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A comprehensive methodology that takes into account solidification, shrinkage-driven interdendritic
fluid flow, hydrogen precipitation, and porosity evolution has been developed for the prediction of
the microporosity fraction and distribution in aluminum alloy castings. The approach may be used
to determine the extent of gas and shrinkage porosity, i.e., the resultant microporosity which occurs
due to gas precipitation and that which occurs when solidification shrinkage cannot be compensated
for by the interdendritic fluid flow. A solution algorithm in which the local pressure and microporosity
are coupled is presented, and details of the implementation methodology are provided. The models
are implemented in a computational framework consistent with that of commonly used algorithms
for fluid dynamics, allowing a straightforward incorporation into existing commercial software. The
results show that the effect of microporosity on the interdendritic fluid flow cannot be neglected.
The predictions of porosity profiles are validated by comparison with independent experimental
measurements by other researchers on aluminum A356 alloy test castings designed to capture a variety
of solidification conditions. The numerical results reproduce the characteristic microporosity profiles
observed in the experimental results and also agree quantitatively with the experimentally measured
porosity levels. The approach provides an enhanced capability for the design of structural castings.

I. INTRODUCTION the phenomena of porosity formation and pore growth[13,14,15]

and pore morphology.[16]

THE use of aluminum alloy castings for structural com- Kubo and Pehlke[9] presented a methodology for the pre-
ponents offers significant opportunities for reducing the diction of microporosity distribution in shaped castings. In
weight of automobiles, since aluminum alloy components their study, the effects on porosity formation of both the
are typically about half the weight of the steel, cast iron, hydrogen precipitation during solidification and the pressure
or ductile iron component that they replace. However, the drop due to the feeding resistance of the mushy zone were
performance requirements of structural castings, particularly considered. The pressure drop during solidification was cal-
chassis or suspension components, place greater require- culated only in the interdendritic-feeding regime using
ments on their mechanical properties. An important factor Darcy’s law. The liquid-feeding and mass-feeding regimes
that leads to a decrease in the mechanical properties of were neglected. The local pressure and porosity were com-
castings (notably ductility and fatigue life) is the presence puted in an uncoupled manner. The primary variable to be
of microporosity. computed (either pressure or porosity) was selected based

In the terminology commonly used by foundrymen, on a “flux of interdendritic liquid” criterion. If the flux of
porosity is usually considered to be either “hydrogen” or liquid was positive, then the pressure was first computed
“shrinkage” porosity. Hydrogen porosity is the term given using the porosity at the previous time step. If the flux of
to porosity that is generally rounded, isolated, and well liquid was negative, then the porosity was first computed
distributed. Porosity that is interconnected or clustered and using the pressure at the previous time step. The methodol-
of an irregular shape corresponding to the shape of the ogy proposed by Kubo and Pehlke[9] has been used with
interdendritic region is usually termed shrinkage. In general, little change in numerous studies, such as those of Combeau
the occurrence of microporosity in aluminum alloys is due et al.[17] and Rousset et al.[18]

to the combined effects of solidification shrinkage and gas The accuracy of the pressure computation is very
precipitation.[1] Gas pores form when the partial pressure of important for microporosity prediction. The pressure distri-
hydrogen, which corresponds to the hydrogen concentration bution in castings is affected by liquid feeding, mass feeding,
within the liquid, exceeds the local pressure in the mushy and by macroshrinkage effects such as the profile of the air-
zone by an amount necessary to overcome surface-energy liquid metal interface in the riser, which cannot be considered
forces.[1] The local pressure in the mushy zone (Pm) results using Darcy’s law as the momentum equation. More accurate
from (1) the ambient pressure, (2) the metallostatic head, fluid-flow models than that used by Kubo and Pehlke[9] are
and (3) resistance to the flow of fluid to feed solidifica- presented by Zou and Doherty[19] and Combeau et al.[20] The
tion shrinkage. former study considers porosity for two-dimensional cases.

Attempts to predict the level of porosity in castings have Without considering microporosity, the latter study includes
included both parametric[2–7] and continuum models.[1,8–12]

interdendritic flow for three-dimensional simulations of
A number of other studies have also attempted to understand mold filling. Suri and Paul[12] presented a three-dimensional

methodology without providing details on the coupling
between the computations of microporosity and pressure.
Barkhudarov, et al.[11] suggested that the complexity of the
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The governing equations for fluid flow and hydrogen glrlhl 1 gsrshs 1 gse(rsehse 2 rshs) is the density-weighted
enthalpy, u is the intrinsic fluid velocity, and keff 5 ksgs 1evolution indicate that porosity formation and fluid flow are

strongly coupled. However, in most studies on microporos- klgl is the effective thermal conductivity. The subscripts s
and l refer to the solid and liquid phases, respectively, whileity,[10,14,15] it is considered that the porosity formation does

not influence the fluid flow in the mushy zone. Kuznetsov the subscript e indicates eutectic phases. The subscript se
refers to the solid eutectic phase. Because we are mainlyand Vafai[21] showed that neglecting the effect of porosity

formation on the pressure in the mushy zone yields higher concerned with the numerical simulation of shrinkage-
induced flows for which interdendritic velocities are small,pressure drops and an over-prediction of final porosity. They

also showed that the influence of porosity formation on the the convection term is neglected in the energy equation. By
neglecting the microsegregation in the solid, the enthalpiespressure is larger at lower pressures in the mushy zone.

