
J O U R N A L O F M A T E R I A L S S C I E N C E 4 0 (2 0 0 5 ) 1599 – 1609

Predicting dendrite arm spacing and their effect

on microporosity formation in directionally

solidified Al-Cu alloy

M. L. N. M. MELO∗
PPGECM, São Francisco University (USF), Itatiba-SP, Brazil
E-mail: mirian.melo@saofrancisco.edu.br

E. M. S. RIZZO
Department of Materials and Metallurgical Engineering, CEFETES, Vitória/ES, Brazil
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In the case of metallic alloys, which present dendritic structure, the mechanical properties
of foundry products depend on primary and secondary arm spacing. For the prediction of
microporosities it is necessary to characterize precisely the dendritic structure formed
during solidification, to calculate the permeability and also to estimate the radius of the gas
bubble to determine the pressure due to gas/metal surface tension. Therefore, it is
important in a computational simulation of the solidification processes to use reliable
equations to correlate the calculated thermal parameters with primary and secondary
dendrite arm spacing. This study presents a numerical and experimental analysis of some
models to predict the primary and secondary arm spacing as a function of thermal
parameters. Comparison between the numerical and experimental results for Al 4.5 wt% Cu
alloy allowed the selection of adequate equations to predict the dendritic spacing during
unidirectional solidification. C© 2005 Springer Science + Business Media, Inc.

1. Introduction
Microporosity may be found after solidification, spe-
cially in alloys which freeze over a temperature range
presenting a dendritic structure, and influences di-
rectly the mechanical properties of castings [1–3]. The
dendritic structure is characterized by primary and
secondary dendrite arm spacings. Microporosity may
occur during solidification of castings either due to re-
jection of gas from the liquid metal or to the inabil-
ity of liquid metal to feed through interdendritic chan-
nels in order to compensate for the shrinkage [4–17].
Analysis of microporosity formation is complex be-
cause it depends on interdendritic fluid flow and it is
affected by parameters such as alloy composition, gas
content, casting geometry and thermal properties of
mold, which directly influence the solidification pro-
cess. As the fluid flow in the interdendritic channels
depends on the primary and secondary dendrite arm
spacing, it is important to know the variation of these pa-
rameters during the solidification process to analyze mi-
croporosity formation.Formation of dendritic structure
has been studied during the last decades and different
approaches and equations have been used to estimate
primary and secondary arms spacings. The interden-
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dritic spacings [18–35] and parameters related to pore
formation, such as solid fraction [18, 26, 30, 36, 37],
permeability [38–45] and evolution of dissolved gases
[1, 5–17, 46–48] have been used to predict the posi-
tion and size of microporosity [5, 7, 8, 11, 14–16, 38,
45–48].

The aim of the present work is to analyze the appli-
cation of some models frequently used to estimate the
primary and secondary arms spacings, to predict the mi-
crostructure formation in an Al 4.5 wt% Cu alloy, and to
apply a numerical model to evaluate the dendritic arm
spacing influence on the prediction of microporosity
formation.

2. Numerical model
A numerical simulation to predict the microstructure
and the microporosity formation during solidification
must be able to describe precisely the evolution of solid
and liquid isotherms, temperature variation in the cast-
ing and in the mold and the primary and secondary
dendritic arms spacings. On the other hand, it is nec-
essary to know the pressure drop in the interdendritic
channels, which depend on the permeability of the
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dendritic array, and of the gas content in the liquid and
its solubility in the liquid and solid phases.

2.1. Modeling
Considering that solidification of alloys is primarily
governed by heat diffusion, the basic continuity equa-
tion at macroscopic scale is the equation of conservation
of energy given by [20]:

ρ · cp · ∂T

∂t
= ∇ · (k · ∇T ) + Q (1)

where ρ is the density of solid metal, cp is the specific
heat of solid metal, k is the thermal conductivity of solid
metal, Q is the heat liberated during solidification, T is
the temperature and t is the time.

The heat liberated during solidification is taken into
account applying the enthalpy model. The fraction of
solid as function of temperature is determined using
the Scheil equation [21] and the curve of variation of
enthalpy versus temperature can be calculated.

