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Solidification time is one of the veryportant parameters used for assessing the propeftithe
material. Aluminum casting alloys with tin as the major allmy elements are the most important
commercial casting alloys because of their sup@asting characteristics. This paper presentsentia of
different casting method on solidification time antechanical properties of A£0%-40%) Sn alloys
against both the molding conditions and tin contBrperimental investigation is carried out to measure
the solidification time in cylindrical parts by ngi sand and die casting methods. The results showed
different cooling rates and solidification timesagaroduce substantial variation in the resultingctire
and properties. However, decrease of both the afértensile strength and the hardness is obtainéheb
increase of the tin content. For instance, dieilmgstwhich uses metal molds, has faster cooling and
produces higher-strength castings than sand castimgh uses a more insulating mold material.

Keywords: Solidification time, die, sand, AL-Sn dby, properties.

1. Introduction
Aluminum is one of the most versatifettte common foundry metals and the ratio of cast t

wrought aluminum alloy products is increasing priiyabecause of the larger amounts of castings
being used for automotive applications. A wide &g cast aluminum alloys is available for
commercial use. Aluminium has a low modulus of td&tg and apart from indium, lead has the lowest
modulus of elasticity of all the soft phases alfmyiwith aluminium). The most commonly used
processes are sand casting, permanent mould castitg chamber and hot chamber pressure die
casting. Sand moulds are fed with molten metal ity ¥. The amount of heat that must be
removed from a casting to cause it to solidifyirectly proportional to the amount of superheatimgl
the amount of metal in the casting, or the castmigme. Conversely, the ability to remove heat fram
casting is directly related to the amount of exposearface area through which the heat can be
extracted and the insulating value of the mof

During casting heat transfer occurs from tie liquid metal to the cooled mold and the
temperature decreases from that of the cast teufreunding temperature. The process involves three
successive stages: the cooling of the liquid méhal solidification and finally the cooling of tiselid
metal The process of solidification, the change of lijto solid metal after pouring into the mold, is
the defining event in the life cycle of a castthgrhe times involved in this activity may be as rstas
seconds or as long as hours depending upon thenggsibcess and the size of the casting, the
chemical composition of the metal being cast, trenmer in which solidification occurs, and the
subsequent solid state treatment determines thmatét microstructure and therefore properties
(mechanical and physical) of the castiflg Cooling Rate can be an indication of materialligpa
Areas of the casting that cool rapidly generallwénaa more favorable grain structure, with less
deposition of partially soluble compounds at thaigiboundaries. Therefore, these areas tend to have
better material properties such as strength, etagand hardness. Those areas of the castingdloat
more slowly generally tend to have poorer matesiaberties®”. It is the duty of the metal casting
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engineer to control the solidification event to thest of ability so that the microstructure of thal
product can be controlled to optimize the propsrtesired. Dendrite cell size, which is control
solidification rate, is an important indicator bketmechanical properties of aluminum casting altoys
The ultimate physical and mechanical propertieshef cast metal will depend upon both intrinsic
factors(chemical composition, cooling rate durirajidsfication and heat and mechanical treatment
after solidification) and extrinsic factors (metéanliness, additives for microstructure contcalsting
design, riser and gating design, solidificationerabntrol, and temperature control subsequent to
solidification)present in each casting event anthprocessing events subsequent to casting

2. Heat transfer and solidification in insulating nolds
2.1 Chvorinov’s rule
At some time, t, after pouring a puretah into an insulating mold (sand or ceramic)@hs

pouring temperaturep] the temperature along a line perpendicular tontbéd- metal interface would
be expected to look like the figure (1) below:

[ Metal (High K) [ Sand Mold (Low K) |

T Fick’s Second Law describing heat transfer in the mold:

TP — | ST/5t = oy (52T/6x)
5 m where o = thermal dif fusivity of mold
i M/ POy
'éi Thermal Conductivity ’ \
& Density _

Heat Capacity
Ty

- -X 0 +xX->
Distance From Interface

Fig.1: The temperature along a line perpendiculard
the mold-metal interface

In this situation, the high thermal conduityi of the metal results in the temperature of tinetal
at the interface dropping ta,linstantly upon pouring and staying there untildibtation is complete.
of course, intimate contact between the metal aolti )neans that the mold at the interface will also
remain at T, until solidification is complet&**. The solution to the above equation subject to the
boundary conditions that T syt x =0 and T = Jat x = oo for small t gives:

