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ABSTRACT

The aim of this research is to predict the shrinkage defects in Al-Si castings by determination the
suitable parameters and techniques which can be applied in casting simulation system. Also, it gims to
specify the role of silicon content in amount, morphology, and distribution of these defects. The
Numerical solution has been carried out using an explicit 3-D finite difference method for the given
system of the casting and a mold. Additionally, an experimental casting of the studied samples was
achieved. 1t was found that the shrinkage porosities increased with increasing the silicon content up to
7%, so at this peak, they spread in alt cast regions and cannot be predicted. The low silicon alloys
suffered from only the shrinkage cavities defects that can be predicted by mapping the solidus time
contours. Finally, it was concluded that the critical temperature gradient value of the porosities
development in the eutectic {Al-12%Si) alioys was 1.3 °C/em.
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INTRODUCTION

Producing sound aluminume-silicon
castings is one of great economic significance
to the foundry industry; however, shrinkage
defects are the main categories of casting
defects which take many forms; shrinkage
cavity, porosity and surface sink. Such defects
have a negative economic impact on casting
production; their consequences range from

high rework costs to casting rejection as
reported by Beckermann [1].

During recent vears, the application of
some popular commercial software as
computer simulation tools has become widely
accepted within the foundry industry. The
application of casting simulation has been most
beneficial, for avoiding shrinkage scrap, by

predication of shrinkage defects without
having to discover them in the foundry through
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the usual trail and error process, which can be
very tedious, time consuming, and expensive,
One of the methods to describe solidification
modefing is the heat transfer model, which
solves the energy equation, There have been few
studies ta mode! the effect of solidification
shrinkage from different perspectives. Trovant
and Argyropoulos [2] proposed an algorithm 1o
sccount for shrinkage and  consequently
determine the shrinkage profile resulting from
phase and density change. Only the energy
equation is solved in the domain and the effects
of solidification shrinkage are imposed through
the proposed algorithms. McBride [3] presented
a model that accounts for shrinkage during the
directional solidification or dendertic binary
alloy under the assumption that the densities of
liquid and solid phase are different but constant.
Also, Kim and Ro [4] performed a study on
shrinkege formation during solidification of a
material in a two-dimensional rectangular cavity.
Anderaus and Delliisola [5] proposed a 2-D
finite difference model to describe the influsnce
of solidification shrinkage on the final shape of
cast ingot, Fard [6] develops a numerical method
to simulete the solidification shrinkage of the
solidifying liguid.

The aim of this work is to find the
suitable criteria or methods that can be used in
prediction the shrinkage defects. Also, it aims to
study the effect of silicon content on the
morphology, quantity, and distribution of the
shrinkage defects in the Al-8i castings.

MATHEMATICAL MODEL
Metal Region

The variation of tempetature T with time
could be described by solving the Fourier heat
equation, which is generally written as:

BN

where convection is neglected. The density
denotes as p , specific heat of casting as Cp and
the term pC,(3T/8r) is the fransient term

where, T is a time step. In the right side the three
terms reptesent the heat conduction in three-
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direction with thermal conductivity K. A source

‘teem q* is an internal ‘heat generation for

solidification under equilibrium condition. This
term cah be described as:

o L dT e
G=Al =P

where L denotes latent heat distributed over the
solidification range, so it is a function of the .
solid fraction as confirmed by Poirier and
Salcudean [7].

Thermophysical propertics in the mushy
region will depend upon the amount of liquid
and solid (ie. solid fraction) and .can be
calculated as following:

Pr = fur P T L iy 3

where fym are the solid fraction at T and Py and
Py, are values of the property at solidus and
liquidus temperatures, respectively.

If the alloy has very narrow solidification
interval or it is a pure metal or a eutectic, T will
be close to or equal to Ty, In this case an
artificial temperature interval has to be assumed,
This temperature interval should be as small as
possible to be near the real material behavior.

