Solidification Behaviour of Al-Si-Mg Alloys
in the Gravity Die-Casting Process
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In the gravity die-casting of Al-Si-Mg alloys, the pouring of
molten metal into the mould and its subsequent solidification are
vital. The solidification time of these alloys in the die-casting
process mould increases with increase in the pouring temperature
of melt, decreases with increase in the pre-heat temperature of
mould. It has been found that the Si content in the alloy reduces
the freezing range whereas the Mg content widens it. Sufficient
degasification of the melt improves the solidification process.

INTRODUCTION

A gravity die-casting process is also known as
permanent mould casting process since the metal enlers
the mould under gravity. The gravity die-casting process
makes use of a mould, which is permanent i.e.. the mould
also called die) can be reused many limes before it is
discarded or rebuilt, The mould material is selected on the
consideration of the pouring temperature, size of the casting
and frequency of the casting cycle. If the casting is done
with the cold die. the first few castings are likely to have
miss-runs 1ill the dic reaches its operating temperature,
To avoid this, the mould should be preheated to its
operating temperature, preferably in an oven. The materials,
which are nermally cast in permanent moulds, are
aluminium allovs, magnesium alloys, copper alloys and
zinc alloys. The sizes of caslings are limited to 15 Kg in
most of the materials’?,

Generally, gravity die-castings, when compared with
sand rastings, have faster solidification rates and possess
higher tensile properties. This is primarily because of liner
constituents and smaller dendrite cells and grains®, Despite
recenl innovations and advances in die-casting technology
that have significantly expanded the products, the
development of complementary new alloys. the optimisation
of ekisting alloys, and the decumentation of reliable
praperties data for these allovs, have all categorically lagged
behind,

The pourlng of molten metal into the mould and its
subsequent filling are quite critical steps in metal casting,
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sinee the behaviour of the liquid metal and its freezing
determine whether the cast shape will be properly formed
and free from defects®, Al-Si alloy and Al-Mg alloy castings
have individual advantages and disadvantages over the
other. In the present work, the Al-8i-Mg alloys are
considered to investigate the solidification behavicur with
respect to dravity die-casting process.

EXPERIMENTAL PROCEDURE

The experimental planning was carried out according
to Taguchi's design methods® 1% The alloys were prepared
and chemical analvsis of their ingredients was done. The
chemical composition of alloys is given in Table-1,

The solidification time of alloys is the guality
characteristic to measure experimenial outputs. The
parameters, which influence the performance of the gravity
die-casting process, are!

. Alloy composition

2. Pouring temperature of the metal

3. Degasification

4. Preheating temperature of the mould.

The abjectives at the end were developing good Al-
Si-Mg alloy gravity poured diecastings. The selected levels

for the chosen control paramelers are summarised in
Table-2.

Table-1: Chemical Composition of Alloys

Alloy Composition determined spectrographically, %

Al i Mg | Fe Cu
I 035.99 2.0 4.0 —_ 0.01
X 91.99 5.0 30 | = 0.0l
3 HE.49 a0 20 | 05 000
Table-2 : Control Factors and Levels
Factor Symbed | Lewel-l | Lewel-2 | Leweld
Alloy composition A 1 213

Pouring temperature of Melt, °C 675 | 700 | yi5

T
Mould pre-heat temperature, °'C Py 200 | 300 | 400
I

Degastfication with Tetrzchlorethane % 075 | 100 [ 125
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The arthogonal array, L, was selected for the present
work. The assignment of parameters alang with the OA
matrix §3 given in Table-3

The casting design shown in Fig. | was emplayed 1o
study the solidification phenomena in gravity poured die-
casting alloys'!,

The Al-5i-Mg alloys were melted in an odl-fired [urnace.
The melting losses of aluminium and magnesium were Laken
inte account while preparing the charge. During melling.
Coveral- 11 (a Foseco Company product) Mux was added 1o
the charge to prevent dressing. The molten melal was then
degasified by tetrachlorethane (in solid form) wsing a
plunger ending in a small inverted crucible. The melt was
alsp modified with sodism in the erucible before pouring,
The erucibles were made of graphite®15,

The charge was reheated 1o the required pouring
lemgperature in a muolfle furnace. The temperature of the

Table-3 : Orthagonal Arcay (L) amd Conteal Paramelers

melt was measured using a dip-type hermacouple. The
dross removed melt was finally gravity poured into the
preheated mould.

