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Abstract: The effects of Mg content and cooling rate on the solidification behaviour of AF7% St M g( mass fraction)
casting alloys have been investigated using differential scanning calorimetry, differential thermal analysis and micros-

copy. The Mg contents were selected as respectively 0. 00% , 0.35% and 0. 70% ( mass fraction). DTA curves of

AF7% St 0. 55% M g( mass fraction) alloy at various cooling rates were accomplished and the alloy melt was cast in

different cooling rates. The results indicate that increasing M g content can lower the liquidus and binary AFSi eutec

tic transformation temperatures. Large Ferich TFphases (AlsFeMg3Sis) are found in the 0. 70% Mg alloys together

with some small B phases (AlsFeSi); in contrast, only B phases are observed in the 0.35% Mg alloys. The test re-

sults of the AF7% Sr0. 55% Mg alloys identify that the liquidus and binary AFSi eutectic transformation tempera

tures decrease, and the quantity of ternary AFStrMg,Si eutectic phase decreases as the cooling rate increases.
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1 INTRODUCTION

AlSi alloys are the most widely used materials
in the foundry industry due to their light mass,
good mechanical properties and castability. M ag-
nesium is introduced to AFSi alloys in order to in-
crease the tensile strength of the alloys. The most
popular AFSi alloys containing magnesium are
A356( Al-7% St0. 35% Mg, mass fraction) and
A357 with a higher magnesium level( 0. 50% , mass
fraction). These alloys are marked by excellent
casting characteristics, weldability, pressure tight-
ness and corrosion resistance!'. These two alloys
are heat-treatable due to Mg:Si hardening. The
hard particles of Mg2Si are precipitated uniformly
throughout the aluminium matrix after solution
treatment(T4), followed directly by quenching and
aging. Heat treatment provides the variety of ten-
sile strength and other physical properties that are
attractive for many applications, including militar-
y, aircraft and automotive parts'” .

In general terms, it has been reported that a
higher Mg content can increase the yield stress
while decrease the ductility'™ ™
I Besides its major effect on the age

and the fracture
toughness
hardening potential, Mg depresses the eutectic
temperature and makes the eutectic Si structure
more heterogeneous'®. The Mg content also af-
fects the type and total volume fraction of Fe-bear-

ing phases'”® | which are known to have a detri-

mental effect on the tensile properties'” | especially

in Be-free alloys''". Backerud et al''" studied three
types of AFSirMg casting alloys and discussed the
solidification characteristics of these alloys under
three cooling rates. It was observed that the addi-
tion of Mg changed the solidification sequence and
the type of Fe-bearing intermetallics. However, it
is difficult to conclude the actual effect of Mg be
cause higher Mg alloy (0. 56%) contains a small a-
mount of beryllium, which is known to strongly
influence the behaviour of Fe. Granger et al''? in
their study found that beryllium-free alloy had an
insoluble Fe bearing phase containing Mg, while
the alloy with beryllium did not. Joenoes and Gru-
zleski® studied the effect of Mg content in irom
free synthetic alloys at a constant cooling rate.
They found that a small amount of M g changed the
morphology and size distributions of the silicon
phase. Caceres et al'"”! studied the effect of Mg on
the eutectic Si microstructure and mechanical be
haviour of AFSrMg casting alloys. It is concluded
that the eutectic Si particles are large in the alloys
with higher Mg content, and the yield stress in-
creases and the tensile ductility is less with higher
Mg content.