Considering variable thermophysical properties and
variable heat transfer coefficient in the metal/mold in-
terface and following a suitable discretization of the
metal/mould system, the differential equations, con-
sidering unidirectional solidification, are solved using
finite difference method. The temperatures are deter-
mined from the values of enthalpy, using the curve of
variation of enthalpy versus temperature, and the posi-
tions of the solidus and liquidus isotherms during solid-
ification are obtained. From these parameters it is pos-
sible to calculate the rate of dendrites tip movement, the
local solidification time and thermal gradients ahead of
dendrite tips and then predict the variation of dendrite
arms spacing during solidification. More details of the
numerical model have been presented in a previous pa-
per [17].

2.2. Microstructural prediction
For prediction of the interdendritic spacing, there are
basically two types of models: theoretical, based on
thermal parameters and on geometrical relations and
empirical, based exclusively on experimental results.

Theoretical analysis of the primary dendrite arm
spacing has been carried out since 1960 [19]. Mod-
els to determine the primary spacing have been pro-
posed, considering the advance velocity of dendrite
tip (Vliq), interface temperature gradient in the liquidus
front (G liq), and the composition of the alloy. For den-
dritic growth, when the advance velocity of dendrite tip
(Vliq) is high related to the velocity of transition from
cellular to dendritic structure (Vcd), Hunt [22] applying
a mass balance and assuming that the region close to the
dendrite tip can be considered approximated spherical,
proposed the following equation for primary interden-
dritic arm spacing:

λ1 = 2.83 4

√
Dliq�k�T0

VliqG2
liq

(1)

where Dliq is the diffusion coefficient in the liquid in
m/s2, � is the Gibbs-Thompson coefficient in mK, k
is the partition coefficient, G liq is liquid temperature
gradient in ◦C/m, Vliq is the advance velocity of the
liquidus isotherm or of the dendrite tip in m/s and �T0
is the liquidus-solidus range in ◦C given by:

�T0 = −mC0(1 − k)

k
(2)

where C0 is the initial concentration of solute of the
alloy in wt% and m is the liquidus slope in ◦C/wt%.

Another theoretical model to characterize interden-
dritic spacing was proposed by Kurz and Fisher [18]
assuming that the tip radius of the dendrite, and the
length of the interdendritic liquid zone can determine
the primary spacing. They assumed that the mean cross
section of the trunk and branches of the dendrite can be
considered as an ellipsoid and proposed that for high
interface rate, the primary dendritic spacing become:

λ1 = 4.3 4

√
�T0 Dliq�

kVliqG2
liq

(3)

Trivedi [23] considering the interference of the
neighboring dendritic branches and assuming a spheri-
cal approximation for the interface, in the case of den-
dritic growth, with low values for the G liq/Vliq relation,
proposed that the equation for primary spacing could
be written in the following manner:

λ1 = 6 4

√
�T0 Dliq�

kVliqG2
liq

(4)

Geying and Lixin [24] based on Hunt’s model [22]
and on Trivedi’s equation [23] proposed the following
equation, to calculate primary spacing for high interface
velocity:

λ1 = 1.34

√(
1

2
(l + 1)(l + 2)

)
4

√
�T0 Dliq�k

VliqG2
liq

(5)

where, for dendritic growth Trivedi proposed l = 6.
Empirical models were proposed by observing that

primary interdendritic spacing decreases with the in-
crease in thermal gradient (G liq) and/or growth velocity
(Vliq) determined in the liquidus isotherm or dendrite
tip. Young and Kirkwood [25] proposed, from experi-
mental data for the Al-Cu alloy with 4.4 and 6.0 wt%
Cu, the following equation:

λ1 = 3050G−0.5
liq V −0.36

liq (6)

where λ1 is in µm, Vliq in µm/s and G liq in ◦C/mm.
McCartney e Hunt [32] utilizing experimental data

for Al 6 wt% Cu obtained:

λ1 = 359G−0.474
liq V −0.31

liq (7)

where λ1 is in µm, Vliq in mm/s and G liq in K/mm.
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After being established primary spacing does not
vary, which does not occur with secondary spacing due
to the coarsening effect [18]. Coarsening of the den-
drite secondary arms occurs through the mechanism of
refusion of the thin secondary arms and the thickening
of the thicker arms [18, 26].