Microporosity defects generally occur together with other are given by
defects such as macrosegregation and macroshrinkage. The
appearance of these defects may be strongly coupled, i.e.,

hs(T ) 5 e
T

T0

Cs
pdT and

[2]
they may have a strong effect on microporosity, which, in
turn, can influence their location and extent. By using an
empirical model for microporosity growth, Sundarraj and
Voller[22] found that inverse segregation depends strongly hl(T ) 5 hs(TE) 1 e

T

TE

(Cl
p 2 Cs

p)dT 1 L
on microporosity. They found that microporosity influences
inverse segregation by reducing the shrinkage feeding and,
thereby, reducing the mass-flow rate of solute toward the where T0 and TE are the reference and eutectic temperature,
solidifying regions. Therefore, in order to predict casting respectively; Cs

p and Cl
p are the specific heat for the solid

defects accurately, comprehensive models of fluid dynamics, and liquid phase, respectively; and L is the latent heat of
heat transfer, solidification, and microporosity must be used. solidification.

To date, no methodology has been proposed to quantify
the extent of shrinkage porosity, which occurs when solidifi-

III. FLUID DYNAMICS DURING CASTINGcation shrinkage cannot be compensated for by interdendritic
fluid flow. In this study, we propose a methodology to deter- During solidification in alloy castings, regions of solid,
mine the extent of gas and shrinkage porosity, based on mush, and bulk fluid coexist. At low solid fractions, solid
experimental evidence and thermodynamic considerations. nuclei are dispersed in the liquid and carried away by the
The methodology for microporosity prediction can be inte- liquid metal flow. This flow regime, in which the alloy
grated into general computational frameworks for predicting behaves like a slurry, is referred to as mass feeding. At solid
casting defects. In order to accurately model the flow field fractions larger than a critical value (gcr

s ), referred to as the
for any casting condition, the fluid-dynamics model includes coherency limit, dendrites form a fixed network through
the liquid-feeding and mass-feeding regimes. The methodol- which the liquid metal flows. The value of gcr

s is dependent
ogy presented in this study considers the following factors on the type of alloy and dendrite morphology.[23] The flow
that contribute to microporosity formation: (1) heat transfer regime encountered above the coherency limit is called inter-
and alloy solidification, (2) the local microstructural-length dendritic feeding.
scale, (3) hydrogen redistribution during solidification, (4) In order to determine the pressure drop during solidifica-
fluid flow, which feeds the solidification shrinkage, (5) bub- tion, various feeding mechanisms such as liquid feeding,
ble nucleation after surface-tension forces are overcome, (6) mass feeding, and interdendritic feeding must be consid-
microporosity growth due to the local pressure drop in the ered.[24] In order to consider mass and interdendritic feeding,
mushy zone, and (7) pore expansion in regions where liquid the alloy volumetric fraction (gc) and alloy density (rc),
feeding alone cannot compensate for the solidification which are convected by the liquid flow, are tracked. The gc
shrinkage. and rc variables are given by

The solution algorithm presented includes a fully coupled,
implicit treatment of microporosity and local pressure in gc 5 H1 if gs # gcr

s

gl if gs . gcr
s

and rc 5 Hr if gs # gcr
s

rl if gs . gcr
s

[3]
the mushy zone. The methodology presented is suitable for
straightforward implementation in commonly used algo-

The mass-conservation equation for the intrinsic fluidrithms for fluid dynamics (SOLA[11] and SIMPLE) in casting
velocity (u) is given bysimulation software. The approach presented has been vali-

dated on aluminum A356 alloy test castings designed to ­r
­t

1 ¹ ? (rcgcu) 5 0 [4]capture a variety of solidification conditions.

where r 5 rlgl 1 rsgs 1 gse (rse 2 rs) 1 rggg is theII. HEAT TRANSFER AND ALLOY volumetric average density; gs , gl , and gg are the volumeSOLIDIFICATION fraction of solid, liquid, and gas, respectively; and rse and
The energy equation that describes the heat transfer during gse are the density and volume fraction of the solid eutectic,

alloy solidification appears as respectively. The solid density (rs) is usually taken to be
constant, while the liquid density varies with the solute­rh

­t
1 ¹ ? (rlhlglu) 5 ¹(keff ¹T ) [1] concentration and temperature, i.e., rl 5 rl (T, Cl). The gas

density (rg) varies according to the ideal gas law: rg 5
Pg /(RH2T ), where RH2 is the hydrogen gas constant.where r, h, t, g, and T are the density, enthalpy, time, volume-

tric fraction, and temperature, respectively. The term rh 5 Constant liquid and solid densities are considered in most
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studies that deal with shrinkage effects during solidification. Another implication of considering microstructural evolu-
tion during the eutectic reaction for the computation of inter-It is only recently that accurate modeling of the shrinkage

demand during solidification was considered by employing dendritic flows involves the application of (no)-slip
boundary conditions.[33] In order to solve the momentumvariable liquid and solid densities as a function of tempera-

ture and concentration.[25,26] and mass-conservation equations within the bulk-liquid or
mushy regions, boundary conditions must be prescribed forThe momentum equation for the interdendritic flow can

be written as the pressure and velocity at interfaces between the mushy
and solid regions. Without explicitly tracking the solidified
interfaces within computational cells, boundary conditionsrc 1­u

­t
1 (u ? ¹)u2 5 2¹P 1 m¹2u 1 rcg

[5] can simply be applied at cell faces shared between solidified
cells and mushy-zone cells. The no-slip boundary conditions,
which are applied at the face center of an interfacial cell2 glCDu 1 u

­

­t
((1 2 gc)rs)

( f ), appear as

u 5 0 and nf ? ¹P 5 0 [8]In general, the drag coefficient (CD), which accounts for
the momentum loss due to the flow around and through the where nf denotes the cell-face normal. A cell is considered
dendrite structures, is a function of the viscosity (m ), the fully solidified when the liquid fraction in that cell becomes
magnitude of velocity (.u.), permeability (Ks), and liquid less than a critical liquid fraction (gf

l). Values for the feeding
fraction (gl). In this work, the drag coefficient is given by the threshold (gf

l) vary between 0.1 and 0.01, and its choice is
Darcy’s and Forchheimer’s terms, which are often referred to rather arbitrary.[34,35] However, the choice of gf

l can be made
as the “viscous-drag” and “form-drag” terms.[27] on considerations of the eutectic microstructure. In many

aluminum alloys, the final eutectic occurs at an invariantm
Ks

temperature, and the eutectic front moves as a sharp interfaceCD(.u., Ks, gl) 5 1 .u. [6]
CFrc gl