This work is aimed at evaluating the effect of
Mg content and cooling rate on the solidification
behaviour of commercial Al-7% SrMg( mass frac
tion) casting alloys by using DSC, DTA and mi
CToscopy.
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2 EXPERIMENTAL

2.1 Materials and casting procedures

Commercial unmodified AF7% St0. 35% Mg
and AF7% Sr0. 70% M g( mass fraction) casting al-
loys (similar to the US A356. 0 and A357.0) were
used in this investigation. A laboratory-prepared
AF7% Si(mass fraction) binary alloy was also used
for reference in DSC measurements. The melt was
degassed with argon for 20 min. The melts of dif-
ferent Mg content alloys were cast in sand molds.
Cooling rates measured were about 4.4 C/ min. In
order to produce a range of cooling rates, the melt
of AF7% St 0. 55% Mg casting alloys was cast in
heat-retaining graphite mould, steel mould and wa-
ter cooled steel mould, respectively. Cooling rates
measured were about 22 C/min, 79 ‘C/min and
260 C/min. The chemical compositions of the dif-
ferent alloys, as obtained by inductively coupled
plasma-atomic emission spectroscopy, are given in

Table 1.

2.2 Thermal analysis

Differential Scanning Calorimetry ( DSC)
analysis and Differential Thermal Analysis(DTA)
were performed on samples of all studied alloys
using a TMDSC-2910 instrument. Specimens used
were discs with 4 mm in diameter. In the study of
phase solidification or
remelting, the DSC was run at 10 ‘C/ min scanning
rate in the range of 500 Cto 700 C. DT A was run
15 C/ min and

10 C/min. A high-purity aluminium disc of sim-

transformation during

at a scanning rate of 20 C/min,

ilar mass to the samples was used as the reference
pan.

2.3 Microscopic analysis

The Ferich intermetallic phases were easily
recognized by optical microscopy (OLYMPUS PM-
G3).

3 RESULTS

3.1 Effect of Mg addition on solidification behav-
iour of AF7Si alloys

Fig. 1 shows the DSC curves of AF7% Si al-

loy, AF7% St0.35% M g alloy and AF7% St0. 70%

Mg alloy. Peak 1 corresponds to the development

of aluminium dendrites;

main binary eutectic reaction; Peak 3a and Peak 3b

Peak 2 represents the

are associated with formation of the Bphase (Fe
SiAls) and Ephase (AlsFeMgsSis). Table 2 lists
the peak temperature of DSC curves. Table 3 lists
solidification reactions observed in AF7% SrMg al-
loysl 114

DSC tests show that increasing Mg content
shifts the liquidus and binary eutectic transforma
tions to a lower temperature. In addition, the Fe
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Fig. 1 DSC curves of AF7% St Mg alloys

Table 1 Chemical compositions of alloys ( mass fraction, %)

Alloy Si Mg Fe Ti Sr Cu, Mn Al
AF7%Si 7.2 — 0.13 0.13 < 0.001 <0.01 Balance
AF7%Sr0.35% Mg 7.1 0.36 0.12 0.10 < 0.001 <0.01 Balance
AF7%Sr0.70% Mg 7.0 0. 62 0.13 0.11 < 0.001 <0.01 Balance
AF7%St0.55% Mg 6. 84 0.55 0.11 0.004 < 0.001 <0.01 Balance

Table 2 DSC remelting characteristics of as—cast AF7%SrMg alloys

Temperature of

Temperature of

Temperature of

Temperature of

Alloy Peak 1/ C Peak 2/ C Peak 3a/ C Peak 3b/ C
Onset Peak Onset Peak Onset Peak Onset Peak
AF7%Si 613 581 598 — — — —
AF7%Sr0.35% Mg 607 573 593 563 567 — —
AF7%St0.70% Mg 596 622 571 585 566 569 561 565




.« 42 - Trans. Nonferrous Met. Soc. China

Feb. 2005

Table 3 Solidification reactions observed in
AF7SrMg alloys'' '

Table 4 DSC cooling characteristics of
as-cast AF7% Srr0. 55% M g alloy

Reaction i Suggested start
No. Beaokion temperature/ C
(1) L~ o Al) dendrites 611~ 614
(2) L™ o(Al)+ Si 577
(3a) L~ o Al)+ Si+ AlsFeSi 575

L+ AlsFeSi ~ a( Al)+
{ 8h) Si+ AlsFeM g:Sis 561
(4) L~ af Al)+ Si+ Mg,Si 555
L~ o Al)+ Si+ -
(3) Mg.Si + AlsFeM g3Sis 350554

rich phases change with increasing Mg content.
Ferich Tphases (AlsFeMgsSis) are found in the
0. 62% Mg alloys together with some Bphases
(AlsFeSi); in contrast, only Bphases are observed

in the 0.35% Mg alloys.

