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ABSTRACT

The lost-foam casting process using expanded polystyrene foam pattern allows more complex
and detailed passages to be cast directly into the part. The advantages of the lost-foam casting
process involve, forms complex internal and external shapes without cores, reduces part mass with
near net-shape capability, eliminates parting lines, and reduces machining operation and costs,
Complex shapes with various sizes castings were produced in this technique in the foundry of the
State Company for Electrical Industrials to evaluate the process. Successful complete castings were
made. Many experimental works were done to further complements about fluidity parameter
dealing with lost-foam casting process. Empirical linear and non-linear formulas were obtained
from those experimental works to find the minimum temperature for pouring molten metal.
Aluminum alloys were the material of choice for this work, due to the best combination of
mechanical properties and castability, but the performance requirements and manufacturability
issues will drive the choice of a specific aluminum that was aluminum-silicon alloy, which were
used in this work.

The macroscopic properties of the alloy depend strongly on the microstructure. Therefore,
photomicrographs of microstructures of various castings with different foam pattern densities were
done and made comparisons with common sand castings. Mechanical tests were conducted on the
castings which produced by the common sand casting and the lost-foam casting processes. These
tests include tensile, hardness, and impact. Because of using the expandable polystyrene as a pattern
that gave, more gasses in the cavity of the mold during casting, so the mechanical tests show some
differences between the two processes.
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INTRODUCTION

Casting processes are among the oldest methods of manufacturing date back to around 6000
B.C. (Groover 2002) when copper arrowheads and other tools were made. Shape casting involves
the production of more complex geometries and almost all materials can be cast in, or nearly in the
final shape. Varieties of shape-casting methods are available, thus making it one of the most
versatile of all manufacturing processes. The production of a desired shape by a sand casting
process first involves molding foundry sand around a suitable pattern which is made of wood or
other materials in such a way that the pattern can be with- drawn to leave a cavity of the required
shape in the sand. To facilitate this procedure the sand mold is split into two or more parts.

This procedure may cause some defects in the products such as fins, misalignment of mold parts
and cores in spite of mold distortion. Thus, the lost-foam casting (LFC) is a method of sand casting
to eliminate the above defects; moreover, it simplifies and expedites the mold making. The process
uses a mold of sand packed around a polystyrene foam pattern complete with necessary system, and
it may contain internal cores Fig. 1 (Higgins 1978).
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Fig. 1 Lost-foam casting process using EPS pattern (Higgins 1978).

Polystyrene is a polymer material with the formula: (Cg Hg) n
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Where (n) is "between 1000 to 2000". Polystyrene is a material derived from benzene and
ethylene and, in its expanded form, contains only 2% of actual solid polystyrene, which extremely
low relative density. Table 1 indicates the properties of the polystyrene material. Various methods
for making the pattern can be used depending on the quantities of casting to be produced. For one
of kind castings, the foam is manually cut with a sharp knives and heated stainless-steel wire from
large strip. For large production runs, an automated molding operation can be set up to mold the
patterns (Groover 2002).

Complex internal features are produced by assembling and gluing multiple foam sections
together to form a single complex foam pattern, Fig. 2 The pattern is normally coated with a
refractory compound to provide a smoother surface on the pattern and to improve its high
temperature resistance (Genske 2004).
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Table 1 Polystyrene properties and other data.

Polymer Polystyrene (CsHs)n

Polymerization Method Addition

Modulus of Elasticity 3200 MPa

Elongation 1%

Glass Transition Temp. 100°C

Approximate Market share About 10%

s
SR

Four Foam Sections

i

Assembled Foam Pattern

Fig. 2 Assembling and gluing multiple foam sections together to form single complex foam
pattern (Genske 2004).
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FLUIDITY

Fluidity can be defined as the capability of the molten metal to flow into the cavities of the mold
and to fill all internal details of the mold before freezing in the casting process. Fluidity is a
commonly used term that combines fluid flow and heat flow characteristics (Serope 1989).
Fluidity is related to viscosity, but it is not a single property as viscosity or density but a complex
characteristics. So, empirical tests have been devised to measure the overall characteristics. Factors
affecting fluidity include pouring temperature, metal composition, viscosity of molten metal, casting
geometry, and heat transfer to the surroundings, moreover in LFC process another factors affects
fluidity such as foam material, glue lines and coating. The unit of fluidity is expressed as a distance
in the length unit such as (cm, mm). Fluidity is a function of producing successful complete castings.