!Ks in the direction given by the eutectic isotherm. If the diffu-\ \
sion into the dendrites during the eutectic reaction isDarcy’s Forchheimer’s
neglected, the dendrites coarsen at a constant volume fraction

The Forchheimer’s term must be considered when relatively as the eutectic front moves through them. In the final eutectic
high interdendritic fluid-flow velocities are expected. Such regions, the volumetric liquid fraction is initially ge , and the
high velocities may be important during the intensification region of bulk solid extends for more than half the cell when
phase in die or squeeze casting. gl # ge/2. In these cases, the cell center becomes located in

the bulk solid region. Since the pressure is not computed in
regions of bulk solid in this study, including those cells inIV. PERMEABILITY IN THE MUSHY ZONE which gl # ge/2, the value for the feeding threshold is esti-
mated to be gf

l 5 ge /2.[33]The Kozeny–Carmen equation[28–31] is used to relate the
alloy permeability (KS) to microstructural parameters:

V. MICROSTRUCTURAL PARAMETERS
Ks 5

g 3
l

kCS2
V

[7]
In addition to the liquid and solid fractions, which are

calculated from the energy equation, the dendrite cell spacingwhere gl is the volumetric fraction of the liquid, kC is the
is needed to estimate pore curvature and permeability in theKozeny–Carman constant, and SV is the surface area of the
mushy zone. For the A356 aluminum alloy, the dendrite cellsolid per unit volume. The value of kC is taken to be equal
spacing (dc) is correlated with the local solidification timeto 5.[31] Based on stereological considerations, SV is defined
(tf) by the use of the relationship[36]

as a function of dendrite cell spacing as Sv 5 4/dc .
In order to use the Kozeny–Carman equation at large dc 5 10.2 t 0.33

f [9]
liquid fractions, Han and Viswanthan[32] suggested that the

where dc is in microns, and tf is the local solidification timedendrite coherency point must be taken into account when
in seconds.computing Sv . Another difficulty with the application of the

In most studies on microporosity, the pore radius (r) isKozeny–Carman equation lies in the fact that the permeabil-
taken to be proportional to the dendrite cell spacing throughity decreases to zero as the liquid fraction decreases to zero.
the following relationship:In order to limit the permeability to nonzero values, it is a

common practice to consider that the permeability is limited r 5 gs dc /2 [10]
by a certain threshold liquid fraction (gth

l ), whose value is,
in general, chosen arbitrarily. For those alloys that exhibit where gs is a pore-curvature factor.

In the absence of a rigorous constitutive model for theisothermal eutectic reactions, the solidification front is planar
and the area open to fluid flow is constant. Consequently, pore radius, empirical correlations have been used in other

studies. Shivkumar et al.[14] assumed that the pore diameterthe liquid fraction that is used for permeability computations
should be taken to be constant during the eutectic reaction.[32] was half the secondary dendrite arm spacing. Based on geo-

metrical considerations for the arrangement of dendrites inFor aluminum A356 alloys, an isothermal ternary eutectic
reaction occurs at a 0.05 liquid fraction. Therefore, the liq- an equiaxed microstructure for an Al-4.5Cu alloy, Poirier et

al.[10] assumed that the pore-curvature factor was variableuid-fraction threshold for the permeability computation in
this work is set at 0.05. In general, gth

l can be taken to be and dependent at any instant on the liquid fraction. Results of
Fang and Granger[13] indicate that the pore-curvature factor isequal to the eutectic fraction (ge) for eutectic alloys.
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variable. For a hydrogen content of 0.3 cc /100 g, an initial solve the energy-, momentum-, and mass-conservation and
hydrogen-evolution equations in an implicit fashion.value of 0.15 for the pore-curvature factor was found to be

appropriate. Based on microstructural observations that the Accordingly, the energy and microporosity equations are
uncoupled. The energy equation is solved using the hydrogenpore diameter is approximately equal to the dendrite cell

spacing, the pore-curvature factor for an aluminum A356 gas fraction at the previous time level (gn
g), i.e., without

considering the effect of pore growth within the current timealloy is taken to be equal to the one in this study.
step. Because the volumetric fractions of the solid and liquid
phases obtained after solving the energy equation do not

VI. HYDROGEN-POROSITY EVOLUTION consider the effect of pore growth, their values cannot be
used to directly compute the liquid permeability, shrinkage,It is commonly accepted that pores form in solidifying
and pressure in the mushy zone. Therefore, in order toaluminum alloys when the equilibrium partial pressure of
determine the current alloy density and its shrinkage andhydrogen, corresponding to the hydrogen concentration
to accurately describe the hydrogen evolution, analyticalwithin the liquid, exceeds the local pressure in the mushy
expressions that deal implicitly with the pore growth at thezone by an amount necessary to overcome surface-energy
current time level must be considered.forces.[1] Thus, the condition for microporosity formation is

The mass balance for the volumetric fractions that aregiven in terms of a pressure condition, as
obtained from the energy (and solute) equations is given as