3.2 Effect of cooling rate on solidification behav-
iour of AF7%Si-0. 55% Mg alloy

Fig. 2 shows the DTA curves of AF7%Sr
0.55% M g alloy at various cooling rates. As shown
in Table 4, there are mainly four solidification re-
actions in AF7% SrMg alloys. Peak 1 and Peak 2
represent the development of aluminium dendrites
and the main binary eutectic reaction. Peak 3 is as-
sociated with formation of ternary eutectic or qua-
ternary reactions and it is mainly the formation re-
action of Mg>Si or Fe-rich phases. In Fig. 2, Peak
3 shows mainly the formation of ternary Al-Sri
M g2Si eutectic reaction. Only when cooling rate is
10 'C/ min, there are three solidification reactions
for AF7% St 0. 55% Mg alloy in cooling curves.
When the cooling rate is 15 C/ min or 20 C/ min,
there are two solidification reactions for this alloy
in cooling curves. The results show that the terna
ry AFSrMg.Si eutectic reaction is depressed when

Fig.2 DTA curves of AF7% S+0.55% Mg

alloy at various cooling rates

T emperature of Temperature of Temperature of

Cooling
Peak 1/ C Peak 2/ C Peak 3/ C

rate/

(C+min™") Opset Peak Onset  Peak Onset  Peak

20 619 597 569 552 — —
15 621 603 573 558 = =
10 624 614 577 566 555 550

cooling rates is increased. When the cooling rate
increases, the positions of Peak 1 and Peak 2 shift
to lower temperatures. This shows that the forma-
tion temperature of a( Al) phase and binary Al-Si
eutectic decreases when the cooling rate increases.

Fig.3 shows the DSC curves of AF7St
0.55Mg samples cast in heat-retaining graphite
mould, steel mould and water cooled steel mould.
Peaks 1, 2 and 3 correspond to the melt endother-
mic peak of a( Al), binary AFSi eutectic and terna-
ry AlFMg:SrSi eutectic. For three DSC curves,
temperature difference of Peaks 1 and 2 is small,
and temperature difference of Peak 3 is bigger.

Fig.3 DSC curves of AF7% St0.55% M ¢

alloy cast in various cooling rates
((b) is an enlargement of part of (a),
A —Steel mould with water cooling;
B —Steel mould; C —Heat retaining graphite mould)
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Fig. 3(b) shows an enlargement of Peak 3 in Fig. 3
(a). In the DSC curves, the reaction peaks reflect
the special phases changes and the peak area is pro-
portional to the heat of reaction associated with the
phase transformation. The values are due to the
endothermic reactions of liquid formation during
heating. The value of energy absorbed by ternary
AFMg:SrSi eutectic phase melt was determined by
measuring the area under Peak 3. When the cool-
ing rates are 22 C/ min, 79 C/ min and 260 C/ min
(the ratio is 1. 4. 8), the area of endothermic
Peak 3 is 2.689 J/ g, 1.552])/g and 0.317]J/ g re
spectively (the ratio is 8.47: 4.89: 1.00). The
results show that the formation of ternary Al
M g>StSi eutectic is depressed and the quantity of
ternary Al-Mg2SiSi eutectic decreases as the cool
ing rate increases.

3.3 Microstructure

Fig. 4 compares the as cast microstructures of
the low and high Mg content alloys. The Fe-bear-
ing phase in the low Mg content Al-7% St+0. 35%
Mg alloy is apparently mainly Bphases (AlsFeSi),
but in the high Mg content AF7% S+0. 70% M g al-
loy the Febearing phase is mainly Tphases
(AlsFeMgsSis) together with some smaller Bpha-
ses (AlsFeSi). The morphology and size of Fe
bearing phases change with increasing the Mg con-
tent.

