
Modeling of Feeding Behavior of 
Solidifying AI-7Si-0.3Mg Alloy Plate Casting 

Y.W. LEE, E. CHANG, and C.F. CHIEU 

The systematic change of riser size, together with the variation of geometries of solidifying 
A1-7Si-0.3Mg plate castings, was tested by thermal analysis to model the interdendritic feeding 
behavior based on Darcy's law. This law, however, is found to be only applicable to certain 
thermal conditions in the solidifying casting. The applicability of Darcy's law depends on the 
regime of solidification time. A new feeding efficiency parameter integrating all individual ther- 
mal variables, denoted as ( G .  t 2 / 3 ) / V  s (where G is the thermal gradient, t is local solidification 
time, and V, is solidus velocity), is found satisfactory to predict the formation of  porosity. The 
combined geometries of a casting and its riser size exert a great influence on the thermal vari- 
ables of A1-7Si-0.3Mg alloy in a complicated way. Together, these thermal variables synergize 
to govern the feeding behavior of the casting. 

I. I N T R O D U C T I O N  

THE formation of porosity in aluminum alloy is well 
known as a problem relating to its good thermal con- 
ductivity, long freezing range, and large decrease of hy- 
drogen solubility from liquid state to solid state. This 
inevitable casting defect greatly deteriorates the sound- 
ness of casting. As such, numerous efforts have been 
carried out in an attempt to understand the feeding pro- 
cess of aluminum alloy by thermal measurement and to 
explore its feeding behavior by numerical analysis. 

The importance of interdendritic fluid flow for the pore 
formation in solidification was pioneered by Piwonka and 
Flemings t~] and later by other investigators, t2-8] Davies t9J 
derived an equation which involves solidus velocity to 
calculate the capillary feeding distance for plate castings 
according to the Hagen-Poiseuill equation; however, the 
structural effect of the dendritic network was ignored. 
Niyama et  al. t~~ and later Minakawa et  a l . ,  Em working 
on steel, postulated the same parameter G / V ~ ,  the ther- 
mal gradient divided by the square root of cooling rate, 
based on Darcy's law; the parameter verified that shrink- 
age decreased with increasing solidification time. The 
basis of this result is rationalized as the permeability of 
the dendritic network for capillary fluid flow increasing 
with increasing dendrite arm spacing which is propor- 
tional to solidification time. I4,7J Lecomte-Beckers ~21 took 
into consideration alloying elements in a superalloy and 
proposed a microporosity index also based on Darcy's 
law; in essence, this work agrees with the previous work 
of Davies, t9~ Niyama et  al . ,  t~~ and Minakawa et  al. tlq 

On the contrary, Poirier et  al.,t~3! in modeling the 
feeding behavior of A1-4.5 pct Cu, found that the po- 
rosity content decreased with increasing solidification rate 
and thermal gradient because of the smaller inter- 
dendritic spaces. In studying the same alloy, a similar 
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conc lu s ion  was reached by Kubo and Pehlke, t141 al- 
though the latter authors also considered Darcy's law 
which governs the interdendritic fluid flow through po- 
rous media. This school of thinking was further sup- 
ported by Entwistle et  a l . ,  [~51 who evidenced the parallel 
relationship between porosity content and local solidi- 
fication time for aluminum alloys. 

In an attempt to reconcile the disagreement, Pathak 
and Prabhakar l~rl postulated for aluminum alloys that the 
feeding efficiency is determined by both the pasty zone 
factor, feeding efficiency as influenced by pasty zone 
(FEP), and the interdendritic feeding time, feeding 
efficiency as influenced by the time allowed during 
the last stage of solidification (FET). However,  contra- 
diction exists as these two so-defined parameters, i . e . ,  
FEP and FET, cannot be satisfied simultaneously; if the 
solidification rate is increased to improve the FEP, the 
FET will be sacrificed and vice  ver sa .  The dilemma was 
also noticed by Bachelet and Lesoult t~71 in studying 
a superalloy, but no solution was attempted. 