Mold Region
For heat conduction in the mold, the
energy equation is:

A5 EH

the subscript m is denoted the mold and Kn is
the mold material thermal conductivity.

Boundary Conditious
_ On the outer surface, heat transfer is
done by convection as following:

ar, .
-K (T, T,
At a {M‘ u]
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where Ty, is the temperature of outer surface of
moid and T, is ambient ternperature.

Assumptions Made
The following assumptions were made
for the formulation of the problem:

1-Mold is filled instantaneously.

2_Phase transformation proceeds in ane direction:
liguid to solid.

3.No convection is present in the Tiguid metal.

4-Thermal properties of the metal casting for liquid
and solid phase are different but constant.

The density considered variable with terperature.

Numerical Solution

After discretization of the whole domain
and using the forward difference for the time
derivative and the central difference for the spatial
second derivative, the approximation resulting in :

N m,[r@;zrgﬁr;u Fhe - s 4 Tgas
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Equation (14) is called the Forward Time,
Centered Space or FTCS approximation to the
heat equation. It can be veduced as:

o (6P P+ T Pl Tas)

+ F{g;:;j_l + Ti?f.hl} ................... 8

The FTCS scheme is easy to implement
because the values can be updated independently
of each other. The entire solution is contaited
two loops: an outer loop over all time steps and an
inner loop over all interior riodes. Notice that The
FTCS can yield unstable solutions that oscillate
and grow if At is too large. According to Jaluria
[8] , stable solutions with the FTCS scheme are
only obtained if;
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Computer Programming

A computer program has been developed
using FORTRAN %1, to carry out the numerical
solution, on a personal computer. The basic
structure of this program is shown in Fig. 1.
Dimensions of casting are illustrated in Figs. 2
and 3.

EXPERIMENTAL PROCEDURE

Afler meiting the aluminum slloys in a
gas fumnace and degassing with a CoCls tablets,
the molten metals were poured in sand molds.
Ten swaight bar samples (Fig.2) with different
dimensions were prepared 10 study the effect of
silicon percentage on the shrinkage defects,
Also, two rectangular samples (Fig.3) with fin
were prepared to evaluate the efficiency of the
program in prediction the cavities location. All
of these samples were contained in Table 1.

RESULTS AND DISCUSSION

Verification of The Model
In order to check the program, numerical
simulation results were compared  with

experimental data. It conducted by inserting
thermocouple in the cast sample (1). Fig.4 shows
the simulated and experimental cooling curves at
cast center position. It is obvicus that the slope
of the simulated curve after solidification is
smaller than experimental one which may be due
to the effect of solid contraction and
consequently the air gap development, But, at the
interval between the liquidus and solidus
temperature  (local  solidification time), It
represents a quite similar between them.

The Effect of 8i% on The Shrinkage
Morphology

Four samples with different silicon
percentages are arranged in Table 2. It contains
the shrinkage morphologies extracted from Fig.
5, Fig.5d shows that, the pure aluminum {sample
73, suffered from only one type of shrinkage
defects. Feeder terds to pipe deeply; the pipe is
smooth and geometsic in shape, with the absence
of any type of shrinkage porosities as shown in
Fig. 7. This can be attributed 1o the plan¢ front
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solidification behavior of pure alloys. Twe
reasons to the severe ewtent of pipe in these
samples. Firat, the high solidification contraction
of pure aluminum (7.14%). Second, the absence
of the other types of shrinkages leads to
accumuiation in the pipe only.

Sample (6) of low silicon content
(0.85%) had approximately the same shrinkage
hehavior as the pure aluminum samples. Here the
pipe is less regular and the end is ragged as
shown in Fig.5¢.