Fig. 4 As cast microstructures of AF7SrMg alloys
(a) —Ferich Bphases in AF7% St 0. 35% Mg alloy;
(b) —Ferich ®phases and B phases in
AF7% Sr0.70% M g alloy

4 DISCUSSION

4.1 Solidification sequence
T he typical solidification sequence noted in the

literature for AFF7SrM g alloys is presented in Ta
ble 3", In stage 1, the primary aluminium den-
dritic phase nucleates and grows. In stage 2, the
main AFSi binary eutectic reaction(2) takes place.
Fe partitions strongly to the liquid phase, enric
hing it as the fraction of liquid decreases, until the
ternary eutectic is reached. Subsequently, the B

phase is partly transformed into the Fphase

[11] How-

through a quasrperitectic reaction( 3b)
ever, the extent of this peritectic transformation
probably depends on the cooling rate and Mg con-
tent during solidification. The next stage is the
ternary eutectic producing Al, Si and Mg.Si
(reaction(4)), and finally a quaternary reaction
gives TFAlsFeMgsSis in addition to the previous
three phases.

The major reactions( 1) and (2) are clearly ev-
ident from the microstructure and thermal analy-
sis. Reaction(3b) is supported directly by the mi
crostructure in Fig. 4. The AFFSi and AFSiBAlFe
Si reactions overlap to such an extent that they are
merged in the thermal traces. Reaction(3a) is not
easy to be observed in DSC curves of Fig. 3. Reac
tions(4) and (5) are consistent with our final
microstructure and the remaining peaks on the DSC
traces of Fig. 3.

4.2 Effect of Mg on solidification temperature
Fig. 5 presents a two-dimensional visualization
of a section of the complex AFSrMg ternary sys-

"l The eutectic temperature of an AFSi alloy

tem
for a given M g content can roughly be estimated by
following the solidification of the alloy itself. For
instance, in an AF7% Si0% Mg alloy, aluminium
solidifies first as a primary phase, and then the
melt solidifies along the X-axis until reaching point
A. This is the eutectic temperature for the binary
alloy (about 577.5 C). When an alloy having a
composition at point C is considered, this alloy
(AF7%St0.35% Mg) will solidify along the curve
CD perpendicular to the contours and will move
down to the eutectic valley at point D. This is the
eutectic temperature for that particular alloy com-
position where Al solid solution and Si form as
those in a binary eutectic system. Finally, the al-
loy will reach point B where the remaining liquid
solidifies as a ternary eutectic. Similar analysis can
also be applied to the AF7% St0. 6% Mg alloy
(point E) where eutectic solidification eventually
occurs at point F. Thus we can estimate the eutec
tic temperature for all alloys used in the experi
ments. The experimentally-determined values are
somew hat different from those predicted from the
phase diagram. The differences are, however,
small and are no doubt due to inaccuracies in the
phase diagram itself which is generated on the ba-
sis of high M g levels than those used here. The eu-
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tectic temperatures measured in this work are
probably the best available values for the AFSrMg
system at low magnesium levels.

1 T

Fig. 5 Part of a ternary AFSrMg alloy
phase diagram

4.3 Effect of cooling rate on solidification temper-
atures

The diffusion rate of Si atoms is much slower
than that of Mg atoms in aluminium alloy. During
solidification process, the content of Si atoms in
the liquid phase near the solid/ liquid interface in-
creases with cooling rate increasing. Therefore,
the solidification path moves from line OS to line
OF with the cooling rate increasing as described in
Fig. 6. Thus, the binary A}Si eutectic transforma-
tion temperature decreases.

