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ABSTRACT

Purpose: The knowledge of the variation of permeability in interdendritic channels is important in order to
analyze the ability of the liquid flow compensate the shrinkage of the alloy during solidification. In this work
the influence of the magnesium content in the permeability of interdendritic channels during unidirectional
solidification of Al-Mg alloys is analyzed.

Design/methodology/approach: Al-Mg alloys with 5, 10 and 15 wt% Mg were submitted to unidirectional
solidification leading to a columnar dendritic structure. From the samples obtained, the primary and secondary
dendrite arms spacing variations during the solidification process were measured. Applying a heuristic method,
developed by some of the authors of this work, the variation of permeability of interdendritic channels for a flow
parallel to primary dendrite arms was estimated as function of primary and secondary dendrite arms spacing, and
liquid fraction variations during solidification.

Findings: From the results obtained for the three alloys with different compositions it was concluded that the
behavior of the permeability depends on the relation between secondary and primary dendrite arms spacing and for the
same distance from the metal/mould interface the permeability decreases when the magnesium content increase.
Research limitations/implications: The magnesium content affects the primary and secondary dendrite arms
spacing affecting as consequence the permeability of the interdendritic channels. Both primary and secondary
dendrite arm spacing increases with magnesium content. The permeability depends on primary and secondary
dendrite arm spacing, but also on the relation between these parameters.

Originality/value: 1t was concluded that, for Al-Mg alloys, the permeability of interdendritic channels
decreases as magnesium content increases, indicating that the probability of microporosity formation increases
for greater magnesium content.
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1. Introduction

In metallic alloys, which freeze over a range of temperature,
the rejection of solute ahead of the solid/liquid interface leads to a
dendritic growth of the solid phase throughout the liquid phase,
and a mushy zone where solid and liquid coexist, characterized by
a fine mesh of solid dendrites interdendritic channels filled with
liguid metal, is created. A flow of liquid metal in the
interdendritic channels during solidification is necessary to
compensate the shrinkage of the metallic alloy in order to avoid
microporosity formation. As the dendritic structure is
characterized by tortuous ramified solid branches, a pressure drop
in the liquid flow between the entrance and the bottom of these
channels is observed. This liquid flow in the fine mesh of
interdendritic channels can be treated as a flow through a finely
porous media and the Darcy’s law can be applied to estimate the
pressure drop in the channels [2]. To apply the Darcy’s law it is
necessary to know the permeability of the interdendritic channels
which depends on the liquid fraction and the primary and
secondary dendrite arms spacing. These parameters vary during
the solidification, leading to a variation of the permeability [8].

The first measurement of permeability in interdentritic
channels was carried out by Piwonka and Flemings [11] forcing
liquid lead throughout solidifying Al-4.5 wt pct Cu. Later some
other works have been reported experimental measures of
permeability of metallic alloys in different conditions. Among
these Apelian et al. [1] measured the permeability of Al-Si alloys
using water as fluid, Streat and Weinberg [13] measured
interdendritic flow rate in a Pb-20 wt% Sn alloy using a Pb-Sn
alloy as fluid, Nasser-Rafi et al. [6] analyzed the permeability of
directionally solidified Pb-20 wt% Sn alloy, for different primary
and secondary dendrite arms spacing, considering both liquid
flow parallel and normal to primary dendrite arm and Murakami
et al. [4,5] carried out measurements of permeability using
directionally frozen borneol-paraffin organic alloy and aqueous
solution as fluid. Permeability was measured for different primary
and secondary dendrite arms spacing and liquid fractions for flow
parallel and normal to primary dendrite arm. Poirier and Ganesan
[9] measured permeability of Al-15.6 wt pct Cu with equiaxial
structure using the eutectic Al-Cu as fluid, analyzing the influence
of the coarsening and. Poirier and Okansey [10] measured the
permeability for flow through equiaxial mushy zone of a Pb-Sn
alloy, varying the liquid fraction. Recently two of the authors of
the present work proposed heuristic relations to estimate the
tortuosity of interdendritic channels in columnar dendritic mushy
zone, for flow parallel and normal to primary dendrite arms, as
function of the relation between secondary and primary dendrite
arms spacing and liquid fraction [3]. These relations, introduced
in equations derived from Darcy and Hagen Poiseuille laws,
permitted to obtain equations to correlate the permeability of the
interdendritic channels with primary and secondary dendrite arms
spacing and liquid fraction. Results obtained applying the
equations obtained presented good fit as compared with
experimental results obtained by different authors. The model was
also applied by the authors to predict numerically microporosity
formation during solidification of Al-4.5 wt% alloy [12]. In this
work, applying these relations, the influence of the magnesium
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content in the permeability of interdendritic channels during
unidirectional solidification of Al-Mg alloys with 5, 10 and 15
wt% Mg was analyzed. From the samples with columnar dendritic
structure obtained experimentally, the primary and secondary
dendrite arms spacing variations during the solidification process
were measured and permitted to estimate the variation of
permeability of interdendritic channels for a flow parallel to
primary dendrite.

