fe system: The FCC aluminium phase, the 

intermetallic phases Al13Fe4, Al5Fe2, Al2Fe and Al5Fe4, for low Al concentrations between 900°C and 

1400°C FCC-iron (austenite) and a BCC-iron solid solution phase that can contain up to 50mol% Al. 

To account for the thermodynamics of phase transformations in the solidification simulations the phase 

field simulation is linked to the same thermodynamic database. Further details about the multiphase 

field model and the required material model parameters can be found in [14,15]. 

Because of its material properties the aim of the process is a material mainly consisting of the BCC-

phase. In accordance with experimental work of Plevanchuk et al. [16] the average density of the Fe 

preform and the infiltrated Al melt is lower than the density of the intermetallic phase formed due to the 

reaction between the melt and the preform. This leads to volume shrinkage and thus porosity during the 

reaction. By infiltrating with an Al-Fe alloy instead of pure Al the above mentioned effects together 

with release of reaction heat are reduced or completely eliminated. 

For this reason, and also to reduce formation of other intermetallic phases than the BCC phase 

infiltration with Al-Fe alloys of various compositions (25mol%, 33mol% and 50mol% Fe) was 

investigated in the solidification simulations. 

2.3.  Microsimulation 

Phase field 

Microstructure simulations were performed for solidification of melt filled SLM, PMM, MIM and KE 

preforms using the phase field method detailed in [17] and implemented in the software MICRESS [11]. 

Initial structures for the simulations were generated from CT-scans of the preforms. From these 

Representative Volume Elements (RVEs) were cut out and discretized on a regular grid. For SLM-

structures an RVE of 400×400×250μm representing a quarter of a channel with surrounding material 

was discretized with a grid spacing of 2μm. For PMM-structures a region of 660×660×660μm was 
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discretized with 3mm grid spacing and for KE structures 10×10×10μm were discretized with 0.05μm 

spacing. Simulations for MIM-structures 2D simulations were done on a 25×50 μm grid with 0.1 μm 

spacing. In addition a series of 2D simulations was performed for channels with a square cross section 

and channel width varying from 1 μm to 400 μm. In these simulations a quarter of the channel and 

surrounding preform material (representing an initial solid fraction of 75% of the RVE) was discretized 

on a 200×200 grid. The initial structures for 3d simulations are shown in figure 3. To avoid the whole 

preform being represented by a single grain an artificial grain structure was superimposed on the solid 

region as shown in Figure 3. 

At the start of the solidification simulations the pores were filled with melt, assuming completed 

infiltration. For KE- and MIM- structures this assumption is not realistic, since solidification blocks 

infiltration paths very fast for these fine structures and applicable infiltration pressure is limited to avoid 

structural damage of the preform. Nevertheless from simulations for these hypothetical conditions 

general trends for reaction times and permeabilities can be gained that are transferable to other structures 

and length scales. The starting temperatures were chosen to be about 20K above the liquidus 

temperature, 

Initial melt composition and starting temperatures were: 25mol% Fe, 1450K (SLM 2D, SLM 3D, 

MIM, KE), 33mol% Fe, 1470K (PMM, KE) and 50mol% Fe 1610K (SLM 2D, square channel, MIM, 

KE). As thermal conditions for SLM- and PMM-structures heat extraction rates of 5, 10, 20 and 50 

W/cm3 were investigated. For the finer KE- and MIM-structures the reaction times are much shorter and 

exothermic heat release would drive temperatures up by 300K under the above process conditions. 

Under such conditions the initial microstructure of the preform would become quickly irrelevant due to 

coarsening, which would determine the features of the resulting structure. Thus for KE- and MIM-

structures isothermal conditions were investigated, assuming coupling to a heat reservoir at constant 

temperature. For better comparability these conditions were also chosen for the square channel 

structures. 

 

Figure 3: Initial RVEs. From left to right: SLM, PMM, KE, KE with superimposed grain structure. 