T(x,t):To+(Tm—To){l—erf[ X }} eq.(1)

2\/aut

This equation can be used to predict the siglidion time, & The flux of heat at the interface at time
tis given by:

J=-KM (d%x) |x=o eq.(2)
dry _ _+ _+\9d ], _ X
ax X0 " (Tm To) dx {1 erf (2 a, tHX_O ed.(3)

Expanding the erf function in the form:
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2
erf(u) = —(H— T )

ST 3.1! 52! 7.3!
and differentiating gives at x = 0, the interface,
|- Ko=) oot
m,,t

The total heat, Q, through the interface efah :(the total surface area of the casting) upedaime
, t, is given by:
2AK(T, - To) 05
——am Ot% (5
Jra, eq.(5)
The total heat liberated before solidificatie a sum of the superheat, @nd latent heat of

solidification, @
where:

Qr = PyieaBH Vyea
Qs = Pyeta Viveta (TP _Tm)CMetal

Q= AJt'Jdt
0

Where Fis the pouring temperature. The time necessarthisramount of heat to pass through
the interface would correspond to the solidificatiome, t, 2%,

Qo +Q, = 2AKu (T =To), os eq.(6)

Jm,

And therefore:

t. = ™y pl\zlletaj +Vrﬁeta1 [AH F * Cue (TP _Tm)]z
) 4K e (T = To

eq.(7)

For a given metal and mold poured at a teatpeg F we can separate a mold constagtBd the
V/A ratio to give Chvorinov's rule,

o (VY
(= BS(TJ | e.®)

The constant needed to utilize Chvorinov’'s equafmma variety of materials are given below
Chvorinov’s rule: states that the total solidifioat imé'***. The total solidification time is the time
from pouring to the completion of solidification; ¥ the volume of the casting; A is the surfaceaare
and B is the mold constant, which depends on tlaeacheristics of the metal being cast (its density,
heat capacity, and heat of fusion), the mold maltgits density, thermal conductivity, and heat
capacity), the mold thickness, and the amount giegheat. A thermal arrest is the plateau in the
cooling curve that occurs during the solidificatioha material with a fixed melting point. Whileeth
material is at this temperature, the heat beingoven from the mold generated during the
solidification process and does not require a agesaen the material’s temperature. Chvorinov’s rule
can be used to ensure that the casting will sglioifore the riser. This is necessary if the liquithin
the riser is to effectively feed the casting to pemsate for solidification shrinkagé**.

2.2 Heat transfer and solidification in permaent molds

Heat transfer between liquid metal and anagrent mold can also be described mathematically in
much the same way as was done for heat transfesuating molds. The major difference here is that
the mold material has a much larger thermal comdticthan sand, and so the solidification will be
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much more rapid. In the insulating mold the ratdrahsfer in the sand was the rate limiting step. |
permanent molds the rate limiting step is at therface between the metal and mold, where heat is
transferred between the solidifying metal and teemanent mold, a mold which is usually coated with
a mold wash or may quickly develop an air gap. paeameter which defines the transfer of heat
between metal and mold in these cases is calleighetransfer coefficient, h. The model describing
this event is illustrated below'®"

| Molten Metal | Permanent Mold |

5 E—
-é- Heat Flow Rate Across Interface
] e _
Eq dQ =- AQ[T , - T,]dt
=

X- 0 +x

Distance

Fig.2: The interface between the metal and mold.

Notice in this schematic that the tempermtinops discontinuously at the mold-casting intefa
Heat flow within the casting and in the mold isyeapid (high thermal conductivity) compared to the
relatively slow transfer across the interface. Ttigsrate of heat removal and therefore solidiftcat
rate depends on the heat transfer coefficient;iosa the interface. The total heat flow in tinethen
given by integrating the above expression, giving:

Q=-An(T, - Tyt eq.(9)
and therefore for the solidification time; t
Qs = —AN(T, - To )t eq.(10)

Using the relationships for latent heat and suprbeen earlier, and solving fog gives:

_ pMetal [AH F + CMetal (Tp B Tm )] VMetal
ts = eq.(11)
h(Tm - To) AMetaJ
Writing an expression which is a similar to Chvonrgives:
ts = Bs(V/A) eq.(12)

Where Bis a mold constant and V/A is the modulus of thsting. It should be noted that, as
opposed to solidification in a sand mold in whighvaries as the square of the casting modulus,
solidification in a permanent mold varies lineanligh the casting modulu**3an4l
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Table (1): The constants needed to utilize Chvorinds
equation for a variety of materials.