Megsurement of Solidification Time

The setup for the measurement of solidification is
shown in Fig. 2. With each casting peured, the temperature
decreases due to solidification of liquid alloy. The timoe
taken i.e. solidification {lme] to reach salidus temperature
waz noted down wsing stopwatch. Four thermocouples were
placed in the casting to record selidifieation time and one
thermocouple was placed in the mould to record the
temperature of the mauld

Treat Ho. A T F I
1 l I 1 1

2 l e 2 2

A4 1 3 b | J

4 2 I 2 3

;] ' i 3 L

i ] 3 k p

a 1 3 2

& 3 2 1 3

8 3 3 2 1

Fig.1 : Casting Design.

Thomecouphc:

Fig. 2 : Setup for (he Masaremenl of Salidification Time.

Analysis of Variance [ANOVA)

After all tests were conducted. the decisions were made
with the assistance of ANOVA, which iz a statistically
based, objective decision-making tool lor detecting any
differences in averape performance of graups of items tested,
The total sum of squares  [total variation).

e
35T = ZT'_'F 1)
M

Variation due o parameler |for examplel

1

A_I:J. "1!: d ;1-.': I--

- Hy oy : ", M ~12)
S
F-ratio = f:!_:|1 =[3]
where,
¥, = value of the ohservation umlfrhl Level
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= 4
&, = the variation of averages

5= the variation of individuals
T = Zum of all abservations

The parameter which has F-ratio larger than the criterion
iF-ralle from the tables) are believed to inftucnce Lhe
average value for the population, and parameters which
has a F-ratio less than the critecion are believed to have
ng effect on the average. Per cent contribution indicates
the relative power of a parameler and/for interaction to
reduce variation. I (he parameter and /ot interaction levels
were conlenlled preclsely. then the tolal variation could be
reduced by the amount indicated by the per cent
contribution.

The peceent contrivution of parameter A

e D 4
; S8T

where.

85T = Tolal sum of squares

ssal = 8BS - (VW —[3

Confirmation Tests

The key task was the determination of the preferred
combinatian of the levels of the factors indicated Lo be
significant by the analytical methods. The insignificant
factars may be set at any desirable levels. The purpose of
the condirmation experiment was to validate the conelusions
drawn during the analvsis phase.

. 3 . Fre -,'L'?-.f.- -

Confidence nrerval, €1 = ".II— —[6)
My

where,

Foie = Frailo
o = risk
¥, = degrees ol [reedom for pooled ereoy
Ve = paoled error variance

Effrctive sample size,

N

I, = - —(7

1§
el

_'ulr'{l|l‘!‘-.._:-::5-C".-I:-:".'-.:.'Tl-mﬁ.l'-lll‘-'.' wilh fems wsad in men stiwate

if the average of the results of the confirmatlen
experiments was within the limits of the confidence interval,
the signilicant factors as well as the appropriate levels for
shtaining the desired result were praperly chosen. If the
average of the sesults of the confirmation experiment was

muiside the limits of the C.1, the chesen factors were wrong
of the measurcments might be with excessive errar,
neccssitating further experimentation.

RESULTS AND DISCUSSION

The experimental results are given Table-4. Each
experiment was repeated two times.

Effect of Process Parameters on the Solidification

Table-3 gives the pocled ANOVA summary of raw data.
The per cent contribution indicates Lhal the parameter T
[pouring temperature of melt) contribuies 37.93% of
variation, parameter P {mould pre-heat temperature| aids
33.09% of variation, parameter A [allay compozition)
influences 22.84% of variation and parameler O
{degasification with tetrachlorethanel contributes 13.55%.