2. Vilaterials and methods

The three Al-Mg alloys containing 5, 10 and 15 wt% Mg were
prepared and were directionally solidified using a experimental
device showed schematically in Figure 1. The alloys were melted
and poured in a cylindrical ceramic holder tube with a internal
diameter of 60 mm and 260 mm in length positioned over a water
cooled cooper mould kept at 550°C. A superheat of about 10%
was adopted in all experiences, which mean initial temperatures
equal to 650, 670 and 700°C for the alloys with 5, 10 and 15%
Mg, respectively. Argon was injected in the melt before pouring
to eliminate dissolved gases.

Ceramic shell

Copper chill Iﬂ
éﬂ Thermocouples
7| L__‘ Cooling water out

Fig. 1. Schematic representation of the experimental device used
to promote unidirectional solidification

Cooling water in

The macro and microstructures were analyzed through optical
microscopy. The longitudinal sections of the solidified specimens
were polished and etched for macroscopic examination. The Al-Mg
alloys were etched with a reagent containing 20 ml glycerin, 30 ml
HCI, 2 ml saturated water solution FeCl;, 1ml HNO; and HF
(7 drops). Selected samples of the longitudinal sections were polished
and etched for microscopic examinations. The alloy containing 5%
wt% Mg was etched with a reagent containing 20 ml H,O, 1ml HF,
6 ml HNO and 12 ml HCI and the alloys containing 10 and 15 wt%
Mg with a 10% HF water solution. Dendrites spacing were
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measured using image processing system Neophot 32 (Carl Zeiss,
Esslingen, Germany) and Leica Quantimet 500 MC (Leica
Imaging systems Ltd., Cambridge, England).

3. Mlodel description

The model applied to estimate de permeability is detailed in a
previous work [3] and will be just briefly described in this work,
for a liquid flow parallel to primary dendrite arms as showed in
Figure 2.
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Fig. 2. Interdendritic channels in columnar dendritic mushy zone
showing a liquid flow parallel to primary dendrite arms

From the Darcy’s law for flow in a channel and From
Haggen-Poiseuille’s law (equations 1 and 2, respectively) [2,7]:
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# @)
4
n-z-r- AP
O Teu Lt
H @)

where Q is the volume flow rate, K is the permeability of the
channel, A is the cross sectional area, AP is the pressure drop in
the channel, p is the viscosity of the liquid, L is the length of the
channel, n is the number of channels per unity area, r is the radius
of the channel and < is the tortuosity factor of the channel, which
takes into account the fact that the channels are not straight and
smooth, and an effective length (Le) of the channel is defined by:
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and considering that the volume fraction of the liquid (f) is given by:
nezerteL,
AL O]

the following equation is obtained for a liquid flow parallel to
primary dendrite arms (see Figure 2):

f
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where A1 and A2 are, respectively, primary and secondary
dendrite arm spacing. From the model proposed [12], for a flow
parallel to primary arms the tortuosity is given by:
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4. Results and discussion