Solidif.
Thermal Density Specific Heat Heatof | Melt Expansion Volume
Conduct. Ppeethic Hea Fusion | Temp | Coeff. (68F) Change
p
Material K gem™ C AHg Tm o o
ateria C 1o .
W Loc-l (mg em™ JTkglec! i kg'l °c 1076 °o¢-1 ’
o 71)
Sand (Si0,) | 1.5 2.32(bulk) | 1117 22.2
1.6 (Mold)
Al (liq) 94.03 2.385 1080 395995 | 660 -6.5
9-280
Al (sol) 20C | 238 2.7 917 23.9
Fe (liq) 7.015 795 272090 | 1536 -3.5
(-.883)
Fe (sol) 20C | 78.2 7.87 456 11.7
Cu (Liq) 165.6 8.0 495 211812 | 1085 -4.2
(-0.801)
Cu(Sol)20C | 397 8.96 386 16.5
Notes W =Watts | mg =milli- | T=Joules Assume
m = meter | grams kg = kilo- Temp Inde-
gram pendent

3. EXPERIMENTAL PROCEDURE

3.1 Preparation of sand dies

3.1.1 Essential moulding equipment

1. A cylindrical solid pattern with diameter 32 mand 85 mm height.

2. Moulding boxes, known as flasks. The best ofe¢tere made of cast iron, or welded out of
steel, but satisfactory boxes have been made oubofl for many hundreds of years.

3. Parting powder. This prevents die sand in theegides of the mould from sticking together. Brick
dust powdered and sieved fine is excellent for pligose. Fine chalk or talc is used to prevent die
sand from sticking to the wooden pattern.

4. Sand moulding tools. To improvise these ouldfknives, spoons or strips of steel, will need to
make a wooden rammer and some wooden dowels drgboes of pipe to form runners and risers.
A strong piece of wire is used to vent die mould.

5. To recondition the sand will need a sieve.

3.1.2 Making solid casting
The sequence of operations to make a sjmple&l casting:

1. The drag is inverted and placed face down ontuh@over board. After the board is dusted with
parting powder it is covered in facing sand whiglpiessed in place and then covered with backing
sand (floor sand). This is rammed into place, &t tmore sand is added, rammed.

2. The drag is turned right way up. The cylindriaalod pattern with 32 mm diameter and long 85 mm
is placed on the smooth surface, and parting sastéd on. The runner tube is held in place. Facing
sand is placed over the pattern and around the Idowken backing sand is rammed in place as
described above.
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3. The mould is parted (cope lifted off the dragyl dhe pattern removed. The gate or sprue system,
which conducts the molten metal from the runneetimbo the mould cavity, is cut in the sand. Both
sides of the mould are vented with wire ventingstathe edges of the mould are made good, any
fallen sand removed, and the mould put together.

4. Finally the cope is clamped to the drag

5. The Al, Al-20Sn and Al-40Sn alloys were preparfedm commercial pure aluminium with
appropriate addition of 99.99 wt. % pure Sn andalloys. All compositions in this paper are given
in wt%. The melt was prepared in a graphite claicitie in electric resistance furnace model (SX
5-12). The furnace temperature was gradually irs@@and held 200°C above critical temperature
(Te). The melt was stirred, and it was homogenizedadiging for a sufficient length of time and
then poured into sand cavity of mold.

6. The mould is filled with molten metal and reaeddhe time of solidification.

3.1.3 Calculation solidification time of sand castig
Table (2) represents values of gatation time for alloys in sand casting, using thquation
(7) for solidification time in sand casting and stants given in table (1).