One of the reasons for failure to solve the above dis- 
putes, from the present authors' view, is that little at- 
tention is paid to the leeway of changing thermal 
conditions by larger variations in casting geometries. In 
this paper, the systematic change of riser size together 
with the variation of geometries of solidifying A1-7Si- 
0.3Mg plate castings were tested by thermal analysis to 
model the interdendritic feeding behavior based on Darcy's 
law. A new parameter that integrates thermal gradient, 
solidification time, and solidus velocity is derived to 
quantify the porosity formation of A1-7Si-0.3Mg alu- 
minum alloy. More significantly, it is found that the ap- 
plicability of Darcy's law depends on the regime of 
solidification time; thus, the disputes can be solved. 

II. EXPERIMENTAL PROCEDURE 

Rectangular plate castings were used in this experi- 
ment. The plates were 2-cm thick, 14-cm wide, and 15- 
or 2J-cm long, with different riser sizes ranging from 4 
to 11 cm in diameter. Table I exhibits the combinations 
studied in this experiment. Each combination of riser size 
and casting length for a proceeding casting was denoted 
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Table I. Combination of Riser 
Sizes and Casting Lengths Studied 

Casting 
Length (cm) Riser Diameter (cm) 

15/25 4 5 6 7 8 11 

as D-L (Figure 1), where D was the diameter of  riser 
and L was the length of casting. 

CO2 molds were prepared using silica sand of AFS 
No. 100 and 7 wt pet sodium silicate as a binder. 
Thermocouples for thermal analysis were introduced into 
the center of  the mold cavity along the longitudinal axis 
from free end to riser end at an equal interval and also 
into the riser center for obtaining cooling curves of cast- 
ings, as shown in Figure 1. The molds were baked at 
120 ~ for 15 hours to exclude remaining water and cooled 
to ambient temperature before pouring. The melting pro- 
cess was performed in an electric resistance furnace, in 
which an AI-7Si-0.3Mg ingot was directly melted in a 
graphite crucible and degassed by moisture-free nitrogen 
to control the hydrogen content below 0.01 cm3/100 g 
by reduced pressure test. When the temperature of the 
melt  reached 720 ~ 0.5 wt pct AI-5Ti-IB was added. 
The pouring temperature was controlled at 700 ~ _ 5 ~ 
and care was taken when filling the pouring basin to en- 
sure steady and smooth flow of the melt. 

The locations of  the test pieces for density measure- 
ment and X-ray radiography are shown in Figure 2. The 
3-mm-thick center slice was used for X-ray micro- 
radiography, and the 8 • 10 • 25-mm center rectan- 
gular blocks were used for density testing by Archimede's 
method. A cylindrical test casting chilled by copper disk 
and sufficiently fed by the riser (Figure 3) was also cast 
as a standard specimen with full density and was as- 
sumed to be free of  porosity. Thus, the variation of po- 
rosity content longitudinally from free end to riser can 
be calculated. 

I I l .  T H E O R E T I C A L  M O D E L  
OF 1NTERDENDRITIC F E E D I N G  

A. Local Pressure at Interdendritic Feeding Channel 

It is believed that the mass feeding for a long freezing 
range alloy proceeds up to about 70 pct solidified melt 
before interdendritic feeding prevails, owing to pileup of 
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Fig. 1 - -Nomenc la tu re  of castings and arrangement of  thermocouples 
in an assembled mold. 
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Fig. 2 - -Loca t i ons  of test pieces for X-ray radiography and density 
measurement. 

dendritic grains which form a three-dimensional net- 
work. (91 Interdendrific fluid flow becomes difficult as a 
consequence of the narrowing of the feeding channel by 
growth of the dendrite. The interference to fluid flow 
results in raising of the negative pressure at the dendrite 
root. The partially solidified long freezing range casting 
can be considered as a porous material; the correspond- 
ing interdendritic fluid flow through the porous material 
is suggested to be 

K 
V L  - V ,  = / 3 V ,  = - - -  ( - V P  + PLg) [11 

#fL 
where VL = liquidus velocity, m - s - I ;  