Sample (4} of 7% silicon exhibited light
pipe and a dispersed porosity in all cast regions,
as shown in Fig.5b and Fig. 6. This is explained
by the long freezing tange of this composition
which offered a high constitutional supercooling
and an effective dendritic solidification behavior
and consequently 4 limited feeding to the
interdendritic  shrinkage regions so that a
nucleation of porosities enhanced. On the other
hand, the reason of the presence of srall pipe in
comparison with the previous alloys is firstly;
that the total contraction percentage of Al-Si
alloys decreases with increasing the silicon
content. Secondly; the total contraction here
shared between the pipe and wide dispersed
porosities,

Sample (1) of 12% silicon (Figs. Sa and
8) exhibited medium size pipe and localized
porosities in the centerline. The short freezing
range of this alloy produced a simpls
constitutional supercooling resulted in cetlelar or
light dendritic freezing mode for the eutectic
layers or for the aluminum grains which contain
the porosities in between. The pipe of this
sample is smalier than that of sample (7) because
the total contraction percentage of this alloy is
3.8%; also it is larger than that of sample (4)
becanse the potosities here are localized in the
centerline only.

Simulation Results

The Pure Aluminum

The first extension of the modeling is the
gvaluation of the temperature gradient over the
mid surface (x-y) of the pure aluminum (7, 8, 9,
and 10 ) samples as in Fig. 9. In general,
the gradients are highest at the casting edges, but

Aprraaga with movineg traward the racting santar
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characterized by high gradients, whereas the middle
regions of thick castings such as samnple (9) have very
low gradients. All of These samples are free from the
porosities in a different manner than steel, ie. the
development of the poresities depends on. the
decreasing of the temperature gradient under a critical,
value as the wotk of Niyama et al [9]. Consequently,
the development of the porosities in pure aluminum
did not depend on the gradient values because the
solidification front type (planar) has the predominant
role in this manner and the gradient has na 1ole.

The second extension of the modgl is to predict
the cooling rate during solidification, as shown in
Fig.10. The ccoling rate is higher near the edges
(metal-mold interface) than the casting interior.

The third extension is illustrated in Fig.11
which includes the distribution of the solidus time of
sample (9) through the same (x-y) surface. It shows
some degree of a directional solidification behavior
especially at the casting edges (free edge and near the
feeder edge) with stability through a wide intcnmediate
range because of the long casting length.

Among these solidification parameters, the
solidification time can be used in the cavities
prediction . The appearance of a closed loop in the
solidification time contours is the suitable criterion for
this type of shrinkage. For checking the efficiency of
the present simulation program with employing the
solidification time criterion in prediction the cavities
position, a rectangular sample designed to produce an
internal cavity was tested (sample 11). Fig.12 includes
a comparison between the sliced sample (to identify
the position of the real cavity) and a simulated graph
of the solidus time contours over the same sliced
surface. There is a good agreement between them that
make this criterion a good tool in cavities prediction
and a successful of the present computer program in
the simulation function to predict the hot spot and
consequently the cavity.

Aluminum-0.835% Silicon

Figs. 13a and b show the distribution of the
temperature gradient through the mid surface (x-y) for
samples (5 and 6). Alsa, the gradient decreased for
very low values and did not cause a development of
porosities. Therefore, their solidification behavior
resemble to the pure aluminum,
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Aluminum - 7% Silicon

Figs. Sb and 6 include photographs of the polished

section of sample {4), which show a wide dispersed

of shrinkage porosities through the sample section

without any concentration in a specified region.
. Fig.9a illustrates the distribution of the temperature
gradient through the mid surface (x-y). It clarifies
that; the shrinkage porosities distribution in this
silicon concentration does not depend on this
parameter values, and they can not be predicted with
this tool,

Aluminum-12%Silicon

Fig.13d shows the distribution of the
femperature pradient through (x-y) mid surface of
samples (2). The temperature gradients near the wall
area ar¢ high due to rapid wall chilling.