From the macrographies obtained, the extension of the
columnar zone was measured for each composition analyzed.
Figure 3 shows the extension of columnar zone as function of
magnesium content. It is observed that the extension of columnar
zone decreases and varies linearly with the magnesium content.
The permeability was determined in the extension of the columnar
zone for the AI-Mg alloys containing 5, 10 and 15 wt%
magnesium.
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Fig. 3. Extension of columnar zone as function of magnesium
content

From experimental measurements obtained for primary and
secondary dendrite arm spacing during the solidification of the
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Al-Mg alloys containing 5, 10 and 15 wt% magnesium the
variation of these parameters during the solidification processes
was analyzed. Figures 4 and 5 presents, respectively for primary
(A1) and secondary (A.2) spacing, the variation of the spacing with
the distance (x) from metal/mold interface, for the three alloys
studied. In Figure 4 it is observed that primary dendrite arm
spacing increases during the solidification processes as heat
transfer coefficient at metal/mould interface decreases, due to the
formation of an air gap at metal/mold interface as consequence of
alloy shrinkage, and thermal resistance of increasing solidified shell
increases. The results presented in Figure 4 also indicate that for Al-
Mg alloys the primary spacing increases with magnesium content. In
Figure 5 it is observed that secondary dendrite arm spacing also
increases with the distance from interface, for the same reasons, and
that this spacing increases with magnesium content. The lines in the
figures represent the best fit of experimental measurements
expressing the dependence between spacing and position as a power
function.
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Fig. 4. Variation of primary dendrite arm spacing as function of
the distance from metal/mold interface during solidification of Al-
Mg alloys containing 5, 10 and 15 wt% magnesium

As the permeability of interdendritic channels depends on
dendrite arms spacing, it will vary during the solidification
processes and with the magnesium content.

Applying the equations 5 and 6 and adopting the experimental
measurements of primary and secondary dendrite arms spacing
the variations of the permeability of the interdendritic channels in
the columnar zone during unidirectional solidification of the Al-
Mg alloys were determined. The variation of permeability (K)
was calculated as function of liquid fraction (f), see equations 5
and 6, in different positions of the solidifying alloy.

Figure 6 shows, for the alloy Al 5 wt% Mg, the variation of
permeability of interdendritic channels as function of liquid
fraction at different distances from metal/mold interface. This
alloy presents the greater extension of columnar zone, as it is
observed in Figure 3. From the results is clear that permeability
increases as the distance from metal/mold interface increases, as
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consequence of the strong influence of primary dendrite arm
spacing (see equation 5). It is observed that permeability reaches
an approximately constant value for distances far from
metal/mold interface. The results show that permeability of
interdendritic channels is practically negligible for liquid fractions
smaller than 0.5. Figures 7 and 8 presents the variation of
permeability for the alloys Al 10 wt% Mg and Al 15 wt% Mg.
The same behavior is observed in these cases but the extension of
columnar, in which the permeability is determined, decreases as
magnesium content increases.
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Fig. 5. Variation of secondary dendrite arm spacing as function of

the distance from metal/mold interface during solidification of Al-
Mg alloys containing 5, 10 and 15 wt% magnesium
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Fig. 6. Variation of permeability of interdendritic channels as
function of liquid fraction at different distances from metal/mold
interface for the alloy Al 5 wt% Mg

Comparing the results for permeability of interdendritic
channels for the different magnesium content it is observed that

J.R. Pereira Rodrigues, M. De Lourdes Noronha Motta Mello, R. Gomes Dos Santos



for a same distance from metal/mold interface the permeability
decreases as the magnesium content increases. As it was related
by Santos and Melo [3] the permeability decreases as the relation
between secondary and primary dendrite arms spacing increases.
From the results presented in Figures 4 and 5 this relation can be
determined for the alloys analyzed and it is observed that in fact
the relation between secondary and primary arms spacing
increases as the magnesium content increases, decreasing the
permeability.