A low temperaiure fevel of solidification (difference
between pouring temperature and mould pre-heat
temperaturel. which reduces temperature gradieats
between the meuld and casting, decreases the temperaturs
gradient within the casting. Figure 3 shows the influence
of pauring temperature of melt on the solldification time
of ihe die-rasting. [t can be seen that the solidificatien
lime increases with increase in the pouring temperature
of melt.

Yamamooo et al ' studicd the solidilication behaviour
af Al-Mg binary alloys. In their exgeriments, the molien
metal was poured into the die-casting sieeve at 640°C. It
was found that the temperature of the melt decreased and
reached the solidifying temperature rapidly. They did not
ohtain the mathematical relation between pouring
ternperature and solidification time of binary Al-Mg allays.

‘Table-4: Experimental Results of Taguchls Design Matrix

Treat Nao Solidification time. min

Trial-] Trial-2
i 9.8 4.8
2 o8 4.6
3 9.6 .7
4 0.5 0.4
i 0.6 B3
& 9.7 84
7 8.5 8.5
2 L 9.8
9 8.5 1.1
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Table-5 | ANOVA Summary of Solidification Time

Column Na. Souree Sum ] Sum 2 Sum 3 55 v v F F
1 I 58.1 578 ha.7 0101118 2 0050558 2HITITR 1284
2 T 574 53.3 ha.R 0.184444 2 L 4861111 3r.05
3 F 348 38.2 57.4 0164444 2 0082222 4111111 oo
E ) 8.4 8.0 580 0817778 4 0004444 0.E3II2D 1583
3 F == — —_ 014 7 002 | —— 1513
i T —_ — — 0817778 17 K
10 - . ey -“'_" R ST U P P S S S P S
8.9 — : ! 9.9
0 ] |
£ = 9.8 i
= 0.7 -
f-“ 5 f‘ 9.7 1
S . ! E 95 1
E8sS+— —— =
2 ' § 95—
B a4 — = ]
= | [i-]
Z 93— - — £ 941 il T =
B | = | |
a2 — —1— o 9.3 :
{ — u} J
9.1 | [+ o
£ e 9.1
Ba0 675 00 T2h TEO
Pouring Temperature, "C 9

Flg. 3: Influcnce of Fouring Temperature of Meli on the
Salidification Time af Casting.

Iny the present work on the solidification behaviour of Al-5i-
Mg trinary alloys, it is also proved that the solidification is
faster at low pouring temperature than at high pouring
temperature. (L is also observed that the refation belween
pouring temperature and solidification lime is quadratic
In nature. The mathemalica]l relation heiween pouring
temperature and solidification time is given by

*

§ = -Tx10°T* + 0.0983T - 26.45
where,

5 is the solidification lime, Min

T is the pouring temperature, C

Figure 4 illusirates the influence of mould pre-heat
lemperature on the solidification time of the dic-casting.
The graph indizates that the solidification time decreases
with inerease in mould pre-heat temperature. The

100 150 200 250 300 350 400 450
Mould Pre-heat Temperature,"C

[ofimence of Mould Pre-heat Tempesatwes on the
Solidification Time of Casting.

Fig. 4 :

temperature level of solidification (difference between
pouring temperature and mould pre-heat temperatire)
decreases with inerease in mould pre-heat temperature for
the epecified pouring temperature of mell. The mould pre-
heat temperature deczeases the temperature gradient
within the rasting. Hence, there is & reduction in the
solidification tme of the casting, The mathematical relation
between pouring temperaturs and solidification time is
piven by