Vs = solidus velocity, m-  s-  l; 
/3 = solidification shrinkage, pct; 
K = permeability of porous material, m2; 
/x = viscosity of  liquid, N" s- m-2; 
fz = liquid fraction, pet; 
P = local pressure in the fluid, N .  m-2; 
PL = density of  liquid, kg .  m - 3 ;  and 
g = acceleration of  gravity, m-  s-2 

i Mo, d 1 

Copper Chill 
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.-f 
Fig. 3 - -D imens ion ing  of casting as a standard for the porosity 
measurement. 
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The permeability, K, and liquid fraction, fL, are both 
functions of  position. The x coordinate, as defined in 
Figure 4, where x = 0, is measured from the mass /  
interdendritic feeding interface. The permeability is gen- 

2 x erally accepted as K = 3"fc( ) ,  where 3' is a variable 
depending on the structure of  dendrite and the dendrite 
arm spacing. The local pressure, P ( x ) ,  resulted from at- 
mospheric pressure, P0, and hydrostatic pressure of  the 
riser and, counteracted by pressure drop in the inter- 
dendritic channels, is expressed as 

x 

~ L l  dx 
P(x )  = Po + pLgh  -- - -  [2] 

3" A(x) 
where h is the height of  the riser head. The liquid frac- 
tion is assumed to be linearly proportional to the distance 
from the solid interface along the x direction according 
to Lecomte-Beckers: [121 

T h u  s ,  

[31 

gt3Ll dx 
P(x)  = Po + PLg h -- - -  - -  [41 

3" 1 -  x 

~ V s l  
P ( x )  = Po + pLgh  - -  [--ln (l -- x)]l~ [5] 

3' 

where I is the interdendritic capillary length. There is a 
divergent point at x -- l, which is physically in coinci- 
dence with the model considered by Davies, r91 who stated 
that the feeding problem starts in the range of 90 to 99 pct 
solidified melt depending on the alloys. For these rea- 
sons, a characteristic length x = l* < 1 is introduced to 
circumvent a mathematical and physical singularity. Thus, 
Eq. [5] yields 

P(x )  Po + pLgh  t x f l V f l  In 1 = [6] 
3" l - l* 

,.. 
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Fig.  4 - - D e f i n i t i o n  of  cap i l l a ry  length  for in terdendr i t ic  feeding.  

At x = 0, the pressure drop term is zero, and at x = 
l* ~ l, t he  pressure drop is drastically larger. Once it is 
overcome by the critical dissolved pressure of  hydrogen, 
the porosity could nucleate. The 1" can approach l with- 
out porosity formation if the gas content is low enough 
and the heterogeneous attribution is deficient; thus, the 
pressure drop, denoted as "shrinkage pressure" by 
Campbell/TM becomes extremely high and induces burst 
and solid feeding. The factor In [ l / (1  - 1")] is deter- 
mined by the types of  models of  solidification and the 
critical radius of  porosity, which depend on the alloying 
element of  the melt and the hydrogen concentration of 
the melt, respectively. The value of l - l* is equal to 
the critical radius of  porosity; this is identical to the feed- 
ing problem from the 90 to 99 pct fraction of solidifi- 
cation concluded by Davies. Thus, for a specific gas 
content in a melt, In [1/(1 - I*)] is considered as a char- 
acteristic constant of  this alloy. The thermal gradient, G, 
is introduced in Eq. [6] by the relation G = A T / I ,  where 
AT is the solidification range of the alloy. Thus, the 
pressure drop at the root of  the interdendritic channel 
becomes 

/zflAT 11, 
P = Po + p c g h  - A - -  [71 

3' G 

where A = In [I/(1 - 1")]. The generally accepted 
expression of 3' is 3' = 1 / ( 2 4 1 r ) n z  3, where tortuosity, % 
can be considered as a constant for the same dendritic 
structure and n is the number of  interdendritic channels 
per unit area and is inversely proportional to the square 
of  secondary dendrite arm spacing (DAS). Equation [7] 
therefore becomes 

P = Po + pLgh  - A24~rr3/~/3AT D - ~  G [8] 

According to Flemings' work, the secondary dendrite arm 
spacing is proportional to local solidification time, t, by 
the relation DAS = Ct ' /3 .  ['9] For the present alloy stud- 
ied, the C was found to be 0.042 cm when t was mea- 
sured in minutes; thus, 

vs 
P = Po + pLgh  - A B  G . t2/3 [9] 

where B = 247rr3C-21x[3AT.  