Pg $ Pm 1 Ps [11] g*n11
l 1 g*n11

s 1 gn
g 5 1, while the mass balance at the

current time level is given as gn11
l 1 gn11

s 1 gn11
g 5 1. Thewhere Pg is the gas pressure corresponding to the gas concen-

superscript n 1 1 indicates the new time level, while thetration in the liquid, Pm is the local pressure in the solidifying
superscript asterisk indicates that the volumetric phasealloy, and Ps 5 2s /r is the pressure due to surface tension.
fractions, which are computed from the energy equation, areThe local pressure in the mushy zone (Pm) results from (1)
not the final values for the current time step. Due to thethe ambient pressure, (2) the metallostatic head, and (3)
large difference in density between the gas and either theresistance to the flow of fluid to feed solidification shrinkage.
solid or liquid phases, mass fractions of the solid and liquidThe term s is the surface tension at the gas-liquid interface,
phases do not depend on the pore fraction when the poreand r is the pore curvature.
fractions are not very large (i.e., gg # 0.9), and the followingSince the molten metal used in most foundries has a
density relationships are valid:high concentration of oxide films that serve as nucleating

substrates for hydrogen bubble nucleation, detailed models
r 5 r0(1 2 gg)

[14]of bubble nucleation may be neglected. Once bubbles form,
the condition for the hydrodynamic balance of pressure in

gl 5 fl
r
rl

, gs 5 fs
r
rs

, and gse 5 fse
r
rse

the bubbles is Pg 5 Pm 1 Ps . Neglecting its diffusion,
hydrogen evolution is described by the following mass
balance:

where r is the average density of all phases in a computa-
fgC u

H 5 C 0
H 2 C l

H ( fskH 1 fl) [12] tional element, r 0 is the density of the alloy in the absence
of porosity, and f and g denote mass and volumetric phase

where C 0
H is the initial gas concentration within the liquid fractions, respectively. Using Eq. [14], the following rela-

(in cc/100 g), kH 5 0.069 is the partition coefficient for tionships can be derived between the volumetric fractions
hydrogen between solid and liquid,[10] and fs and fl are the that are computed from the energy equation and those at the
mass fractions of solid and liquid, respectively. The hydro- current time step:
gen concentration in the liquid (C l

H) and the gas pressure
Pg (in atmospheres) are related through Sievert’s law as
C l

H 5 S!Pg, where S is the hydrogen solubility in the liquid gn11
l 5 (1 2 gn11

g )
g*n11

l

1 2 gn
g

, gn11
s 5 (1 2 gn11

g )
g*n11

s

1 2 gn
s

,
(in cc/100 g) in equilibrium with hydrogen at atmospheric
pressure. Using C u

H 5 8.92 3 1027, a constant for con-
verting measurements from cc/100 g to mass fractions, the and gn11

se 5 (1 2 gn11
g )

g*n11
se

1 2 gn
g

[15]
hydrogen evolution is described by the following mass-bal-
ance equation:

By denoting r*n+1 as the density that is estimated based
fgC u

H 5 C 0
H 2 S!Pm 1 Ps ( fskH 1 fl) [13] on volumetric fractions computed from the energy equation,

the average density at the current time step can be com-
puted asVII. DENSITY VARIATION AND SHRINKAGE

In this section, relationships are presented for the compu-
rn11 5 r*n11 1 r*n11

gn
g 2 gn11

g

1 2 gn
g

[16]
tation of density variation, or shrinkage, during a computa-
tional time step. The relationships presented are of general
applicability and can be used for cases that include the effects r*n11 5 r n

l g*n11
l 1 rsg*n11

s 1 g*n11
se (rse 2 rs)

of microsegregation and macrosegregation.
In this article, volumetric phase fractions (rather than mass The first term in the previous equation describes the

contraction/expansion due to the solidification alone (i.e.,fractions) were chosen as the primary variables to estimate
the density, shrinkage, and liquid permeability for the com- in the absence of pore growth during the current time step),

while the second term describes the pore expansion duringputation of pressure in the mushy zone. Due to the complex-
ity of the system of governing equations, it is difficult to the current time step.
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VIII. MICROPOROSITY GROWTH AND either microporosity has not yet nucleated (g*n11
l 5 gn11

l )
or the porosity growth is small, the projection variable canINTERDENDRITIC PRESSURE
be computed based on the liquid fraction computed fromIn this section, the mathematical model for interdendritic
the energy equation (g*n11

l ). At low liquid fractions, afterflow and microporosity growth is derived. During solidifica-
porosity has nucleated, we must compute the projectiontion, the local pressure restricts pore growth, while pore
variable based on gn11

l and not on g*n11
l . At low liquidgrowth leads to a lower shrinkage demand, which yields

fractions, when pore growth becomes important and thelower pressure drops in the mushy zone. Thus, pore growth
drag term is given by the Darcy term, the pore growthand liquid feeding balance each other, as evidenced from
in permeability computations can be implicitly taken intothe governing Eqs. [4], [5], [13], and [14] for the mass and
account by using the following relationship for the pressure:momentum conservation, hydrogen evolution, and average

density. In order to accurately predict microporosity, the ¹(s*n1
p ¹Pn11) 5 RHS0 1 G(P) [22]

solution algorithm used must be capable of handling the
implicit coupling between pore growth and liquid feeding. where the pore-growth term (G(P)) is given by the following

In this study, the solution algorithm for interdendritic relationship as a function of the pore expansion within the
flows is based on a variable projection method, e.g., current time step:
SOLA.[11] The variable projection method was developed to
exactly enforce the constraint given by mass conservation G(P) 5 1r*n11

Dt2 2 3RHS02 gn
g 2 gn11

g

1 2 gn
g

[23]
(Eq. [4]) by applying the projection to the volumetric-
averaged momentum of the convected alloy. The drag terms

Equations [13] and [14], for the density and hydrogenare treated implicitly in order to remove the severe time-
evolution, respectively, can be used to relate the pore growthstep restrictions associated with semi-implicit discreti-
with the pressure in the following way. First, using thezations.
density relationships, the hydrogen-evolution relationshipAn intermediate velocity (u*) is computed from the
can be written in terms of volumetric fractions asmomentum equation as

ggrgC u
H 5 rC 0

H 2 S!Pm 1 Ps ((gsrs
[24]rC 1u* 2 un

Dt
1 u ? ¹u2 5 m¹2un 1 rCg

[17] 1 gse(rse 2 rs))kH 1 glrl)