O-+4Q O Q Q g‘\ (\,«
NN NN TN

Fig. 6 Schematic illustration of solidification path

5 CONCLUSIONS

1) Increasing Mg content can lower the liqui-
dus and binary A}Si eutectic transformation tem-
peratures of the AF7% SrMg casting alloys.

2) Large Ferich ®Ephases (AlsFeMgs;Sis) are
found in the AF7% Str0. 70% Mg alloys together
with some small Bphases (AlsFeSi); in contrast,
only Bphases are observed in the AF7% St0. 35%
Mg alloys.

3) The liquidus and binary AFSi eutectic
transformation temperatures of the AF7%Sr
0.55% M g casting alloys decrease, and the quanti-
ty of ternary Al-Si-M g»Si eutectic decreases as the
cooling rate increases.

REFERENCES

[1] Hatch J E. Aluminium Properties and Physical Metal-
lurgy [ M]. Ohio, Metals Park: ASM, 1984. 320 ~
350.

[2] Haque M M, Bennett G H, Kondic V. Effects of sili-
con and magnesium additions on strontium modification
of aluminiunr silicon eutecticbase alloys[ J]. Foundry
Trade Journal, 1983, 24(3): 387 ~390.

[3] Shivkumar S, Keller C, Apelian D. Aging behavior in
cast AFSrMg alloys[J]. AFS Trans, 1990, 179: 905
~O11.

[4] Kashyap K T, Murali S, Raman K S. Casting and
heat treatment variables of AF7SrMg[J]. Mater Sci
Technol, 1993, 9(1): 189 ~203.

[5] Murali S, Raman K S, Murthy K S S. Effect of Mg,
Fe and solidification rates on fracture toughness of AF
7Sr0. 3M g casting alloy[ J]. Mater Sci Eng, 1992,
AI51(1): 17 10.

[6] Joenoes A T, Gruzleski] E. Mg effects on the micro-
structure of unmodified and modified AFSi alloys[ J].
Cast Met, 1991, 4(2): 62~ 71.

[7] Closset B, Gruzleski J E. Structure and properties of
hypoeutectic AFST Mg alloys modified with pure stron-
tium[ J]. Metall Trans A, 1982, 13A(6): 945~ 951.

[8] Gustafsson G, Thorvaldsson T, Dunlop G L. The in-
fluence of Fe and Cr on the microstructure of cast AF
SrMg alloys[ J]. Metall Trans A, 1986, 17A(1): 45~
52.

[9] Tan Y H, LeeS L, Lin Y L. Effects of Be and Fe ad-
ditions on the microstructure and mechanical properties
of A357.0 alloys[J]. Metall Mater Trans A, 1995,
26A(5): 1195~ 1205.

[10] Verdu C, Cercueil H, Communal S. Microstructural
aspects of the damage mechanisms of cast AF7SrMg
alloys[ J]. Mater Sci Forum, 1996, 217 — 222(3):
1449 ~ 1454.

[11] Backerud L, Chai G, Tamminen J. Solidification
characteristics of aluminium alloys[J]. AFS/SKAN
Aluminium, 1990, 2: 128.

[12] Granger D A, Sawtell R R, Kersker M M. Effect of
beryllium on the properties of A357. 0 casting[ J].
AFS Trans, 1984, 92: 579 ~ 586.

[13] Caceres C H, Davidson CJ, Griffiths J R, et al. The
effect of Mg on the microstructure and mechanical be-
havior of AFSrMg casting alloys[J]. Metallurgical
and Materials Transactions A, 1999, 30A(12): 2611
~2618.

[14] Wang Q G, Davidson C J. Solidification and precipi
tation behaviour of AFSt Mg casting alloys[ J]. Jour
nal of Materials Science, 2001, 36(3): 739~ 750.

[15] Phillips H W L. Annotated Equilibrium Diagrams of
Some Aluminium Alloy Systems [ R]. Institute of
Metals. Monograph and Report Series No. 25, 1959.
66.

(Edited by YANG Bing)