Table (2): The values solidification time of alloysn sand casting

Solidification time Solidification time

Alloys

. Experimental(Sec) | Theoretical(Sec)
AL-20%Sn 105.88 83
AL-40%Sn Lo 01

3.2 Preparation the die casting
The basic steps of die casting are:
1. The cylindrical steel mold (with diameter 30 ramd 80mm height) is pre-heated up to
200C° before the metal is poured into die tnéty.
2. Cavity surface is coated with a thin layer ochtheesistance material such as talc.
3. Pouring the molten metal in the die.
4. Metal solidification.
5. Casting is removed from the mold.

3.2.1 Calculation solidification time in die asting
The table (3) represents values of galation time for alloys in die casting, using teguation
(11) for solidification time in die casting and abants given in table (1).

Table (3): The values solidification time of alloysn die casting

Alloys Solidification time Solidification time
Experimental(Sec) Theoretical(Sec)

AL-20%Sn 2.5 177

AL-40%Sn 2.88 1.9¢

3.3 The Preparation of specimens of microscopicakamination
In preparing a specimen for microscalpexamination it is first necessary to producetia
surface which appears perfectly flat and scrateb fwhen viewed with the aid of a microscope. This
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involves first grinding the surface flat, and thaolishing it to remove the marks left by grindifithe
polishing process causes a very thin layer of ammwp metal to be burnished over the surface of the
specimen, thus hiding the crystal structure. Ineortb reveal its crystal structure the specimen is
‘etched' in a suitable reagent. This etching reiagdjesolves the ‘flowed’ or amorphous layer of eta
Aluminum and its alloys are soft and easily scratclor distorted during preparation. For cutting
specimens, sharp saw-blades should be used withdrgssure to avoid local overheating. Specimens
may be ground on emery papers by the usual mettdshe papers should preferably have been
already well used, and lubricated. Silicon cartpdeers (230, 320, 400, 600, and 1000 grit) which ca
be well washed with water are preferred for haraéwys, the essential point being to avoid the
embedding of abrasive particles in the metal. Rame psoft aluminium, a high viscosity paraffin is
needed to avoid this. Polishing is carried out wo tstages: initial polishing with fine-alumina,
proprietary metal polish, or diamond, and finaliglmihg with fine alumina using a slowly rotating
wheel. It is essential to use properly graded aeasand it is preferable to use distilled watellyon

Etching the specimen, before beingesdctihe specimen must be absolutely clean; othentvise
will undoubtedly stain during etching. Nearly evergse of failure in etching can be traced to
inadequate cleaning of the specimen so that adflgrease still remains. The specimen should ffiiest
washed free of any adhering polishing compound. fithe required for etching varies with different
alloys and etching reagents. Some alloys can beétsufficiently in a few seconds, whilst aluminum
and its alloys used Keller's reagent etch by immerdor 10-20 seconds. After being etched the
specimen is washed in running water.

4. RESULTS AND DICUSSIONS
4.1 Study of microstructure

In casting a homogeneous single phigsidlis cooled below the liquidus line, it transfos
into two liquids, namely aluminium rich and tin licThe minor ‘Sn’ rich phase segregates out. If the
homogeneous single Al-Sn liquid phase is rapidigled, then the minor phase is dispersed uniformly
in aluminium rich matrix. The microstructure of takoys was investigated using optical microscope.
Figure 3 shows the microstructure of AL-20% Sn reHen is distributed in aluminium matrix as a
separate phase in form of reticular (network) stecalong the edges of aluminium grains. Thisltesu
is consistent with the previous observations bygdaBela (Figure(4)Y*>. The 1% cu addition when
made does not affect the structure, the coppegl@i@dominantly in solution in the aluminum matrix.
From the optical micrographs for AL-40% Sn shownfigure (5) it can seem that the reticular tin
structure. This type of structure consist of irdaguislands of tin interconnected along trigonal
aluminum grain boundaries to form a three dimeraiaet of tin throughout aluminum matrix.

Fig.3: Images (optical microscope) Fig.4: Schematic of theienostructure
showing reticular tin structure in Al -20%Sn chill-cast Al-Sn 20 %®lloy
casting alloy , 250 x . byahga Bela,100%"
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Fig.5: Images (optical microscope) showing reticutatin structure in Al -20%Sn
casting alloy , 250 x .
4.2 Mechanical properties.