Theoretical models to predict secondary arm (λ2)
have also been proposed, considering local solidifi-
cation time (tlocal) and are based on two basic con-
cepts [27]: Fick’s law and the Gibbs-Thompson equa-
tion, which are used to develop idealized thickening
models.The basic difference between the models is
the condition adopted on refusion of the secondary
branches. For example, Feurer [28] considered thick-
ening as being a consequence of refusion of the thin
lateral branches and proposed the following equation:

λ2 = 5.5 · (Mtlocal)
1/3 (8)

where M is a coarsening parameter that represents the
influence of the type of alloy and initial composition in
the value of secondary arm, and is given by the follow-
ing equation:

M = 2σsl DliqTliq ln
(Cliq

C0

)
Hf (1 − k) m(Cliq − C0)

(9)

where σ sl is solid/liquid interfacial energy in J/m2, Cliq
is the final concentration of the liquid in wt%, which is
sometimes equal to Ceut and Hf volumetric latent heat
of fusion in J/m3.

Kirkwood [29]proposed a theoretical model for
coarsening, based on the refusion of thin branches, be-
ginning at the tip and dislocating towards the root, and
proposed the following equation for secondary spacing:

λ2 =
(

128�Dliq ln
(Cliq

C0

)
tlocal

(1 − k)mliq(C0 − Cliq)

)1/3

∼= 5

(
�Dliq ln

(Cliq

C0

)
tlocal

(1 − k)mliq(C0 − Cliq)

)1/3

(10)

Empirical models for the secondary dendrites arm
spacing, based exclusively on experimental results,
have also been carried out. An example of empirical
models for the prediction of secondary arm is the Bower
et al. model [30] proposed for the Al 4.5 wt% Cu alloy:

λ2 = 7.5 × 10−6(tlocal)
0.39 (11)

Jones et al. [34] proposed a different model based on
cooling rate (R) given by:

λ2 = 50(R)−1/3 = 50

(
Tliq − Tsol

tlocal

)−1/3

(12)

2.3. Prediction of microporosity formation
In the last decades, researches have been developed
on many aspects related to microporosities formation.

But, there are already discussions on whether the pore
formation in the cast metal is caused primarily by con-
traction, dissolved gases or by a combination of both.
While some authors [50–53] consider only metal con-
traction, others [55, 56] affirm that the first traces of gas
are necessary to form microporosities, and that it does
not occur in a completely gas free casting. Others [1, 4,
5, 16, 54, 57, 58] suggest that simultaneous occurrence
of contraction and gas evolution is essential to form
microporosities.

Favorable conditions for microporosity formation are
inefficient liquid feed; difficulty in interdendritic flow,
low energy for pore nucleation; low pressure acting
on the liquid metal; surface tension; high gas content
and low gas solubility in the solid phase [56]. These
conditions for porosity formation are expressed in terms
of pressures and predict the thermodynamic condition
for porosity formation in castings by the equation [1, 2,
4–9, 12, 13, 16, 26, 39, 57]:

PG + �P ≥ PA + PM + Pσ (13)

where PG is the pressure of dissolved gases in the melt,
�P is the pressure drop in interdendritic channels, PA
is the atmospheric pressure, PM is the metalostatic pres-
sure and Pσ is the pressure necessary to overcome sur-
face tension.

During solidification, the rejection of gas at the
solid/liquid interface leads to an increased gas con-
centration in the liquid. If this concentration reaches
a critical value, based on the net solubility of gas in the
liquid, then pores can nucleate and grow [5, 7–9, 16].

In the case of aluminum alloys, hydrogen is the gas
of highest interest [12, 49, 58]and the equation to de-
termine gas pressure assumes that there is a complete
diffusion of hydrogen in the liquid [4, 7, 55]. Diatomic
gases generally dissociate when they are dissolved in
metals. For diluted solutions, and assuming the behav-
ior of an ideal gas, the Sievert’s law can be applied [8,
9] and:

Pgas = 105 ·
(

Hliq

S

)2

(14)

where Hliq is weight percentage of gas (hydrogen) dis-
solved in the liquid and S is the solubility in cm3 per
100 g of alloy per atm1/2.

As the solid and liquid phases coexist inside the
mushy zone and the dendritic spacing is generally very
small, it is reasonable to assume that the gas rejected
by the solid phase diffuses entirely into the liquid phase
before forming micropores. In this manner, it can be as-
sumed that the initial quantity of gas in the solidifying
alloy should be conserved and a balance of mass can
be made [5, 16, 54, 55]:

H0 = Hsol · (1 − fliq) + Hliq · fliq (15)

where H0 is the nominal concentration of gas dissolved
in the liquid metal, Hsol is amount of gas in the solid
phase; Hliq is amount of gas in the liquid phase and fliq
is liquid fraction.
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Usually a metal at high temperature can dissolve
more gases, and the gas solubility in a molten metal is,
in general, function of temperature. As the solubility of
the solid phase is smaller, part of gas will be rejected
from the growing dendrites into the interdendritic liq-
uid during solidification, and can be determined by the
equation [1, 4, 59, 60]:

log S = −A

T
+ B (16)

where A and B are parameters that depend only on
concentration of solute in alloys, and T is temperature
in K . The solubility (S) should consider the rejection
of solute in the interdendritic liquid [11]. For the Al-Cu
alloys, using a regression analysis, the values of A and
B given by Opie and Grant [11] are:

A = 2550 + 358.9C1/2
Cu − 54.48CCu + 0.641C3/2

Cu

(17)

and

B = 2.620 + 0.3043C1/2
Cu − 0.08072CCu

+ 0.0004484C3/2
Cu (18)

with CCu as the wt pct of copper in the liquid.
To compensate metal contraction during solidifica-

tion, there should be a flow of liquid metal into the in-
terdendritic channels. The increase in roughness of the
interdendritic channels, caused by the successive rami-
fication of the dendritic arms, promotes a pressure drop
inside the channel (�P). Considering only the forma-
tion of porosity through contraction, pores are formed
when the pressure drop at a point within the mushy
zone is larger than the pressure acting at that point [1,
51, 61].

Since the interdendritic channels are quite small, the
liquid metal that flows through them can be treated as
a flow through a porous media. So the pressure drop
inside the interdendritic channels was determined us-
ing Darcy’s law [1, 4, 7, 16, 46, 55, 61, 62]. In the case
of vertical directional solidification, with heat being re-
moved through the lower part of the mold, the liquid
metal flow is parallel to the primary dendritic branches.
Therefore, pressure drop inside the channels, for a cer-
tain point within the mushy zone, in a certain instant,
can be determined by the equation:

�P = −
∫ L

0

Vflux · µ · gliq

K
dy (19)

where Vflux is the velocity of the liquid metal flow in
the y direction, in m/s, µ is the dynamic viscosity of
the liquid metal in kg/m · s, gliq is the volumetric liquid
fraction; K is the permeability in m2,L is the length of
the mushy zone, given by the distance between the po-
sitions of liquidus and solidus temperatures, at a certain
moment.

To determine the pressure drop that occurs during
the liquid flow in the interdendritic channel, it is neces-

sary to calculate the permeability of the dendritic net-
work. During solidification, a continuous variation is
observed in the interdendritic primary and secondary
spacing; therefore, permeability also varies during the
solidification process. In another paper [17] a compari-
son is presented between different permeability models
proposed by Flemings et al. [39], Poirier [4, 63], Santos
[15, 65], Carman-Kozeny [5, 13, 39, 64] and Murakami
[66]. The results indicated that the use of the equation
proposed by Santos [15] becomes interesting, as it is
an equation based on process parameters (λ1,λ2,gliq),
and not on parameters arising from linear regressions
with an interval of restricted validity. It is important
to note that, while models in general consider constant
tortuosity [8, 26, 38], this equation, proposed by Santos
[15], considers a variation of the tortuosity with the liq-
uid fraction. The equation to determine pressure drop
(Equation 19) now becomes:

�P =
∫ L

0

8π
(ρsol−ρliq

ρsol

)
Vsolµ

λ2
1gliq

(
1 +

3∑
n=1

(
λ2

λ1

)gn
liq

)
dy

(20)

where ρsol and ρliq are the densities of the solidus and
liquidus phases respectively, and Vsol is the velocity of
the liquid metal flow in the y direction, in m/s.

Pressure caused by surface tension of the liquid/gas
interface represents an initial resistance to the formation
of the gas bubble, varying with many factors and nucle-
ation mechanisms [67]. A bubble cannot be stabilized
for a radius tending to zero because the pressure due to
tension would tend to an infinite value. But there is a
critical size of bubble, below which it is not able to sur-
vive and above which it tends to grow [2]. To calculate
this pressure it is used the Laplace’s equation, which
relates the pressure difference along the interface with
the surface tension and the principal curvature radii of
this interface at the point considered [1, 2, 4, 5, 8, 9,
11, 12, 16, 49, 54, 67]. This equation is given by:

Pσ = σlg

(
1

r1
+ 1

r2

)
∼= σlg

rp
(21)

where σ lg is the surface tension of the liquid/gas inter-
face, in N/m2, and r1 and r2 are the principal curvature
radii of the pore, in m, which depend upon the vol-
ume of interdendritic space and its geometry and the
contact angle at the junction between gas, solid and
liquid.