Second, using Eqs. [15], [16], and [24] for the volumetric2 rs

­gC

­t
un 2 glCD(.un., KS, gl)u*

fractions and average density, the following expression can
be derived for the pore-growth term:Using the density relationship, the projection step is com-

prised of the following update of the pressure and velocity: gn
g 2 gn11

g

1 2 gn
g

5

¹(sp¹P n11) 5
1
Dt 1r*n11 2 r n

Dt
1 ¹ ? (r n

cgn
cu*)

[18]
2r*n11C 0

H 1 S!P 1 Ps (r*n11kH 1 g*n11
l r n11

l (1 2 kH)) 1 C u
H r n11

g gn
g

C 0
Hr*n11 2 S!P 1 Ps (r*n11 kH 1 (1 2 kH)g*n11

l r n11
l ) 1 C u

Hr n11
g (1 2 gn

g)

1
r*n11

Dt

gn
g 2 gn11

g

1 2 gn
g
2 [25]

This relationship is used to account for microporosity growthand
in the pressure equation. The pore-growth term is highly
nonlinear as a function of pressure. In order to discretizegn

cr n
c

un11 2 u*
Dt

5 2sp¹P n11 [19]
the pressure equation (Eq. [23]), the pore-growth term must
be linearized. The computational cycle for pressure computa-

where the projection variable is given by tions is shown in Figure 1.

sp 5
gC

1 1 glCDDt/rC
[20]

IX. PLATE CASTINGS
The terms in the right-hand side of the pressure equation

In order to capture the wide range of solidification condi-(Eq. [18]) represent (1) the solidification-shrinkage effects
tions encountered in foundry castings, plate castings werein the current time step, neglecting microporosity growth,
made in a variety of mold configurations. Of those, three(2) the effect of inertia, viscosity, and gravity, and (3) pore-
castings were of particular interest to this study. Theyexpansion effects within the current time step, respectively.
included a plate cast in a sand mold without chills, a plateFor the sake of simplicity, we denote the first two terms in
cast with an end chill, and one cast with top, bottom, andthe right-hand side of the pressure equation by RHS0, i.e.,
end chills. In the following sections, they will be referred
to as the sand plate, end-chilled plate, and chill plate, respec-

RHS0 5
1
Dt 1r*n11 2 r n

Dt
1 ¹ ? (r n

cgn
cu*)2 [21] tively. The chill-plate configuration and casting dimensions

are shown in Figure 2. The top and bottom chill dimensions
were nominally 20 3 15 3 2.5 cm. The end-chill dimensionsIn the previous pressure relationships, the drag term and

projection variable are computed using the liquid fraction were nominally 6 3 15 3 6 cm. All the plates were contained
in sand molds with nominal dimensions of 59 3 29 3 15.5available, i.e., g*n11

l , which does not consider pore growth
within the current time step. At high liquid fractions, where cm, respectively.
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Fig. 3—Measured microporosity distribution in the sand and chill plates.

A. Porosity Distributions in Plate Castings

The microporosity distributions in the sand and chill plates
were measured using image analysis in a separate study[37]

and are shown in Figure 3. No data were reported for porosity
levels in the end-chilled plate. In the aforementioned study,
specimens approximately 1 cm in length were cut along the
plate centerline. The porosity fraction in each sample was
measured at the specimen face that corresponded to a vertical
cross section thorough the plate centerline. No material was

Fig. 1—Computational cycle for computing the interdendritic pressure and removed from the top and bottom surfaces of the specimens,
microporosity growth. and the surface-fraction porosity for each sample was com-

puted by averaging the pore-fraction data for the individual
metallographic fields over the entire surface of the sample.

As shown in Figure 3, the porosity level in the sand plate
is uniform and approximately equal to 0.5 pct. The porosity
levels in the chill plate are very low near the plate end and
near the riser. However, the porosity exhibits a maximum
of over 1.5 pct at the center of the plate. Measurements
of the hydrogen concentration in the sand and chill plates
indicated a level of approximately 0.112 cc/100 g (0.1 ppm)
in both plates.

B. Pore Morphology

Figure 4 shows optical micrographs illustrating the pore
morphology in three regions along the centerline of the chill
plate at locations of 2.5, 11.4, and 20.3 cm from the end of the(a)
plate. All the micrographs were taken on specimen surfaces
along the centerline of the chill plate. In regions close to
the end of the plate and close to the riser, where the porosity
level is relatively low, the pores are small and rounded and
are approximately the same size as the local dendrite cell
spacing (Figures 4(a) and (c)). In the middle of the plate,
where the porosity level is high, the pores are large, irregular,
and conform to the morphology of the interdendritic region
(Figure 4(b)). In foundry terminology, the pores shown in
Figures 4(a) and (c) are considered to be hydrogen porosity,
while the pore morphology shown in Figure 4(b) is consid-
ered to be shrinkage porosity. The pore morphology over
the entire length of the sand and end-chill plates was similar
to that in Figure 4(a), corresponding to hydrogen porosity.