 

Diffusivity 

An important (and under isothermal conditions the only) contribution to the solidification in this process 

is the exchange of Fe for Al between BCC phase (i.e. preform) and melt, so that the Fe-enrichment raises 

the liquidus temperature. Thus the diffusivity in the BCC-phase plays an important role, since it 

determines how fast Fe is transported to and Al from the solid liquid interface. In all microstructure 

simulations the temperature dependency of the diffusivity in the BCC-Fe-phase is described by an 

Arrhenius law. Based on literature data [18] for various alloy compositions Q = 240 kJ/mol and D0 = 

2∙10-3 m2/s were chosen as Arrhenius parameters. The resulting diffusivities are D1450=4.52×10-12 m2/s, 

D1470=5.92×10-12 m2/s and D1610=3.27×10-11 m2/s. 
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Results 

The SLM, PMM, MIM and KE microstructures are 

very different, specifically with respect to the length 

scales. While in the SLM structures the length scale 

of the porosity is in the range of several hundred μm, 

in the PMM structures the diameters of pores and 

connecting channels are initially some 10 μm and in 

KE structures some 0.1 μm. The specific surface SV 

(or its inverse) is chosen to quantify the length scale. 

It is defined as interfacial area (of the melt solid 

interface) per volume. The value of SV was 

determined for the initial structures and tracked 

during the solidification. 

The differences in length scale have a large impact on the time scale of the diffusion driven 

solidification and on the permeability as shown in figure 4. Compared are 

 KE, infiltrated with Al33at%Fe with constant temperature condition (dotted, black) 

 PMM,  infiltrated with Al33at%Fe (solid lines) and 

 SLM infiltrated with Al25at%Fe (dashed) at four cooling rates (see legend). 

Figure 4 shows that in the fine KE structures it takes only several milliseconds for diffusion to 

increase the Fe-content in the melt, thereby solidifying it. For PMM structures solidification times 

vary from 30 to 190 s depending on the cooling rate, for SLM structures solidification takes over 200 s 

at the lowest cooling rate. 

2.4.  Analytic 

To infiltrate an amount VL of melt into a structure the energy Jσ=Δσ∙SL∙VL is necessary in the non-

wetting case to overcome surface tension. Δσ is the difference between the interfacial energy of the free 

surface of the solid and the interfacial energy of the solid liquid interface and SL=SV/fL the surface per 

liquid volume. So a pressure ΔPσ= Jσ/VL =Δσ∙SL is necessary to overcome surface tension during 

infiltration. 

Additional pressure is needed to force the melt through the porous structure. For laminar flows this 

is described by the Darcy law that describes the dependency of the flux vf (melt volume passing through 

an area per time and area) on the viscosity μ and a structure dependent permeability k. For the 

permeability k a simplified (approximating the tortuosity with 1) Carman-Kozeny rule can be applied: 

𝑘 =
1

𝐶𝐾
∙
𝑓𝑙
3

𝑆𝑉
2 

The Carman-Kozeny constant CK depends on the structure. The pressure difference due to the Darcy 

permeability along the infiltration depth x is ΔPperm=gp∙x. Inserting k given by Carman Kozeny in the 

Darcy law yields: 

Δ𝑝𝑝𝑒𝑟𝑚 = 𝑔𝑝 ∙ 𝑥 =
𝜇

𝑘
𝑣𝑓 ∙ 𝑥 = 𝐶𝐾 ∙ 𝜇 ⋅ 𝑆𝐿

2 ⋅ 𝑣 ⋅ 𝑥 

Here 𝑣 = 𝑥̇ = 𝑣𝑓 𝑓𝐿⁄  is the velocity of the advancing liquid in the pore volume. With Δp=Δps+Δpperm 

and 2𝑥𝑥̇ = 𝑑
𝑑𝑡⁄ (𝑥(𝑡)2) integration yields for an infiltration depth x(tl)=l: 

𝑡𝑘𝑐 =
𝐶𝐾
2
∙

𝜇 ⋅ 𝑆𝐿
2 ⋅ 𝑙2

Δ𝑝 − Δ𝜎 ⋅ 𝑆𝐿
 (1) 

For most isotropic structures a Kozeny-constant CK=5 is a good choice [19]. For channels with round 

cross section one finds SL=Ucirc/Acirc=4/d, applying the Hagen-Poiseuille-equation results in CK,circ=2 

which reflects a higher permeability along the direction of the channels (but zero in perpendicular 

directions). For square channels SL=4/a and CK,sq≈1.78 [20]. The denominator in equation (1) indicates, 

that under nonwetting conditions a pressure Δpmin=Δσ∙SL has to be exceeded to infiltrate the structure. 