Considering that the microsegregation of solute in-
fluences the solubility of the hydrogen for the Al-Cu
alloys [68], the equation for surface tension is given
by:

σlg = 0.868 + 0.761 × 10−3CCu,liq + 1.29

× 10−5CCu,liq (22)

where CCu,liq is concentration of copper, in the inter-
dendritic liquid, in wt%, obtained through the Scheil
[21] equation.
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One of the problems for modeling microporosities
formation is to predict the critical initial radius (rp). To
estimate initially this radius, it is necessary to charac-
terize the dendritic structure of the alloy during solidi-
fication. For example, considering the dendritic struc-
ture formed, interdendritic microporosities can be lo-
cated between primary spacings or between secondary
branches.

Kubo and Pehlke [5], for an Al 4.5 wt% C alloy
directionally solidified, suggest that the pore radius (rp)
can be considered equal to the size of the dendritic cell,
that is:

rp = λ1

2
(23)

However, this consideration is not quite realistic,
since the pore is formed between the dendrites, which
present a certain solidified thickness, and therefore the
pore will have smaller dimensions than the primary
interdendritic spacing. Poirier et al. [4], based on a
previous study on columnar dendrite microstructures
[69], affirmed that the primary arms in general aligned
themselves such as adjacent rows and present interlaced
rather than square arrangements as showed in Fig. 2b.
It is suggested that the radius depends on the geomet-
rical arrangement formed by the dendrites and it also
varies with the volumetric fraction of liquid. Suppos-
ing that the interlaced arrangement occurs with greater
frequency, Poirier et al. [4] consider the interdendritic
space as being a channel of width δ and propose that
the width of the pore should be determined considering
the volumetric fraction of liquid (gliq), in the following
manner:

δ = gliqλ1

2
(24)

According to Poirier et al. [4] a gas bubble should be
inserted into a channel, in which the length (r1) is much
larger than the width (r2); when the principal curvature
radii are:

r1 = δ/2 (25)

and

r2
∼= ∞ (26)

and so:

r1 = gliq · λ1

4
(27)

Kao et al. [47] using upward directional solidifica-
tion, for the Al 4.5 wt% Cu alloy, found an equiaxial
grain structure. They assumed that pores nucleate at
the root of the dendrites and are controlled by the inter-
dendritic space during the solidification process. They
assured that during the last stages of pore growth, the
value of r2 is much larger than r1, as shown in Fig. 3.
Therefore, the principal curvature radius r1, can be con-
sidered as being proportional to the secondary spacing,

it is assumed that:

r1 = λ2

4
(28)

Zou et al. [55] modeling the formation of microp-
orosities in A356 alloy with equiaxial grains, also adopt
this equation for porosity radius.

There are still models [13], which do not consider
the pressure caused by surface tension; this would be a
limit case of an infinite pore radius. With this consid-
eration there would be no initial resistance for the gas
bubble formation, and the amount of porosities would
depend only on the amount of gases present in the alloy.
However, this consideration does not agree with exper-
imental results found in literature, where the amount
of porosities decreases in cast parts having a refined
structure [46].

3. Experiment
Fig. 1 shows the experimental setup used for upward
directional solidification of the Al 4.5 wt% Cu alloy.
The alloy was melted and poured at 1023 K in a cylin-
drical holder tube, with diameter of 40 and 250 mm in
length, made of ceramic material, mounted over a water
cooled cooper mould and kept at 973 K. Temperature
variations during solidification, in the casting and mold
were measured with chromel-alumel thermocouples in-
serted at different positions (Fig. 1), coupled to a data
acquisition system. The initial hydrogen content of the
melt was determined using a Telegas apparatus [48].

The microstructure was analyzed through optical mi-
croscopy. The transverse and longitudinal sections of
the samples were polished and attacked with Keller’s
reagent to measure the primary and secondary dendrite
arm spacing. Transversal samples were used to mea-
sure the primary dendrite arm spacing and longitudinal
samples were used to measure the secondary dendrite
arm spacing [24]. Pore fraction was measured by image
analysis.

4. Results and discussion
Thermophysical properties of the Al 4.5 wt% Cu used
in the simulations performed are in Table I. Although
the method is applied to aluminum alloys, it is gener-
ally valid and can be easily extended to other systems.
The temperature variations experimentally monitored
were used in a finite difference heat flow program to
determine the transient metal/mold heat transfer co-
efficient. The coefficient varies from about 4,000 to
1,000 W/(m2K) during the solidification process [17].