X. NUMERICAL SIMULATION RESULTS(b)
Numerical simulation results are presented for aluminumFig. 2—Schematic illustration of (a) chill plate configuration and (b)

plate dimensions. A356 alloy plate castings. The mold-filling phase was
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Fig. 4—Optical micrographs illustrating the pore morphology along the
Fig. 5—Liquid fraction distributions for (a) sand plate at 700 s, (b) end-chillcenterline of the chill plate at distances of (a) 2.5 cm, (b) 11.4 cm, and
plate at 100 s, and (c) chilled plate at 30 s, since the onset of solidification.(c) 20.3 cm from the plate end.

neglected in the numerical simulations, and the initial tem-
perature of the alloy was considered to be uniform over
the entire casting at 720 8C. For this study, thermophysical
property data for the A356 alloy[38] were measured or esti-
mated. The data used for estimating the density of the liquid
and solid phases were measured using a dual push-rod dila-
tometer, the thermal conductivity was measured using a
laser-flash diffusivity technique, and the specific heat and
latent heat of solidification were measured by differential
scanning calorimetry.[38] The solubility of hydrogen was
based on data available in the literature for the aluminum-
silicon system.[39] The solid volumetric fraction as a function
of temperature was determined using ThermoCalc and a 12-
element thermodynamic database.[38] The evolutions of the
silicon and magnesium concentrations in the liquid alloy as Fig. 6—Computed eutectic isotherm velocity for the sand and chill plates.
a function of temperature were calculated using ThermoCalc
and DICTRA*.[38] The surface tension was taken to be

solidification progresses from the end of the plate toward*DICTRA is a trademark of Thermocalc Software, Stockholm, Sweden
SE-113 47. the riser without forming any hot spots. The liquid-fraction

distribution in the sand plate is the most uniform among the
640 dynes/cm.[40]

three plates. The solidus isotherm in the end-chill plate is
The energy equation was solved by the use of an enthalpy planar during the entire solidification. In the chill plate, the

formulation,[41] in which the effect of fluid convection was solidification front takes the form of a channel that extends
neglected. Due to the symmetry along the vertical cross over the entire length of the plate (Figure 5(c)).
section through the plate centerline, the problem was solved In addition, cooling rates in the sand plate are small,
on only half of the domain. around 0.1 8C/s, and the eutectic isotherm velocity is quite

small (Figure 6). The cooling rates in the chill plate are high,
around 2 8C/s, and the resultant eutectic isotherm velocity isA. Solidification Behavior
very large, around 10 cm/s (Figure 6). The eutectic isotherm
velocity exhibits a maximum in the center of the plate, andDue to the variation in heat extraction in the mold configu-

rations used, the solidification behavior of the three plates this value is almost two orders of magnitude higher than
those at the plate ends. The large isotherm velocity in theconsidered is very different. Figure 5 shows the liquid-vol-

ume-fraction distributions for the sand plate, end-chill plate, center of the chill plate indicates a sudden increase in the
feeding demand in this region of the plate. Note that thisand chill plate, at 700, 100, and 30 seconds from the onset

of solidification. At these times, the end of the plate has corresponds to the region of high porosity in the center of
the chill plate.solidified for each of the plates considered. In all plates,
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thermal gradient over the entire length of the plate. In the
end-chilled plate, the liquid-fraction gradient at the solidifi-
cation front is high, indicating good feeding conditions.
Since the liquid-fraction gradient at the solidification front
in the end-chill plate is higher than that in the sand plate,
the feeding resistance in the end-chill plate is likely to be
less than that for the sand plate. The planar-solidification
isotherms and high-liquid-fraction gradient in the end-chill
plate yield the best feeding conditions among the plates
considered. In the chill plate, good feeding conditions are
expected near the plate end and near the riser, since high-
liquid-fraction gradients exist at the solidification front at
these locations. In the center of the chill plate, however,
the liquid-fraction gradient is almost zero and the isotherm
velocity is very high, and feeding conditions are expected

(a) to be very poor. In fact, liquid-fraction gradients in the chill
plate are lower than in the sand plate at the center of the plate.

The liquid-fraction contours, eutectic isotherm velocity
profile, and liquid-fraction profiles all provide qualitative
confirmation of the experimentally determined porosity dis-
tributions in the plate castings. The porosity level is highest
in the center of the chill plate, where the worst feeding
conditions are indicated, i.e., a low thermal gradient and
high isotherm velocity. The porosity distribution in the sand
plate is fairly uniform, which is consistent with the uniform
thermal conditions. The porosity levels in the end-chilled
plate are expected to be the lowest among the three plates.

B. Pressure Evolution during Solidification

The evolution of the pressure distribution along the plate
(b) centerline as a function of time is shown in Figure 8 for the

three castings considered in this study. No pressure drop is
exhibited in either the sand or the end-chill plate during
solidification (Figures 8(a) and (b)). However, significant
pressure drops are exhibited in the chill plate (Figure 8(c)).

In Figure 9, the evolution of the local pressure as a function
of liquid fraction in two computational cells is shown for
the chill plate. The two cells considered are located along
the centerline of the chill plate, near the plate end and plate
center, at distances of 1.3 and 11 cm from the plate end.
The two cells correspond to the regions shown in Figures
4(a) and (b), respectively. We note that in the cell correspond-
ing to a region characterized by spherical pores, i.e., hydro-
gen porosity, the pressure drop is gradual until the end of
solidification. In addition, the pressure does not approach
the cavitation pressure until the end of solidification. How-
ever, in the cell corresponding to a region where shrinkage

(c) porosity is observed experimentally, a severe pressure drop
Fig. 7—Liquid fraction distribution along the plate centerline for the (a) occurs relatively early in the solidification (i.e., at a liquid
sand plate, (b) end-chill plate, and (c) chill plate. fraction of 0.5), and the cavitation pressure is reached at a

liquid fraction of 0.35. We can, thus, identify the regions
where shrinkage porosity is observed experimentally asBy analyzing the liquid-fraction profile along the plate
regions in which a severe pressure drop occurs and in whichcenterline, additional confirmation of the feeding conditions
the cavitation pressure is reached relatively early duringin the three plates can be obtained. Figure 7 shows the
solidification.evolution of the liquid-fraction profile along the plate center-

line for the three plate castings considered in this study.
The liquid-fraction gradient in the sand plate is low and C. Porosity Growth during Solidification

uniform over the length of the plate during the entire solidifi-
cation. It varies from 0.05 at the end of the plate to 0.5 near The appearance of hydrogen- and shrinkage-porosity

regions, which are observed experimentally, can now bethe riser (Figures 5(a) and 7(a)). Although the entire casting
is mushy, liquid feeding is still possible, as there is a small explained based on the evolution of the interdendritic liquid
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Fig. 9—Pressure evolution during solidification at locations near the plate(a)
end and plate center.

that are typically characterized as hydrogen porosity. In fact,
this inevitably occurs during the solidification of aluminum
alloys, since some hydrogen is always present in solution
and segregates to the last liquid to freeze, and it is eventually
enriched beyond the solubility limit.