EXPERIMENTAL WORK

Many experiments were done to measure the fluidity of aluminum-silicon alloys using the LFC
process. The tests of the fluidity measurement were done by forming standardized strip fluidity test.
They were done with different variables. Three commercial expanded polystyrene foam densities —
12, 15, and 20 kg/m3 were examined in these experiments along with four average thickness fingers
— 4, 6, 8, and 12 mm — and six pouring temperature. The final strip fluidity pattern and finished
casting are shown in Fig. 3
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Fig. 3 Strip fluidity model (a) EPS pattern (b) finished casting.

It was designed as a general factorial with two replicates per condition. The factors and their
associated values are given in Table 2.
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Table 2 Factors and levels for Al-Si alloy fluidity test.

Factor Levels
Foam Density
12 15 20
(kg/m3)
Thickness Pattern
4 6 8 12

(mm)

Pouring temperature
(°C)

690 700 720 740 750 800

The results of the fluidity measurement castings, which were done in the foundry of the State
Company for Electrical Industries, were summarized in the Table 3.

Table 3 Experimental values of fluidity measurement tests.

) Thickness Channel Pattern (mm)
Pouring

Temperature p=12 kg/m?3 p=15 kg/m?3 p=20 kg/m3
°C

HoDDEOEaaEg

5 5] 513

The relationship between pouring temperature, thickness of channels, and the fluidity amount for
each relative foam density are shown in Figures 4, 5, 6 as a 3-D bar chart. Fig. 7 shows the effect
of foam density on the fluidity measurement.
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‘Dchannel thickness 4 mm B channel thickness 6 mm Ochannel thickness 8 mm Ochannel thickness 12 mm ‘

Fig. 5 Bar chart for fluidity measurement test using EPS (Density 15 kg/m?)
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Measurment OF FLUIDITY (EPS) PATTERN of density 20Koim™3
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Fig. 6 Bar chart for fluidity measurement test using EPS (Density 20 kg/m?)
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Fig. 7 Effects of foam density on fluidity measurement.
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EMPIRICAL EQUATIONS

It was suggested to construct an empirical equations from the data obtained of the fluidity test.
They demonstrate the relationship between the associated variables that affecting the LFC process,
which examined in this work. There are two group equations, one for linear relation, and the other
for non-linear relation. The pouring temperature is the depended variable that required to be
calculated for pre-design samples (minimum channel thickness and the related length). The
minimum pouring temperature is the desired parameter in the foundries to minimize the consumption
of the power required to melt the metal and oxidation of the molten metal.

Therefore, that, multiple linear regressions for some variables associated with fluidity parameter
of experimental test:

f(T,t,L,p)=0 eq. (1)
Where:

T: minimum pouring temperature (°C)

t: the smallest thickness in the sample section (mm)

L: the length of the smallest section (mm)
©: The foam density (Kg/m®)

T=f(t L p) ed. (2)

Linear relation with the effect of foam density

The last equation (2) modified for linear relationship between the related variables. Therefore:
T=za+tagt+aL+azp eq. (3)
Alternatively, as a matrix form:

T =a +7a; Xi eq. (4)

Where, “i” is the repeated of the experimental tests.
The best values of (a0, aj, a,, as) are determined by setting up the sum of squares of residual error

(Sh).

Sr= S (Ti-ap-aiti-ax Li-aszpi)2=min. eq. (5)
OS] dap=-25 (Ti-ap-arti-ax Li-a3 pi)=0 eg. (6)
OSrl da;=-2y ((Ti-ap-arti-a2 Li-azpi)x ty)=0 eq. (7)
OS] 0a=-2% ((Ti-a-arti-a2 Li-azpi)x Li)=0 eq. (8)
OS] daz=-23 ((Ti-a-arti-a2Li-azpi)x pi)=0 eqg. (9)

4249



Q. M. Doos
I.K. A. Al-Naimi

Investigation of parameters affecting
Lost foam casting

Alternatively:

Nag+tyarti+yali+Yazpi=3Ti

Sapttyati+y a2 Liti+Yazpiti=y Titi

Sapli +yatili+y al%+ 3y azpili=y T Li

Sap pitrati pityal pi+tYasphi=yTi pi

In matrix form:

[Ala=b
Where
n St
[A] = S S 2
S'Li >t Liti
el zpit
do
a= a1
az
as

And n is the number of repeated tests.

To solve the matrix to find (a's) values ......