The variations of the interdendritic arm spacings dur-
ing solidification were determined using the tempera-
ture variations, the advance velocities of dendrite tip,
the local solidification time and the thermal gradients
in front of the dendrite tip, obtained with the numerical
model.

Fig. 4 presents microstructures of cross section of
samples at 10, 70 and 110 mm from metal/mould inter-
face, showing the primary dendrite arms. Fig. 5 presents
microstructures of transversal sections of samples at 20,
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Figure 1 (a) Schematic illustration of the experimental apparatus used to directionally solidify. (b) Unidirectional macrostructure obtained the Al
4.5 wt% Cu alloy.

Figure 2 Schematics presented by Poirier et al. [4] of the arrangements
of primary dendrite arms (a) interlocking arrangement (b) square ar-
rangement, and (c) dendritic grooves among three primary dendrite arms.
Arrangements (a) and (b) presented by Jacobi [69].

Figure 3 Schematics presented by Kao et al. [47] for pore formation.

35 and 190 mm from metal/mould interface, showing
the secondary dendrite arms. It is observed that both
primary and secondary dendrite arms spacings increase
with the distance from metal/mould interface.

As an example of application of the numerical model,
Fig. 6 presents the results obtained for primary dendrite
arm spacing (λ1) as function of cooling rate, using dif-
ferent theoretical models. The equations for high veloc-
ities proposed by Kurz and Fischer [18], Trivedi [23],
Geying and Lixin [24] and Hunt [22] are similar, dif-
fering only by constants, giving parallel curves. These

1604



TABL E I Constants and thermophysical properties of Al 4.5 wt% Cu Alloy

Description Value Temperature Reference

Melting temperature base metal 660.4 (◦C) - Kurz and Fisher, 1986 [18]
Liquid temperature 646 (◦C) – Voller and Swaminathan, 1991 [70]
Eutectic temperature 548 (◦C) – Kubo and Pelhke, 1985 [5]
Eutectic composition 33.2 (%) 548(◦C) Kubo and Pelhke, 1985 [5]
Specific heat 0.9 (kJ/kgK) 1.1(kJ/kgK) 548(◦C) 645(◦C) Voller and Sundarraj, 1995 [71]
Thermal conductivity 200 (W/mK) 100 (W/mK) 548(◦C) 645(◦C) Voller and Sundarraj, 1995 [71]
Latent heat in melting 385000 (J/kg) – Swaminathan and Voller, 1992 [72]
Density—solid phase 2610 (kg/m3) 548(◦C) Poirier et al., 1987 [63]
Density—liquid phase 2450 (kg/m3) 652(◦C) Poirier et al., 1987 [63]
Interfacial liquid-gas energy 0.825 (N/m2) – Emadi, Gruzleski, Toguri, 1993 [49]

Figure 4 Micrographs of unidirectionally solidified Al 4.5 wt% Cu al-
loy, cross section showing the variation in primary interdendric spacings
with the distance from the cooled copper chill. Magnification: 100×.
Keller attack: (a) Distance from chill 10 mm, (b) Distance from chill 70
mm, and (c) Distance from chill 110 mm.

Figure 5 Micrographs of unidirectionally solidified Al 4.5 wt% Cu al-
loy, transversal section showing variation in secondary interdendritic
spacings with the distance from the cooled copper chill. Magnification:
100×. Keller attack: (a) Distance from chill 20 mm, (b) Distance from
chill 35 mm, and (c) Distance from chill 190 mm.

differences result from the geometrical considerations
initially assumed by the authors. Fig. 7 presents the
experimental results for λ1 as function of the distance
from metal/mould interface obtained in this work, com-
pared with results obtained with the numerical model
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Figure 6 Predictions of the primary interdendritic spacing of Al 4.5 wt%
Cu alloy of different models in literature [18, 22–24] as function of the
cooling rate.

Figure 7 Variations in primary spacing for different models [18, 20–22]
compared to the experimental data for the directionally solidified Al 4.5
wt% Cu alloy.

using the cited equations [18, 22–24]. It can be seen
that the Hunt model [22] describes satisfactorily the
variation of primary spacing, specially for high cooling
rates. The other models present the same growth ten-
dency, but dislocated upwards. The empirical models
proposed for primary spacing [25, 32] were also tested
but the results obtained did not described satisfactorily
the experimental observation.