Results of the mechanical tests areeptesl in figure (6) and figure (7) .The figureswkahe
effect of tin content on the compressive strengith @astic modulus of Al-Sn casting alloys. It dan
noticed that the increase of tin content from 2@%4@% gives a slightly decrease in the compressive
strength and elastic moduluEhese results are consistent with the previousreagens by Mattid™®’

[
MPa Stress-Strain
283.0
236.72
210,42
18412
167.82
131.51
105.21
7291
5261
2630
0.000 a DI12 a DI24 0 dﬂ7 0 0‘49 0 dE1 a DI73 0 dﬁﬁ o dQE o 1‘10 0122
DataPoirt [3145 2] | |[ o |
2011623 [
TesDate % Elasic moduius E(GPs) [458 Fi (a7 F2 |ga e
Material 63 b
- o [¥ Upper izid stiength ReHIHPa) FeH 8
Gougelmm] 10 [V Lower yield shength ReL(MPa) Fol [ Max Defor{rom)
Arealmm’2) 78 54 [ Compressian strength RmiMPa) 240.00 Fm | [1878 1109
Boken ares{mm”2) 6 [¥ Marrpiopertiondl extensian siength AplHPa) Fp0.20
Broken gaugefinm) [1 [ Total extension stength RtjMPa) Fi0 43
Diameter{mm) 10 [V Fracture peicentage elongation A[#] ano [ Percentage ieduction of area 2[#] 1325
Widthimm) i [¥ Parcentags slongation at maxload Agil#)  [11.0 W ‘Toidl perceniage ongation At [11.0

Fig.6: Effect of tin content on the compressive séngth and elastic modulus.
of Al-20%Sn casting alloy.
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Fig.7: Effect of tin content on the compressive séngth and elastic modulus.
of Al-40%Sn casting alloy.

4.3 Solidification time
The experimental and theoretical resofitthis investigation indicate that the solidifica time

of Aluminum-%Sn alloys in sand casting is alwaysager than the solidification time of Aluminum-
%Sn alloys in die casting. The major differenceeher that the mold material has a much larger
thermal conductivity than sand, and so the sotidifon will be much more rapid. In the insulating
mold (sand mold) the rate of transfer in the saad the rate limiting step. In permanent molds #te r
limiting step is at the interface between the metadl mold, where heat is transferred between the
solidifying metal and the permanent mold. Also pree difference between theoretical and
experimental value of solidification time, thisfdifence may be because the sands with high moisture
contents extract heat faster than sands with lovston@, then lead up to difference between thecakti
and experimental value of solidification time.

The experimental and theoretical value adidgication time for aluminum-20%Sn alloy in sand

casting is 105.88 sec and 83 sespectivelyAlso the solidification time of Aluminum-20%Sn@}
in die is 2.5 sec and 1.77 se¢espectively While the experimental and theoretical value of

solidification time for aluminum-40%Sn alloy in shoasting is 111.33 sec and 91 sespectively
While the solidification time of the same alloy2$88 sec and 1.98 sec respectivélys is consistent
with the previous observations for Abdel-Jaber emaorkes!*”.
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5. CONCLUSIONS

1.In microstructure of Al -20%Sn casting alloy tive is distributed in aluminium matrix as a separat
phase in form of reticular (network) structure gdhe edges of aluminium grains.

2.The microstructure of Al-40%Sn casting alloy shay reticular tin structure in matrix of
Aluminum.

3.Different cooling rates and solidification timean produce substantial variation in  the resgltin
structure and properties. For instance, die castuiich uses metal moulds, has faster cooling and
produces higher-strength castings than sand castinigh uses a more insulating mould material.

4.The solidification time of Aluminum-%Sn alloys isand casting is always greater than the
solidification time of Aluminum-%Sn alloys in diasting.

5.The increase of tin content from 20% to 40% giaesdightly decrease in the compressive strength
and elastic modulus.
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Table (4) of Abbreviations

Melting temperature

Pouring temperature
Mould temperature

he flux of heat at the interfa
| Thermal diffusivity of mold |
| Thermal conductivity | conductmty

Heat capacity

Error function

Total heat

_
EI
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