In regions of inadequate feeding, a severe pressure drop
occurs early in solidification, yielding hydrogen bubble
nucleation early in solidification. As solidification proceeds,
there is further demand for feed metal. If the resistance to
liquid flow is high, the amount of liquid feeding is insuffi-
cient to compensate for the entire shrinkage, and the spheri-
cal hydrogen pores expand into the irregular interdendritic
region to compensate for solidification shrinkage. This also

(b) accounts for the interdendritic morphology of shrinkage
porosity. Under these conditions, although hydrogen bubble
nucleation occurs as hydrogen is present in solution and the
condition for microporosity formation is reached (Eq. [11]),
the actual pressure drop may reach the cavitation pressure
for the liquid (Figure 9). Consequently, pore nucleation could
occur even if hydrogen is not present.

The previous analysis suggests that the categorization of
pores as being due to hydrogen or shrinkage effects is actu-
ally quite accurate. In the chill plate, both types of porosity
are present, as the plate contains regions of both good and
poor feeding. In the sand plate, the pore morphology at all
locations along the plate corresponds to that of hydrogen
porosity, as solidification is uniform and progressive (i.e.,
there are no hot spots) and no region of excessive metal
demand is encountered. The pore morphology in the end-
chill plate also corresponds to that of hydrogen porosity, as(c)
the feeding conditions in the end-chill plate are good.

Fig. 8—Pressure distribution along the plate centerline for the (a) sand
plate, (b) end-chill plate, and (c) chill plate.

D. Shrinkage-Porosity Computation during
Solidificationpressure during solidification. As the partial pressure of

hydrogen, which corresponds to the hydrogen concentration By considering that interdendritic feeding takes place until
the end of solidification and that the pore fraction is givenwithin the liquid, overcomes the local liquid pressure and

surface-energy forces, the hydrogen porosity nucleates. by the hydrogen mass balance and Sievert’s law (i.e., Eq.
[12]), the computed liquid pressure in poorly fed regionsImmediately following their nucleation, hydrogen pores

expand into bubbles of regular shape that occupy a region can drop below zero absolute pressure. This occurs because
the interdendritic liquid cannot feed the entire solidificationbetween dendrite cells (or between grains). If this occurs

toward the end of solidification, there is little further pore shrinkage in regions of severe shrinkage. If the liquid contin-
ues to feed the solidification shrinkage in those regions, thegrowth, and the final pore size upon solidification is propor-

tional to the local dendrite cell spacing. These are the pores pressure drops to values lower than the cavitation pressure.
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Therefore, once the liquid pressure in a computational cell
reaches the cavitation pressure, the pressure in that cell is
set to the cavitation pressure until the end of solidification,
assuming that liquid feeding is negligible. In general, the
cavitation pressures of liquid metals at casting temperatures
are very small. At casting temperatures of around 750 8C,
the cavitation pressure for pure aluminum was determined
from published data[42] to be approximately 1026 atm.

For the computation of microporosity in this study, the
porosity growth before the pressure reaches the cavitation
point is considered to be that of hydrogen porosity. The
interdendritic liquid pressure during solidification decreases
with the liquid fraction until the cavitation point is reached.
At pressures greater than the cavitation pressure, the pore-
fraction evolution is described by the hydrogen mass conser-
vation and Sievert’s law (Eq. [12]). After the liquid reaches
the cavitation pressure, the use of Eq. [12] to describe the
pore evolution is inappropriate. If Sievert’s law was used to
calculate the pore fraction, the gas pressure would be given
by Pg 5 Pc 1 Ps , and the porosity would grow only as Ps

drops due to coarsening effects (Eq. [10]). This amount of
pore growth, which would be solely due to the effect of
dendrite coarsening on Ps , would not compensate for the
entire solidification shrinkage, and the mass conservation
would be violated.

Consequently, in severe shrinkage regions in the mushy
zone, i.e., where the liquid pressure has reached the cavita-
tion pressure, porosity is determined such that it compensates
for the entire solidification shrinkage within the current Fig. 10—Computational cycle that includes hydrogen porosity and severe
time step: shrinkage regions.

gn11
g 5 gn

g 1
r*n11 2 r n

r*n11
(1 2 gn

g) [36] error, since porosity does not vary significantly in the direc-
tion normal to the vertical symmetry plane of the plate

Because no feeding is considered to take place in computa- (Figure 11).
tional cells in which the pressure has reached the cavitation Both Figures 11 and 12 show that the porosity level in
pressure, the pressure is not computed in these cells. Also, the sand plate is fairly uniform and is around 0.5 pct. The
the pressure boundary-condition equation (Eq. [8]) is now porosity level in the end-chill plate increases gradually from
imposed at the interfaces between the mushy zone and 0.4 pct at the chill end to 0.5 pct near the riser (Figure 11).
cavitated regions. Accordingly, the computational cycle is The porosity distribution for the chill plate exhibits a peak
changed, as shown in Figure 10. in the center of the plate.