As the permeability is associated to the facility of liquid flow
in interdendritic channels, the possibility of microporosity
formation increases as the permeability decreases and, for this
reason, increases as magnesium content increases.
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Fig. 7. Variation of permeability of interdendritic channels as
function of liquid fraction at different distances from metal/mold
interface for the alloy Al 10 wt% Mg
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Fig. 8. Variation of permeability of interdendritic channels as
function of liquid fraction at different distances from metal/mold
interface for the alloy Al 15 wt% Mg
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5.Conclusions

Applying the experimental results obtained in this work for
primary and secondary dendrite arms spacing and the equations 5
and 6, the variation of permeability of interdendritic channels at
different distances from metal/mold interface was determined for
the Al-Mg alloys with 5, 10 and 15 wt% Mg. The results
permitted to conclude that the magnesium content affects the
primary and secondary dendrite arms spacing affecting as
consequence the permeability of the interdendritic channels. The
results show that both primary and secondary dendrite arm
spacing increases with magnesium content. The permeability
depends on primary and secondary dendrite arm spacing, but also
on the relation between these parameters. From the results it was
concluded that, for AI-Mg alloys, the permeability of
interdendritic channels decreases as magnesium content increases,
indicating that the probability of microporosity formation
increases for greater magnesium content.

Acknowledgements

The authors acknowledge the financial support provided by
CNPq (The Brazilian Research Council).

References

[1] D. Apelian, M.C. Flemings, R. Mehrabian, Specific
permeability of partially solidified dendritic network of Al-
Si alloys, Metallurgical Transitions 5 (1974) 2533-2537.

[2] M.C. Flemings, Solidification Processing, McGraw Hill,
New York, 1974.

[31 M.L.N.M. Melo, E.M.S. Rizzo, R.G. Santos, Predicting
dendrite arm spacing and their effect on microporosity
formation in directionally solidified Al-Cu alloy, Journal of
Materials Science 40 (2005) 1599-1609.

[4] K. Murakami, A. Shiraishi, T. Okamoto, Interdendritic fluid
flow normal to primary dendrite arms in cubic alloys, Acta
Metallurgica 31 (1983) 1417-1424.

[5] K. Murakami, T. Okamoto, Fluid flow in interdendritic space in
cubic alloys, Acta Metallurgica 32 (1984) 1423-1428.

[6] R. Nasser-Rafi, R. Desamukh, D.R. Poirier, Flow of
interdendritic liquid and permeability in Pb-20 wt pct Sn
alloys, Metallurgical Transistions A 16 (1985) 2263-2271.

[71 G.H. Geiser, D.R. Poirier, Transport Phenomena in
Metallurgy, Addison-Wesley, Reading, 1973.

[8] D.R Poirier, Permeability for flow of interdendritic liquid in
columnar-dendritic alloys, Metallurgical Transitions B 18
(1987) 245-255.

[91 D.R. Poirier, S. Ganesan, Permeabilities for flow of
interdendritic liquid in equiaxial structures, Materials
Science Engineering A 157 (1992) 113-123.

[10] D.R. Poirier, P. Ocansey, Permeability for flow of liquid
through equiaxial mushy zones, Materials Science
Engineering A 171 (1993) 231-240.




Journal of Achievements in Materials and Manufacturing Engineering Volume 31 Issue 1 November 2008

[11] T.S. Piwonka, M.C. Flemings, Pore formation in [12] R.G. Santos, M.L.N.M. Melo, Permeability of

solidification, Transition Metallurgical Society of American interdendritic channels, Materials Science Engineering
Institute of Mining, Metallurgical and Petroleum Engineers A 391 (2005) 151-158.
236 (1966) 1157-1165. [13] N. Streat, F. Weinberg, Interdendritic fluid flow in a lead-tin

alloy, Metallurgical Transitions B (1976) 417-423.

Research paper , READING DIRECT: www.journalamme.org