8 =-0.2x10°P" - 0.0002F + 9.9
where,

% [z the solldification time, Min

F is the mould pre-heat temperature, "C

. I8)
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The influence of alloy composition on the solidification
time of die-casting is presented in the Figs. 5 and 6. Figure
& illustrates the cffect of S content in the alloy on the
selidification time. The freezing range of the alloy decreases
with increase in the Si conlent. The decrease in the cooling
rate is accomparied by a contraction in the selidificatlon
range that resulted from an increase in the end
remperature. From the Fig 5. it can be scen that as the S
conlrnt increases from 2% te 4%. the solidification time
decreases, 1t can alsa be obeerved that as the Si content
increases from 4% to 9%, the solidification time increases.
It is contradictory fo the above-said statement. The reason
eould be the presence of Fe in the alloy-3. Fe results the
precipitation of AlSiFe type phase during the solidification
of melt. This results in the decrease of 5i contenl in the
remaining liguid. Hence. the solidificalion time ig Increased.
Spear and Gardner!” proved that in alloys conlaining
elements that form tntermetallic constituents with high
solidification temperatures, the constituents could goow
to such that they would impede feeding. The mathematical
relatlan between Si content in the alloy and sclidification
time is given by

S =0.0105A; - 0.1014A, + 9.844 ... |4

where,
5 i5 the salidificatien tme. Min
ﬁ&_ t5 the 5i coptent in the mell, %

Figure & represents the effect of Mg condent in the
aliey on ihe solidification tisme. The influence of Mg content
i just apposite to that of 5i content. The influence of Mg
addition eould be attributed to the tendency of Mg o react
with other elements. Mg results in wide freezing range of
die-vasting alloys. Mg has a strong tendency io react wilh
refractorics and oxides, and introduces finely dispersed

Solidification Time, Ses

|
97—
|
95 i—— !
8.5 - _
o 1 2 a 4 I3
Mg Conlend. %
Fig. 6 [nflucoce of Mg Content in the Allay en the Sclidification

Timye of Casling.

particles inio the mell. These finely dispersed particles may
reduce melt fuidity. In alloys containing Mg {2-4%), the
eutectic phase Mg Al may appear. When these zlloys
contain consgidecable amount of Fe, the follewing ternary
eutectic reaction results

L — Al+ Feal, + Mg Al

where,
L is the lguid melt

Mg also reacts with 5i to form Mg, Si phase. A complex
eutectic reaction compleles the solidification process as
lalinws:

L — Al+ FeAl, +Mg.Si + Mg Al

The mathematical relation between Mg conlent and
solidification time is given hv

5 =(L1333A,, -0.854,, + 1095

where.
5 is the solidification time. Min
Ay, s the Mg content in the melt, %

The influence of degasifieation of melt with
tetrachiorethane on the solidification time is shown in Fig
7. &t low conient of tetrachlorethane, the solidification
lime i¢ high. This is owing to the presence of dissclved
gases present in the melt. The dissolved gases hinder the
heat transfer from melt to the mould. The gases are poor
at heat transler by conduction or convection from melt to
mould. Once the dissolved gases are removed from the
melt. there 15 no effect of degasiflcation on the solidification.

G
i
h .
@
E_ @7 i -—_
=
g
-E a4 —
S .
o
3.5
2 2 4 & 8 10
5l Cantenl, %
Flg. 5@ Influcnce af 5 Content in the Alloy on the Sclidificztion
Time of Casting.
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Fig. 7: Inflnence of Degasification an the Selidification Time of
Casting.

1% of tetrachlorethane is sufficient to remave the dissolved
gases from the melt. Because of combustible nature of
teirachlerethane, there is a possibility of fluxing and
purging of the malt.

Optimisation of Process Parameters

The solidification process of die-rastings depends wpon
the removal of heat from the castings through the mould.
The medes of heat removal are by conduction, convection
and radlation. The role of radiation is very much limited in
the foundry environment, but conduction znd convection
play vital role in the remaval of heat from the castings. The
above-characteristics depend on the alloy composition,
pouring temperabure of melt, mould pre-heat temperature
and degaslfication of the melt for gravity die- casting
Process.