Table 3 contains the values of the porosity
length extensions in these samples in addition to the
gradient values at the starting and ending points. The
region of shrinkage coincides with the region of
shallow temperature gradient (center line shrinkage).
In fact, all of the shrinkage porosities were found
within the region of calculated temperature gradient
of lower than 1.3 °C/em. Therefore, 1.3 *C/om was
tentatively taken as the critical value of shrinkage
occurrence. The equivalence of these values at the
two points for a one sample and between the three
different dimensions samples gives a good support
for this propesal. Niyama et a! [9) reported the
vatues of the critical temperature gradient; 2 to
3°Cfem for the steel bars. The difference between
Niyama values and outs is not surprising because the
values must depend on casting type, alloy
composition. Niyama did not take into account the
change in thermal properties for liquid and solid.
While Niyama's ctiterion works well for low carbon
steel, that has very small difference between solid
and liquid properties that makes its application by
many nionferrous foundries is questionable because
they have large diverge of thermal properties
between sclid and liquid metal.
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Fig.14 shows the microstmcture of eutectic layers, the

aluminum  grains and  porosities. There are
characteristic phenomena in the relation between the
porosity and the eutectic fayers. Firstly; the
interlamellar eutectic distance is refined for a high
values adjacent to the porosities. Secondly; the
eutectic layers surfaces around the porosities are
mainly perpendicular to the surface of the porosities.
These phetiomena may be attributed to the mechanical
waves resulted from the bursting initiation of
shrinkage porosities, that enhances the nucleation
process of the eutectic phase starting from the porosity
surface and growing outside vertically.

CONCLUSIONS

From the present work, the main conclusions
can be summarized as:

1-The shrinkage porosities increase with increasing the
Si content up to 7%, so at this peak, they spread in
all cast regions and cannot be predicted.

7- The low Si and pure Al-slloys castings suffered
from the shrinkage cavities defects only which can
be predicted by mapping the solidus time contours.

3-  The ctitical temperature gradient value of the
shrinkage porosities development in the eutectic
(Al-12%85i) alloys was 1.3 °Clem,
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NOMENCLATURE

T :temiperatere

C, :thermal capacity

K :thermal conductivity
4* :heat gemeration

L :latent heat

fs : solid fraction

0 :liguid fraction

P : Property

h :heat transfer coefficient
p :densiry

T ;time
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Table 1 dimension of ihe casting samples

Fig.1 basic structure of FD-program
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Fig.2 straight bar samples
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Fig.3 rectangular samples
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Fig.d comparison between simulated and experimental results at the
centre of the cast (1)

Fig.5 photographs of a-sample(1), b-sample(4), c-sample(6), and d-sample{7}
sections, which illustrate the shrinkage defect morphelogies
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Table 2 shrinkage defect morphologies of the casi:ng samples

P ] el
porasities § Porosities | sink ¥
| nit ¥ it |

Fig. 6 a photograph of polished Fig. 7 a photogioph of polished
section of sample (4} shows the : section of sampl: (7} shows the
dispersed porosities porosity free surface

Fig. 8 a photograph of polished section of sample (1)

shows the centerline porosities
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Fig.1¢ the Coaling rate over the mid surface of

sample (9) ' Fig. 11 the solidus time variation over the mid
surface of sample (%)
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Fig. 12 the solidus time contours over the mid surface of sample {11}
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Fig. 13 the temperature gradient vatiation ov
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c- sample (4},

er the mid surface of a-sample (5), b- sample (8),

and d- sample (2)
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Table 3 values of critical terpperature gradients
which is gained from simulation

METAL Py pord e . re

L] | i} A hore Chen |
1|20 swo t 30 | 30 | 120 320 s | 1.3 | ¢
7 |Saiy| B20 | 30 | 38 | 100 | 330 7o | 135 | 1.3

3 [eas] aBo | 30 70 | 140 | 235 an | 1.34 | 1.38

h two magnifications of the microstructure of sample (1) showing

Fig.14 micrographs wit
the tefining of eutectic layers around the porosities
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