The numerical results qualitatively reproduce the micro-
porosity profiles obtained from image-analysis measure-
ments. For the sand plate, there is good agreement betweenE. Porosity Distributions in Plate Castings
the measured and computed porosity. The porosity level in
the sand plate is seen to be fairly uniform over the entireThe computed microporosity distribution at the end of

solidification is shown in Figure 11 for the three castings plate in both the experimental and computed results. The
porosity level in the chill plate exhibits a maximum at theconsidered. The results presented are for a hydrogen content

of 0.112 cc/100 g. The microporosity distributions are shown center of the plate. The prediction of a high-porosity region
in the center of the chill plate is in good agreement withfor one-quarter of the plate, and both horizontal and vertical

cross sections through the plate centerline are visible. The experimental results. The location of the peak in the porosity
distribution is also consistent with the solidification behaviorriser is on the right-hand side of the plate, at a distance

approximately 21 cm from the plate end. (Figures 5 through 7) and the ensuing evolution of the inter-
dendritic feeding (Figures 8 and 9).The computed results for the porosity distribution along

the plate centerline are also plotted in Figure 12, along In addition to the microporosity profile, there is good
agreement between the numerical simulation results andwith the experimentally measured values. The value at each

computed point corresponding to the experimental measure- experimental results on the presence and location of hydro-
gen and shrinkage porosity. In agreement with experimentalment was obtained by averaging the volumetric porosity

fractions over the computational cells representing the sam- observations, the numerical simulation predicts hydrogen
porosity over the entire sand plate, since there is nople area. This was necessary, as the numerical simulation

only yields a single value of porosity fraction for each com- significant pressure drop in the plate (Figure 8(a)) and no
shrinkage-porosity growth. In the chill plate, both hydrogenputational cell.

However, this is not expected to introduce a significant and shrinkage porosity are present, as the plate contains
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(a)

Fig. 13—Pressure evolution during solidification at a location near the
plate end for different initial hydrogen concentrations.

Some differences between the experimental measure-
ments and the numerical simulation must also be noted. In
the case of the chill plate, the model correctly predicts the
maximum in porosity near the center of the plate. However,

(b) the predicted minimum porosity is higher, the predicted max-
imum porosity is lower, and the peak in the distribution is
broader than in the experimental results. These differences
can be attributed to several factors. One factor is the accuracy
of properties that have an important effect on microporosity,
such as alloy density and hydrogen solubility. Alloy density
is critical, since the density variation during solidification
drives the shrinkage demand. Although significant effort
was expended in this study to quantify the density variation,
no experimental data were available to estimate the liquid-
and solid-phase densities in the last stages of solidification,
i.e., during the formation of the ternary eutectic. It was
determined from a thermodynamic analysis that magnesium(c)
was strongly segregated to the liquid in the final stages of

Fig. 11—Porosity distribution in the lower quarter of the (a) sand plate, solidification. It might be expected that magnesium would(b) end-chilled plate, and (c) chilled plate.
have a strong effect on the density, and data in the litera-
ture[43] suggest that magnesium also has a strong effect on
hydrogen solubility. Another important factor that affects
microporosity is the pore curvature. In this study, the radius
of the pore is assumed to be proportional to the average
dendrite cell spacing for a particular location. However, in
reality, the pore curvature will be determined by the local
microstructure, and adjacent pores may well have different
radii. Finally, two phenomena that affect the final porosity
are neglected in this model. One is hydrogen diffusion, and
the other is pore migration. Recent studies[32] suggest that
hydrogen diffusion likely plays an important role in pore
formation. Also, a study on transparent materials indicated
that pore migration becomes important at the high thermal
gradients expected in the chill plate.[32]

F. Effect of Porosity on the Fluid Flow

In order to illustrate the effect of porosity on the fluidFig. 12—Measured and computed microporosity distributions along the
plate centerline. flow, the evolution of pressure during solidification is shown

for different initial hydrogen concentrations. The pressure
evolution is analyzed for the two computational cells in the
chill plate considered previously in Section X–B. The resultsregions of both good and poor feeding (Figure 9). This

suggests that the assumptions in the model regarding the also include the case in which porosity formation is not
considered.conditions for formation of hydrogen and shrinkage porosity

are valid. Figures 13 and 14 show the evolution of the local pressure
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can be used to identify and predict the conditions for the
formation of hydrogen and shrinkage porosity. The solution
algorithm presented has been implemented in a computa-
tional framework consistent with those of commercial cast-
ing codes.

The methodology presented has been validated on test
castings designed to capture a variety of solidification condi-
tions and porosity distributions. The numerical results repro-
duce the characteristic microporosity profiles observed in
the experimental results and also agree quantitatively with
the experimentally measured porosity levels. However, the
predicted minimum porosity is higher, the maximum pre-
dicted porosity is lower, and the peak in the porosity distribu-
tion is broader than those shown in the experimental results.
In addition, the prediction of regions of hydrogen and shrink-
age porosity is in good agreement with experimental results.Fig. 14—Pressure evolution during solidification at a location near the

plate center for different initial hydrogen concentrations. Numerical simulation results also indicate that at very high
hydrogen contents, shrinkage porosity can be suppressed so
that only evenly distributed hydrogen porosity is obtained.

in each cell as a function of liquid fraction for different The differences between the experimental measurements
initial hydrogen concentrations. Without considering poros- and computed results are attributed to uncertainties in the
ity formation, the pressure reaches the cavitation pressure density values used for the liquid, especially in the region
at about 10 and 35 pct liquid, respectively. When porosity of the final ternary eutectic; the difference in the solubility
formation is considered, higher pressures are obtained. The of hydrogen in complex alloys compared to that in binary
higher pressures obtained when microporosity is considered alloys; the assumptions in pore radius; and the effects of
are due to the fact that microporosity partially compensates pore migration during solidification. The quantitative predic-
for the solidification shrinkage, reducing the feeding tion of porosity levels in production castings provides an
demand. A reduced feeding demand results in lower pressure enhanced capability for the design of structural safety criti-
drops, i.e., higher pressures in the mushy zone. cal components.

As the amount of hydrogen is increased, the onset of
shrinkage-porosity growth occurs at larger solid fractions.
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