Fig. 8 presents the comparison between the experi-
mental results for secondary arm spacing as function of
the distance from metal/mould interface obtained in this
work with those obtained by the numerical model using
models proposed by different authors [28–30, 34]. An-
alyzing Fig. 8 it is observed that the empirical models
proposed by Bower [30] and Jones [34] fit well with the
experimental results. The theoretical models by Feurer
[28] and Kirkwood [29] present the same tendency,
however, dislocated upwards. It must be emphasized
that the models are not necessarily incorrect, but inad-

Figure 8 Variations in secondary spacing for different models Bower
[28] and Jones [32] Feurer [26] and Kirkwood [27] compared to the
experimental data for the directionally solidified Al 4.5 wt% Cu alloy.

Figure 9 Permeability and pressure drop variation with cooling rate dur-
ing Al 4.5 wt% Cu solidification.

equate for the solidification conditions observed in this
work.

During the solidification, continuous variation of pri-
mary and secondary arms spacings is observed and the
permeability of the interdendritic channels also varies.
From equation [20] it is observed that permeability de-
creases when primary dendrite arms spacing decreases,
secondary arms spacing increase and liquid fraction de-
creases. This variation affects the pressure drop in the
interdendritic channels during the liquid flow.

Fig. 9 shows the variation of pressure drop and per-
meability with cooling rate obtained by the numerical
model applying the Hunt and the Bower models, re-
spectively, to calculate variations of primary and sec-
ondary dendrite arms spacings. It is observed that per-
meability increases when the cooling rate decreases,
and the pressure drop initially decreases as permeabil-
ity increases, as expected. But when the cooling rate
that decreases during solidification, reaches a certain
value affecting the extension of the mushy zone and
the rate of the solidus isotherm movement, the pressure
drop increases, despite the increase in permeability.

In the case of the upward directional solidification
of the Al 4.5 wt% Cu alloy, it is observed a formation
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Figure 10 Microphotography of the Al 4.5 wt% Cu alloy transverse
section at a distance of 110 mm from the metal/chill mold interface.
Magnification: 250×.

of columnar structure in almost the entire sample. The
interdendritic feeding is strongly favored, as the pri-
mary arm spacing only increases with the distance from
the chill mold, leading to a increase in the permeabil-
ity during solidification. Lee et al. [46], considering
similar results with an Al 7 wt% Si-0.3 wt% Mg alloy
affirm that the pressure drop diminishes due to the high
permeability of the coarse structure which facilitates
interdendritic feeding. Sigworth and Wang [7–9] af-
firm that the drop in pressure, in the presence of gases,
does not exert influence on the formation of pores in
aluminum alloys, as the order of magnitude is much
smaller than that of the gas pressure. Analyzing the
experimental results obtained as, for example, those
presented in Fig. 10, it is possible to observe the occur-
rence of microporosity in most of the extension of the
sample, increasing with the distance from metal/mould
interface. This occurs because it is observed a signif-
icant increase in the primary spacing for low cooling
rates, as illustrated in Figs 4, 6 and 7, and the pressure
due to surface tension (Pσ ) decreases, as indicated in
Equation 21, offering low resistance to the formation
of microporosities by dissolved gases. As the metalo-
static pressure (PM), in the case of aluminum alloys, is
relatively small, the gas pressure (PG) has to overcome
only the atmospheric pressure (PA). Another reason for
this increase in microporosities is that the solidification
rate decreases with the distance from metal/mould in-
terface giving more time for hydrogen to diffuse to the
bubbles already formed.

Fig. 11 presents the results of pore radius as func-
tion of distance from metal/mould interface obtained
applying models proposed for two distinct conditions:
assuming that the microporosities are (1) interdendritic,
adopting the Poirier et al. [4] proposal and (2) intraden-
dritic, adopting the suggestion of Kao et al. [47] and
Zou et al. [55], compared with the experimental re-
sults for the directionally solidified Al 4.5 wt%Cu alloy.
These results were obtained considering an initial hy-
drogen content of 0.10 cc/100 g Al. Analyzing Fig. 11,
it is seen that the results of the model for interdendritic
microporosities agrees better with the experimental re-
sults. As seen in Fig. 10, interdendritic microporosi-
ties were found in the directionally solidified Al-4.5

Figure 11 Variations in the porosity radius predicted by the numeric
model, assuming different proposals for the porosity radius, compared
to the experimental results obtained from the directionally solidified Al
4.5 wt% Cu alloy.