[A] “[Ala=[A] b

Therefore:

a=[A]"'b

S'Li

> ti Li
s L2

Y pilLi

lox
1]
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From Table 3, substitute the data in the matrix;
The matrix [A] and b will be:

72 540 5409 1128 52800

540 4680 44680 8460 396000
[A] = 5409 44680 522247 83470 , b= 4053330

1128 8460 83470 18456 827200

By using eq. (16) the constant will be:

ap=682,a1=-6.51,a2=1.0,a; = 1.62
Substitute (a's) values in eq. (3) therefore the linear relationship of the related variables will be;
T=682-651t+F +1.62 p eq. (17)

Linear relation without the effect of foam density

In this case the foam density will be fixed, therefore the eq. (3) modified to:
Tza+at+al ed. (18)

Moreover, this equation will be repeated for three-foam density.
1. while the foam density is (12 Kg/m®), by the same procedure the matrix [A] and b will be;

24 180 1965 17600
[A]= |180 1560 16152 , b= | 132000
1965 16152 198481 1469750
ap =701 a; =-6.9 =10

Therefore eq. (18) will be;

T=701-69t+F eq. (19)
2. The foam density equal to (15 Kg/m®) and (20 Kg/m®); by the same procedure respectively
eq. (18) will be;
T=709 -6.7t+F eq. (20)
T=712-6t+F eq. (21)
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Non-linear relation with the effect of foam density

It was suggested the relation between the variables associated with LFC process as shown
below;

T=agpt+aFP+a,FP+azF+ayt?+ast+as p eq. (22)

By the same procedure, the dimension of the matrix is (7x 7).
/_ 7 5

72 59x107 52x10° 5409 4680 540 1128
59%x10° 1.2x10** 95x10' 7.3x10° 53x10° 53x10%° 9x10°
52x10° 95x10" 7.3x10° 59x10" 4.4x10° 45x10° 8x10°
5409 7.3x10° 59x10" 5.2x10° 4.2x10° 44680 83470
[A]=| 4680 53x10° 4.4x10° 4.2x10° 4.7x10° 45360 73320
540 5.3x10%  45x10° 44680 45360 4680 8460
1128 9% 108 8x10° 83470 73320 8460 18456
N __,,//

TN
52800
4.5% 10?
4x108
4x10°
3.4x10°
396000

827200
" _/

[=)

[og
I

It was used Gauss-Seidle Method to solve the matrix for finding a’s.
Therefore the constant a’s are:

ap=776, a;=1.2x 10* a,=-0.002, az=-0.25, a,=1.87as=-85.6, ag=25.3
The empirical equation for this case is:

T=776+1.2x10"7-0.002 F°-0.25F +1.87t*—85.6 t+ 25.3 p eq. (23)

CHEMICAL COMPOSITION

Many samples were taken from the castings that produced with LFC process to analyze the
chemical composition. These samples were cut from the castings that were produced at the foundry
of the State Company for Electrical Industries during the fluidity measurement tests. The chemical
composition analysis was done in the Central Quality Control Office at Nasser State Company for
Mechanical Industries. The average results of tests are shown in Table 4.
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Table 4 Chemical composition of the alloy is used in this work.

Chemical Composition of the Alloy in w; %
Si  Fe |Cu Mn Mg | Zn | Ti Ni Sn Al |Others

Elements g5 1.20 | 1.59 | 0.12 | 066 | .737| 026 07 | .01 8748 002

MECHANICAL PROPERTIES TESTS
Tensile tests

The tension specimens cast with pouring temperature (720°C) to size in sand casting without
chills, the dimensions of specimens used in this test prepared according to the ASTM B 26/B 26M —
88. There were four groups of samples used in this test, one of them cast in common sand casting,
and the others in LFC process the difference between them were in the foam density. Each group
had two sets the difference between them was in thickness only; these thicknesses were (4.1, 2.2
mm), although of the same material and process there are variation in the results between two
thicknesses for each group because of the residual stresses due to the machining of cutting the
samples. The velocity test was (0.5 mm/min.).

From this test, ultimate tensile stress, yield stress (proof stress), and elongation were obtained.
The results are shown in the Table 5.

Table 5 Mechanical properties obtained from tensile tests.