B .  N u c l e a t i o n  a n d  G r o w t h  o f  P o r o s i t y  

The hydrostatic pressure term contributed by the riser 
head in Eq. [9] is very small, since at the final stage of  
solidification, the flow of  liquid in the riser is also inter- 
dendritically viscous, as postulated by Liu et  a1.[5,6] Thus, 
the local pressure is negative, i . e . ,  much smaller than 
the atmospheric pressure in effect. Once the pores nu- 
cleate under the negative pressure, they start to grow in 
the interconnected interdendritic space to compensate for 
the solidification shrinkage and become porosity. The 
final volume of porosity is related to the supersaturated 
mass of  hydrogen in liquid phase. If  the hydrogen con- 
tent in the melt  is m mole, the volume of porosity, Vp, 
can be determined by local pressure: 

Vp = m R T / P  [10] 
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where R is the gas constant. Inserting the local pressure 
expressed by Eq. [10] in Eq. [91 yields 

Vp = mRT [111 
(Po + pLgh - A B V s / G ' t  2/3) 

It is apparent that the volume of  porosity decreases not 
only with increasing thermal gradient but also with de- 
creasing solidus velocity. Consequently, the integrated 
term (G. t2/3)/Vs can be defined as the feeding effi- 
ciency parameter to predict the formation of porosity. 

IV. RESULTS AND DISCUSSION 

X-ray photographs of castings along the longitudinal 
center cross section reveal two kinds of microcavities, 
i.e., the surface puncture pinhole and the internal po- 
rosity, as shown in Figure 5. In this figure, castings with 
a riser size of 0 to 11 cm in diameter from top to bottom 
are exhibited. The castings with or without small risers 
contain macroshrinkage cluster; increasing riser size 
eliminates the cluster and leaves only dispersed porosity 
visible. Further increasing the riser size can further re- 
duce the dispersed porosity. 

The distributions of porosity within the casting are 
shown in Figure 6. This figure shows that the amount of  
porosity is lower at the free end; it gradually increases 
to a maximum and then decreases again toward the riser. 
There are two interesting phenomena observed in Figure 6. 
First, there is an unexpected porosity minimum adjacent 

(a) 

(a) 
(b) 

Fig. 5 - -  Distribution of porosity of  (a) L = 15 cm castings and (b) L = 
25 c m  cast ings .  

(b) 

Fig.  5 - - L o n g i t u d i n a l  center  cross  sec t ion  o f  cas t ings  e x a m i n e d  by  
X-ray  showing  shr inkage  cav i ty  and  porosi ty :  (a) L = 15 cm cas t ings  
and (b) L = 25 cm castings.  The digits are riser d iameters  in centimeters.  

to the free end. The free end, with three surfaces dis- 
sipating heat to the mold, acts as a chill which provides 
good feeding conditions for the local position adjacent 
to it. Second, the porosity level at the free end of the 
smallest risered castings (e.g., 4-15, 4-25) is unexpect- 
edly lower than other castings. These castings, as shown 
in Figure 5, also suffer from macroshrinkage clusters. 
Development of macroshrinkage obviously releases the 
buildup of  negative hydrostatic pressure, t18] which has 
rendered the porosity of these castings at the free end 
unexpectedly lower. 
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A. Effect of Casting Geometry on Thermal Parameter 

Solidification diagrams shown in Figures 7(a) and (b) 
exhibit the effect of length of casting and riser size on 
local solidification time. The local solidification time near 
the riser end is significantly increased, while the corre- 
sponding solidus velocity is much reduced by increasing 
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F i g .  7 - - S o l i d i f i c a t i o n  d i a g r a m  o f  (a )  L = 15 c m  c a s t i n g s  a n d  (b)  L = 
2 5  c m  c a s t i n g s .  

riser diameter and the length of casting exerts little effect 
on them near the riser. 

The variation of thermal gradient with riser size, cast- 
ing length, and location in castings is shown in Figure 8. 
The thermal gradient is lowest at about the middle po- 
sition of the casting, its value being larger both at the 
free end and riser end. Not only increasing the solidi- 
fication time of  the riser but also decreasing the length 
of casting can achieve a higher thermal gradient. 

