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Abstract The presence of magnesium in Be-free Al–7Si–

Mg alloys results in the formation of an undesirable iron-

intermetallic known as the p-AlMgFeSi phase. The effect

of Mg, Fe, and Be on the formation of this phase in both

unmodified and Sr-modified Al–7Si–xMg–yFe alloys con-

taining 0.4–0.8-wt% Mg and 0.1–0.8-wt% Fe has been

investigated at a dendrite arm spacing of 65 lm. A quali-

tative microstructural examination was carried out to study

the effect of solution heat treatment (540 �C/8 h) on the

decomposition of the p-AlMgFeSi phase (‘‘p-phase’’) in

Al–7Si–xMg–0.1Fe alloys containing 0.4–1.0-wt% Mg.

The results indicate that increasing the Mg and Fe content

increases the amount of the p-AlMgFeSi phase formed.

Quantitative measurements revealed a reduction in the

surface fraction of the p-phase after solution heat treat-

ment. Different levels of decomposition of the p-phase into

needles of b-Al5FeSi iron intermetallic phase (‘‘b-phase’’)

were observed at 0.4-, 0.6-, and 0.8-wt% Mg, after solution

heat treatment.

Introduction

Aluminum alloys are vital in various industrial applications,

owing to a combination of favorable physical and mechan-

ical properties. The addition of silicon results in high

fluidity, good feedability characteristics, low shrinkage,

and satisfactory crack resistance. The further addition of

magnesium results in a family of Al–Si–Mg alloys, such as

the 356 and 357 Al–7%Si–Mg alloys, which have been used

extensively in automotive and aerospace applications [1–3].

When iron is added to Al–7%Si–Mg alloys, it forms a

platelet-like b-Al5FeSi iron-intermetallic phase (‘‘b-phase’’)

with sharp edges. The high stress concentrations at these

sharp edges [4], as well as the weak bonding between the

b-phase and the Al matrix [5], enhance crack initiation and,

thus decrease the ductility of the castings. In the case where

Mg is present, the p-AlFeMgSi iron-intermetallic phase

(‘‘p-phase’’) forms, displaying a script-like morphology

with a stoichiometry close to Al8FeMg3Si6 [6].

The formation of the p-phase in Al–7Si–Mg alloys [6]

occurs via two reported reactions: (1) as a result of the trans-

formation of the b-phase into the p-phase through a peritec-

tic reaction (L ? Al5FeSi ? Al ? Si ? Al8Mg3FeSi6), or,

(2) as a result of the quaternary eutectic reaction at the end

of the solidification sequences (L ? Al ? Si ? Mg2Si ?

Al8Mg3FeSi6). It has been observed that the Fe-rich inter-

metallic phases in the Al–7Si–Mg alloy with 0.4-wt% Mg

were exclusively small b-phase plates, while large p-phase

particles were dominant in the high Mg-containing alloys

with a small proportion of the b-phase [7]. Wang [8] reported

that increasing the Mg content in 357 alloys significantly

increases the potential for the formation of the Mg-contain-

ing iron intermetallic Al8Mg3FeSi6 phase.

Magnesium is added to Al–7Si–Mg alloys to promote

the formation of the Mg2Si phase which precipitates during

aging, hardens the alloy and, consequently, improves the

yield strength and ductility [9, 10]. The ultimate tensile

strength (UTS) and yield strength (YS) values will gradu-

ally level off at high Mg levels, while ductility decreases

[11, 12]. Cáceres et al. [7] attributed this reduction to the

presence of the p-phase which is larger than the Si particles

in Sr-modified 357 alloys. Likewise, the fracture of the
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p-phase particles further was observed to lower ductility,

especially in Sr-modified 357 alloys [8].

Formation of the p-phase consumes large amounts of

Mg from the solution during solidification, thereby reduc-

ing the amount of free Mg available to form Mg2Si pre-

cipitates during aging, leading to the saturation of the UTS

and YS [13, 14]. Beryllium behaves as a neutralizing agent

for the Fe intermetallic phases which form in Al–7Si–Mg

alloys, where the formation of the p-phase is suppressed by

the addition of Be to 357 alloys [14]. The presence of Be in

premium quality aluminum alloys leads to the production

of a clean melt and to the formation of an oxidation layer

which prevents Mg from oxidizing [15], hence increasing

the amount of free Mg available to form Mg2Si for

strengthening.

An addition of 0.05-wt% Be in A357 alloy was reported

to result in the replacement of the b-phase into a-Al8Fe2Si

with a script morphology, thereby reducing the angularity

effect of the b-phase, and thus improving strength and

ductility [16]. Others have shown that the addition of Be to

an Al–7Si–0.3Mg alloy alters the composition and mor-

phology of the b-phase into a Chinese-script Be–Fe phase

[17, 18]. On the other hand, the presence of Be in A357

alloys is a potential health hazard and its elimination is

highly recommended [15]. Experiments demonstrating the

possibility of eliminating Be from this alloy without any

loss to mechanical properties have shown that this is only

feasible if the iron content is reduced [14].