 

Figure 4: Solidification over time 
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3.  Discussion 

The macrosimulations show, that for finer structures infiltration becomes harder and takes longer, while 

the phase field simulations show a trend of shorter solidification times for finer structures. For a given 

set of process and material parameters this results a lower limit for the length scale of structures that can 

be infiltrated before melt flow is stopped by solidification. 

 
Figure 5: Left: infiltration times, Right: solidification times. For better comparability the 1/D1610-

SL
2 graph is shown with the infiltration times (red, dotted) and the analytical curve for 90° wetting 

angle with the solidification times (black). 

 

Figure 5 shows infiltration and solidification times side by side, as a measure of (inverse) length 

scale the specific surface per liquid volume is used. On the left infiltration times for square channels 

resulting from the macrosimulations are compared to the analytical results for laminar flow through 

square channels from the previous section for the process and material parameters as discussed above. 

The numerical results show, that t ~ SL
2 for Δσ= 0 (90° wetting angle), wetting conditions (green) result 

in faster infiltration and for non wetting conditions (blue) infiltration of finer structures becomes 

impossible for a given pressure. 

The right hand side of figure 5 shows solidification times. As solidification time t(fs=95%) is given, 

since solidification slows down when only small pockets of liquid remain, also a sharp decrease of 

permeability was observed between 90% and 95% solid fraction. Different melt compositions and 

starting temperatures are indicated by colour; blue for 25mol%Fe and 1450K, green for 33mol%Fe and 

1470K and red for 50mol%Fe and 1610K. Triangles indicate heat extraction of 5 W/cm3 (up) and 50 

W/cm3 (down), circles indicate isothermal conditions as do squares for the simulations of square 

channels. 

As discussed previously, solidification depends strongly on diffusion in the BCC phase. A 

dimensional analysis (i.e. application of the Buckingham π theorem) shows that for a process only 

dependent on diffusion a scaling behaviour t ~ (D∙SL
2)-1 should be expected, so the functions (DT∙ SL

2)-1 

are given as reference as dotted lines. For the coarser SLM and PMM structures the solidification time 

strongly depends on the heat extraction rate, but for the finer MIM- and KE-structures and isothermal 

conditions solidification times are governed by structure size. The times for the square channel 

simulations, which compare the same structure scaled to different sizes, follows the scaling rigidly, the 

results match t95%=(3∙D1610∙ SL
2)-1. It should be noted, that for these simulations due to the high initial 

Fe- content in the melt no additional intermetallic phases nucleate, so during the solidification the 

channel shrinks in diameter while the inner melt phase is transformed into the outer BCC phase. At 

lower initial Fe concentrations in the melt intermetallic phases that form at the solid-liquid interface 

affect transport of Fe into the melt and hence solidification times. 

 

4.  Conclusions 

• For non-wetting conditions a certain pressure must be overcome to infiltrate the structures, this 

pressure is larger for finer structures. 
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• The simulations show, that wetting conditions (wetting angles < 90°) are beneficial for infiltration. 

This effect is stronger in finer structures, and can predominate an applied pressure, as was shown for 

thinner channels or when comparing SLM, to finer PMM and much finer KE structures. 

• The diffusivity in the BCC-phase determines how fast Fe can be transported to the solid liquid 

interface. This strongly affects solidification times, especially for finer structures and leads to short 

solidification times for fine structures. 

• The condition that infiltration should be concluded before permeability is significantly decreased due 

to solidification limits which structures can be infiltrated under given process conditions (pressure, 

temperature) and material parameters (wetting conditions, viscosity, diffusivity).  
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