The motion of solidus in a solidifying casting, termed 
"solidus velocity," is shown in Figure 9. Solidus veloc- 
ity is low at the free end; it then increases to a maximum 
at about 1/3 position from the riser end and finally de- 
creases at the riser end. The advance of solidus velocity 
in short casting is slower than that in longer casting, and 
it is also reduced by increasing riser diameter. 

B. Feeding Efficiency Parameter 

The thermal gradient is a simple and good feeding ef- 
ficiency parameter which has been widely used to pre- 
dict the formation of porosity. Physically, it relates to 

8 
~4-15 
,=5-15 

o7-15 / 
o8-15 ~ 

o o 

-i.-, 

c3 

0 i l I I 1 t 
1 0 5 10 5 

Distence From Free End (cm)  

(a) 

o 

o ~ 

...a 
c- 
09 

k_ 
(.9 

O 

E 
t'- 

6 ~ 4-25 
u 5-25 
o 6-25 

5 o 7-25 
o 8-25 

4 e11-25 

2 

1 

C 
0 5 10 15 20 25 

Distonce From Free End (cm) 

(b) 

F i g .  8 - - V a r i a t i o n  o f  t h e r m a l  g r a d i e n t  in  ( a )  L = 15 c m  c a s t i n g s  a n d  
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Fig.  9 - - M o t i o n  of  so l idus  in (a)  L = 15 cm cas t ings  and (b) L = 
25 cm cast ings.  

the length of the capillary interdendritic feeding channel 
through the relation G = GL" AT, where GL is the liquid 
fraction gradient. Since the thermal gradient is inversely 
proportional to the length of the capillary interdendritic 
feeding channel, a high thermal gradient results in a shorter 
capillary feeding channel and reduces the pressure drop 
which rose by interdendritic viscous flow, in accordance 
with Eq. [11]. The individual effect of local thermal gra- 
dient on the corresponding porosity content of all of the 
castings investigated is shown in Figure 10. As shown 
in this figure, the scatter in experimental results is rather 
large, acknowledging the errors in measurement. This 
parameter per  se appears to be unable to account for all 
of the variables involved in describing the feeding be- 
havior of A1-7Si-0.3Mg alloy. 
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Fig.  1 0 - - R e l a t i o n  of  t he rma l  gradient  and  poros i ty  content  (where  
R 2 is square  of  mul t ip le  cor re la t ion  coeff ic ient) .  

The importance of solidus velocity, which had been 
theoretically calculated by Davies t9] according to the 
Hagen-Poiseuill equation, is modified into the present 
model based on the similar Darcy's law and substanti- 
ated by experimental measurements. The individual re- 
lation between solidus velocity and porosity content is 
shown in Figure 11; high solidus velocity means that a 
large amount of capillary fluid flow at a shorter time is 
required to compensate for the solidification shrinkage 
where the law of mass conservation still persists. In an- 
other point of view, the higher the velocity of the liquid/ 
solid interface sweeping from free end to feeder end 
through a solidifying casting, the less will be the time 
available for interdendritic feeding. 

Solidification time has also been proposed as an im- 
portant factor on porosity formation and supported by 
experimental results in the literature, uS J6] A feeding ef- 
ficiency index, defined as the ratio of thermal gradient 
to solidification time, G / t ,  without theoretical justifi- 
cation has been proposed to be best fitting for tensile 
strength data of A1-Cu-Si (LM4) alloy. (2~ The generally 

0.7 

c- 

O 
O 

o 

O 
L 

O 
D._ 

0.6 

0.5 - o / j ~ ~  

O.4 - ~ 

0.2 ~ j  

0.1 

I I I I 

o 
J 

J 

u D - 1 5  
O D - 2 5  

( R ' = 0 . 8 2 )  

~ n ~  

0 I I 1 I 
0 10 20 50 40 50 60 70 80 90 100 

So l idus Ve loc i t y  ( c m / m i n )  

Fig.  11 - -  Re la t ion  of  so l idus  ve loc i ty  and  poros i ty  content  (where R 2 
is square  of  mul t ip le  cor re la t ion  coeff ic ient) .  
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accepted concept is that solidification shrinkage is re- 
duced by increasing solidification rate. But this result 
contradicts feeding theory based on Darcy's law. The 
permeability of dendritic network for capillary fluid flow 
increases with increasing dendrite ann spacing, which is 
proportional to solidification time. [4,7] The porosity content 
plotted as a function of feeding efficiency index, G/t, 
is shown in Figure 12; however, the scatter this index 
experienced is still rather considerable. 