UTS (MPa) Y.P (MPa) Elongation %

process | Thickness (mm) | Thickness (mm) | Thickness (mm)

Common

Casting

STM
(328 alloy)
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Hardness tests

Hardness is being a macroscopic property and a measure of the resistance to indentation. This
test was done by using (Vickers Hardness).
The magnitude of the load was exerted to the specimen (0.5 kg); the results were calculated by this
equation: VHN =1.854 P/ L?
Where; P= applied load, L =the average diagonals of the diamond indentation.
Two reading in each specimen were taken one (20x20 mm) and the second (10x10 mm) apart
from the edge. The comparison results are recorded in Table 6

Table 6 Hardness tests

. Common Sand | LFC Process LFC Process LFC Process ASTM
rocess
Casting with 12kg/m3 | with 15kg/m3 | with 20kg/m?3 (328 alloy)
HV M 74 63 53 51
60
No. | E 75 64 54 52
HB | M 67 58 49 48
55
No. | E 68 59 50 48

Where (HB) is equivalent to Brinell number, (10mm) ball and 500 kg load.
(M) 20x 20 mm apart from the edge, and (E) 10x 10 mm apart from the edge of specimen.

Impact tests

The Charpy V-notch test (simply supported beam test) was used to measure the impact strength
test. The samples were prepared as the standardization of (ASTM-E 23). The results of the test are
shown in Table 7.

Table 7 Charpy impact test

process Energy (kg.m)
Common Sand Casting 4.2
LFC Process with 12kg/m? Foam density 3.7
LFC Process with 15kg/m3 Foam density 3.6
LFC Process with 20kg/m3 Foam density 3.5
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MICROSTRUCTURES

The structure of a casting is in the first instance a function of alloy composition and casting
geometry. It is also sensitive to measure of variation in cooling rate within the mold. This test had
done using available equipments in Production and Metallurgy Engineering Department at the
University of Technology. The samples were cut from the strip. The strip dimension is (2, 5, 20 cm)
that cast with three different foam density as a pattern in LFC process and one another cast by
common sand casting. The samples had prepared by grinded, polished, and etched with (HF) 2%
and (H20) 98% before the photomicrographs were taken. The photomicrographs of microstructure
are shown in Fiq. 8

Fig. 8 Photomicrographs showing the microstructures of Al-Si alloy
(@), (b) common sand casting. (c), (d), (e), (f) LFC process x500
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In figures (8-a, and 8- b) are showing the specimen for common sand casting. It shows regular
structure of Al-Si alloy.

In figure (8-a) shows clear observation of the segregation of the eutectic silicon in the portion
near the edge due to the high cooling rate.

Figures (8- ¢, d, e, f) show the microstructures of the castings that produced by LFC process.
The darker area of the micrograph of these figures contains more silicon particles, indicating the
high silicon content.

Figures (8 — ¢ and d) show the microstructures of the casting used LFC process with foam
density of (12 kg/m3); the figure (8- c) is for the edge portion and figure (8- d) of the middle
portion specimen of LFC process. These two figures show less segregation and less microporosity
as was expected than figures (8- e and f) which were used foam densities (15, 20 kg/m3)
respectively because of more Pyrolysis products.

CONCLUSIONS

Based on the experimental investigation of the mechanism of the LFC process, the following
conclusions can be drawn from this work:

e Fluidity is affected by foam density, increasing foam density decreasing fluidity because of
the combined result of molten metal front energy loss and an increase in backpressure from
decomposition products.

e Empirical formulas were obtained to calculate minimum pouring temperature for a specific
thickness section and its length with using specified pattern foam density. The first formula
based on linearity relation between variables and the second as a power relation. The first
formula gives good results while checking some data obtained from this experimental
works.

T=682-6.51t+F+1.62p
T=776+1.2x10" F*- 0.002 F*- 0.25F +1.87t*— 856t+253p

e In this work, examination was done on the feasibility of using Al-Si alloys in the LFC
process, and the experimental tests indicated that this alloys have similar castability with
traditional sand casting.

e The microstructures of the final castings were examined, and the photomicrographs show
little different between the castings produced by the traditional sand casting and LFC
process.

e The grain size particles of microstructures are fluctuated between large and small size
related with the location of it, if it is near the edge or in the middle of the casting. Fine grain
sizes locate near the mold wall due to the high cooling rate.

e The mechanical properties tests were done on the castings produced with LFC process and
that with the common sand casting. The tests gave good results and agreements with
standardization of the nearest alloy. The effect of the foam density is relatively little in some
cases on the mechanical properties, increasing foam density decreasing the mechanical
properties. The percentage differences between the two processes range from (4% to 31%).
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SYMBOLS

EPS: Expanded Polystyrene
HB:  Brinell number

L: The length of the smallest section (mm)
LFC: Lost-Foam Casting

T: Minimum pouring temperature (°C)

t: The smallest thickness in the sample(mm)

UTS: Ultimate Tensile Stress
VHN: Vickers Hardness number
Y.P: Yield Point

p:  The foam density (Kg/m®)
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