Figure 12 Variations in the porosity radius predicted by the numeric
model, assuming different models for the primary interdendritic spacing,
compared to the experimental results obtained from the directionally
solidified Al 4.5 wt%Cu alloy.

wt% Cu alloy between the columnar dendrites, confirm-
ing these results. The space between primary branches
is much larger than the space between the secondary
branches, therefore the pressure needed to form a gas
bubble is much smaller between primary branches than
between secondary branches [4]. So, the adoption of
intradendritic microporosities, when in truth they are
interdendritic, results in an underestimated profile for
their dimensions.

Fig. 12 presents the results of the numerical model,
assuming that the microporosities are interdendritic [4],
but using two models to predict the primary interden-
dritic spacing, Kurz and Fischer [18] and Hunt [22],
compared with the experimental results for the poros-
ity radii in the directionally solidified Al 4.5 wt% Cu
alloy, for an initial hydrogen content of 0.10 cc/100 g
Al. Analyzing Fig. 12, one notes that adopting an inad-
equate model to predict microstructure can cause great
discrepancies in the results of the predicted dimensions
for the microporosities.
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Figure 13 Variations in the porosity radius predicted by the numeric
model, compared to the experimental results obtained from the direc-
tionally solidified Al 4.5 wt%Cu alloy, as function the cooling rate.

Figure 14 Pore radius variation considering the cooling rate for different
initial hydrogen concentrations as the cooling rate function.

Fig. 13 presents the variation in pore radius as func-
tion of the cooling rate, predicted by the numerical
model compared to the equivalent mean radius mea-
sured in the samples also for an initial hydrogen con-
tent of 0.10 cc/100 g Al. It can be observed that the
porosity dimensions increase with the decrease in the
rate. These results are similar to those found by Emadi
and Gruzleski [49] for the A356 alloy (modified or not),
which observed that the volumetric fraction and the di-
mensions of microporosities increase with the decrease
in rate, and this increase is more abrupt for low cooling
rates, below 1◦C/s.

Fig. 14 presents the variations in pore radii, estimated
by the numerical model, as function of the cooling rate,
for different initial hydrogen concentrations. It can be
seen that, for the same thermal conditions and for the
same alloy, pore radius increases with the increasing
initial hydrogen content. This occurs due to the fact
that the gas pressure (PG) exceeds the acting pressure
much more easily with the increase in hydrogen con-
centration. It can also be noted that the formation of
porosities can be avoided for certain hydrogen contents
by increasing the cooling rate.

5. Conclusions
Numerical and experimental results presented in this
paper indicate that the numerical model permits a suf-

ficiently precise analysis of the formation of microp-
orosity by dissolved gases and by shrinkage of metallic
alloys during solidification, considering interdendritic
spacing and porosity radius, initial hydrogen content
and the thermal conditions of the process. The pressure
drop in the interdendritic channels is affected by per-
meability of the channels, cooling rate, extension of the
mushy zone and rate of solidus isotherm movement.

From the results obtained it is possible to conclude
that for cooling rates above 1◦C/s the possibility of pore
formation increases, affected by smaller primary and
secondary interdendritic arms spacing, that decreases
the permeability and increases pressure drop.

To predict the formation of microporosity, it is neces-
sary to determine which is the more convenient equa-
tion to estimate the primary and secondary interden-
dritic arm spacing, for the alloy and thermal conditions
applied. In the case of upward directional solidifica-
tion of the Al 4.5 wt% Cu alloy, it was observed that
the equations which best describe the primary and sec-
ondary spacing are the Hunt and Bower respectively.

For the case of the upward directional solidification
of the Al 4.5 wt% Cu alloy, in which a columnar struc-
ture was formed in almost the entire extension of the
sample, the pressure drop is always less than the acting
pressure, indicating that there is no pore formation due
to shrinkage and that the pores formed are related to the
presence of gases.

Adoption of the proper equation for the initial micro-
porosity radius is decisive in the precision of the model,
as it directly influences the pressure caused by surface
tension, which makes difficult the bubbles formation.

For a certain cooling rate the volumetric pore frac-
tion and the size of the pores increase with the initial
hydrogen content. This is more significant for smaller
cooling rates.

Diminishing the cooling rate (below 1◦C/s), the for-
mation of microporosities by gases is favored, since
the larger the interdendritic spacing the smaller will be
the pressure due to surface tension, which difficult pore
nucleation.
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