It is doubtful whether solidification time alone can be 
considered as an independent thermal variable to char- 
acterize the feeding problem of a solidifying casting, since 
process variations which change t will always bring about 
the concurrent change in other related thermal variables. 
For this reason, the individual effect of t on the feeding 
will become unambiguous if a relation of porosity con- 
tent vs time can be plotted while keeping all related vari- 
ables constant. The relation between porosity content and 
solidification time plotted at iso-G/V, ratio is shown in 
Figure 13. The justification of measuring t at constant 
G/V, is based on the theoretical derivation of Eq. [11]. 

As shown in Figure 13, the relation between porosity 
content and solidification time appears to be categorized 
into two regimes, as partitioned by the dotted line. At 
the lower solidification time regime (denoted as re- 
gime I), the porosity content increases with increasing 
time, whereas at the higher solidification time regime 
(denoted as regime II), the porosity content decreases with 
increasing time. Maxima of porosity content are ob- 
served at medium solidification time, especially at lower 
iso-G/V, lines where the feeding becomes unfavorable. 
At higher G/V, values, i.e., under good feeding con- 
ditions, the measured porosity content appears to be less 
affected by the solidification time. The increasing ten- 
dency of porosity with solidification time in regime I is 
proven to be nonrelevant to improved mass feeding be- 
cause of higher solidification rate, as postulated by 
Davies, [9] since Chang and Chou [211 have shown that a 
large variation of grain size (effected by changing the 
inoculant content) in IN-713LC superalloy exerts insig- 
nificant variation of porosity content. The relation in 
regime I is attributed to one of the following growth- 
controlled mechanisms: (1) reduced hydrogen diffusion 
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to the nucleated void or (2) reduced size of  solidification 
structure t13-15,17J because of higher solidification rate. 

In regime II, this phenomenon can be well accounted 
by Darcy's law, as has been described in this paper and 
in the literature; t9-12] briefly, in this regime, the porosity 
content is reduced by the high permeability of the coarser 
dendritic structure which facilitates the interdendritic 
feeding. This is particularly applicable for the present 
case of A1-7Si-0.3Mg alloy with a long period of eutec- 
tic reaction during solidification. Thus, Darcy's law, 
which has been advocated by many workers in attempts 
to quantify the feeding behavior of long freezing range 
alloys, is only applicable to certain thermal conditions 
in a solidifying casting. 

A new feeding efficiency parameter integrating all in- 
dividual thermal variables, denoted as (G. t2/3)/Vs, is 
derived. Acknowledging the limitation imposed on 
Darcy's law as discussed above, the prediction of po- 
rosity formation by this index is shown in Figure 14. 
Regardless of the variation in casting geometries, the po- 
rosity content of all castings studied is satisfactorily pre- 
dicted over a wide range of variables considered by this 
new interdendritic feeding efficiency parameter. 
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V. CONCLUSIONS 

1. Darcy's law, which has been suggested to govern the 
interdendritic fluid flow of  the porous media, is only 
applicable to certain thermal conditions in modeling 
the solidifying casting of A1-7Si-0.3Mg alloy. 

2. Solidification time alone cannot be considered as an 
independent thermal variable to characterize the feed- 
ing behavior of a casting. At regime I, the porosity 
content increases with increasing solidification time, 
whereas at regime II, the porosity content decreases 
with increasing solidification time. 

3. A new feeding efficiency parameter integratinw all in- 
dividual thermal variables, denoted as (G.  t /3)/Vs, 
is found satisfactory to predict the formation of  po- 
rosity in A1-7Si-0.3Mg castings. 

4. Combined geometries of a casting and its riser size 
exert a great influence on the thermal variables of  the 
AI-7Si-0.3Mg alloy in a complicated way. Together, 
these thermal variables synergize to govern the feed- 
ing behavior of the casting. 
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