Fe |5 often added unintentionally through the use of
steel or cast iron toals during melting and metal die used
for casting, and the reuse of remelting materials containing
rust. In aAluminium die-casting allovs, it is added purposely
te minimise die soldering. Looking into the importance of
die-casting characteristics, the statiztical confirmation test
was carried out [Appendix-a). The predicted value of
sulidification time for the die-casting alloy is 9.5 min, which
15 equal to the average value of treztment Ne. 7 (9.5). The
slidificalion pattern in the casting is seen in Fig. 8. The
tiger fed the casting sufficiently dering solidification. The
feeding of the riser is characterised by the parabolic metal
flow. Henee, all the process parameters with the levels of
treatment No. 7 are chosen for the manufacturing of Al-Si-

Mg alloy castings. The process parameters with their
oplimum levels are given in Table-6.

Table-6: Process Parameters with Optimum Levels

Parameter Level
Allpy eomtposilion Alloy-3
Pouring temperature, 0C 675
Mould pre-heat temperature, %C 400
Teirachlorethane, % 1.0

Fig. B: Gravity die-casting section having the process
parameters: alloy-3. pouring temperature = 6750, mould

pre-heat temperature = 4007, and degasified with 1.00%
Teirachlorethane,

The reaction during the solidification of alloy-3 [B5.4%%
Al = 8% 51 - 2% Mg - 0.5% Fe - 0.01% Cu)] may be as
foliows:

L — Al+ 51+ Mg,5 + AlL/Cuo + Al Fe
+ ALFeSi + AlLMg, Cu S,

where, L is the liguid melt.

In the alloy-3, Fe concentration inereases in the
interdendritic areas and Al;Fe needles precipitate. The
dendrites of alloy-3 are bigger than those of alloy-1 and
alloy-2. The tenslle strength is affected by the coarse
structure of alloy-3. The microstructure of alloy-3 is shown
in Fig. 9. The mechanical preperties of the alloy-3 are
given in Table -7.

Table-T: Mechanical Froperties of Alloy-3

Froperly Quantity
Tensile Strength, MN/m?® 268
YElangation B
Hardness, BHN 77

B INDIAN FOUNDRY JOURNAL
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CONCLUSIONS

The following conclusions are drawn from Lhe present
wark:

1. The solidification tize of the lgquid metal in the mould
increases with increase in the pouring temperature of
mell. .

2, The solidifieation time of the liguid metal in the mould
decreases with increase in the pre-heat temperature
of mould.

3. The freezing range of Al-5i-Mg alloy decreases with
inerease o the 51 content,

4. Mg rontent results in wide freezing range of Al-5i-Mg
allave,

5. Sufficient degasification of the melt helps in the
reduction of solidification time of AL-Si-Mg alloys.

[=5]

The optimum solidification time 9.5 minutes has been
achieved at the following values of the process
variables:

Alloy composition : &8,43%A1-0%5i-2%Mg-0.5%Fe-0.01%Cu
Pruring temperature : B75°C

Mould pre-heat temperature : 400°C

Degasification ; 1% tetrachlorethane
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Appendiz-A : Confirmation Test

The sigrificant process parameters which affect the solidification time of castings are alloy composition (alloy-3), pouring
temperature of melt [T,], mould pre-heat temperature (Py] and degasification of the melt (D).

The estimated meean of salidificalion time = A+ T, + P+ D, 5T
=078 + 955 + 957 + 967 -3 x 969 =95
where | T = grand mean
= 9.64
Foac

i Bl

The confidence interval, CI = -

rif
whete,

F, .. = Fisher's ratio

= risk

v, = degrees of reedom for error
¥ = fI0OT vArance

N

I+ total degrees of freedom associated with ilems in the estimate of mean

=il

Ny = L =36
1+ 4

Far 95% confidence level, the Fisher's ralio is
F-q_ I B -!15

14,26 x0.015556
Cl= of =014
\ 3.6
The predicted range of solidification time is 9.36 < solidification time < 9.64.
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