A typical ASM standard heat treatment consists of (i)

solid solution treatment, (ii) quenching, and (iii) a combi-

nation of natural and artificial aging. The heat treatment of

Al–7Si–Mg alloys is carried out to obtain the best combi-

nation of strength and ductility. Solution heat treatment

results in the dissolution of Mg2Si particles, the homogeni-

zation of the casting and a transformation in the morphol-

ogy of eutectic silicon by fragmentation and spheroidization

as well as the dissolution or transformation of iron-rich

intermetallic phases [19–21]. Closset and Gruzleski [22]

observed that the p-phase in solution heat-treated 356 alloys

dissolves at 0.16-wt% Fe and 0.45-wt% Mg, whereas it is

only partially dissolved at higher 0.65-wt% Mg. Gustafsson

et al. [23]. noted that the p-phase in 356 alloys only dissolved

after solution heat treatment, although no changes were

observed in the b-phase.

In a recent study by Taylor et al. [24], the authors

reported that the as-cast Chinese-script p-phase in Al–7Si–

xMg alloys containing 0.12-wt% Fe and low levels of Mg

(0.3–0.4 wt%) reduced in amount as a result of a trans-

formation into clusters of fine b-phase needles. At an

intermediate Mg level (0.5 wt%), there is a partial trans-

formation of p-phase into b-phase needles, whereas no

change is observed at higher Mg levels (*0.6–0.7 wt%).

Wang and Davidson [13] also reported that at Mg levels of

0.4 wt%, the p-phase in Al–7Si–Mg alloys decomposed

into fine b-phase platelets as a result of the release of Mg

into the matrix. However, at [0.4-wt% Mg, the p-phase

has a tendency to become slightly spheroidized. This may

be attributed to the solubility limit of Mg in the Al matrix.

The aim of this study is to attain an understanding of the

role of Fe, Mg, Sr, and Be as well as the interaction

between them in the formation of the p-phase iron-inter-

metallic in the as-cast and solution heat-treated conditions

in Al–7Si–xMg–yFe alloys.

Experimental procedures

Alloys preparation and casting

The chemical composition of the as-received 356 alloy is

given in Table 1. Melting was carried out in a SiC crucible

of a 25-kg capacity using an electrical resistance furnace

and the melting temperature was maintained at 740 ±

5 �C. Silicon and magnesium were added in their pure

form, while iron and beryllium were added in the form of

Al–25%Fe and Al–5%Be master alloys, respectively. A

combination of Ti and B was added to the melt in the form

of Al–5%Ti–1%B master alloy rods for the purposes of

grain refinement. The Sr-modified alloys were obtained by

the addition of 200-ppm Sr in the form of an Al–10%Sr

master alloy to the as-received alloys to modify the eutectic

silicon particles from acicular into fibrous shape [25].

The melts were subsequently degassed and stirred for

10 min. The degassing process was carried out using pure

dry argon injected into the molten metal at a constant rate

of 30 ft3/h by means of a rotary graphite impeller. Fol-

lowing this, the melt was carefully skimmed to remove

oxide layers from the surface of the melt. Finally, the

molten metal for each composition was then poured into a

cylindrical graphite mold 80 mm in height, 60 mm in

diameter, and preheated to 600 �C so as to create a slow

cooling rate resembling equilibrium conditions. Samples

were simultaneously taken from each melt condition for

chemical analysis. The chemical compositions of the pre-

pared 356 and 357 alloys used for quantitative and quali-

tative analyses are listed in Tables 2 and 3, respectively.

A high sensitivity type-K thermocouple was attached

along the center-line of the mold cavity to the center of the

graphite mold. The portion of the thermocouple within the

Table 1 Chemical composition of the as-received 356 alloy

Alloy Element (wt%)

Si Fe Mg Mn Cu Ti Sr Al

356 7.32 0.09 0.38 \0.01 0.1 0.12 0.002 Bal.
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mold was isolated using double-walled ceramic tube. From

the thermal analysis data, the cooling curves and the cor-

responding first derivative curves were plotted to identify

the main reactions and corresponding temperatures for the

prepared alloys. Two 2.5 cm 9 2.5 cm samples were sec-

tioned off from each graphite mold casting, at the center of

the casting near the thermocouple tip. A first set of samples

was kept in the as-cast condition, while a second set was

solution heat-treated (540 �C/8 h), followed by a warm

water (60 �C) quench.

Qualitative and quantitative microstructural analyses

The average dendrite arm spacing (DAS) was measured for

the as-cast samples using a Clemex Vision PE 4.0 optical

microscope equipped with an image analysis system.

Thirty fields were used, covering the entire sample surface.

Phase identification and quantitative surface fraction for

the iron intermetallics were carried out for the as-cast and

solution heat-treated conditions. Surface fraction of the

p-phase iron intermetallic was quantified using a JEOL

JXA-8900L model electron probe microanalyzer equipped

with a special built-in software to calculate surface fraction

of phases based on phase brightness. The brightness of

each phase is a function of its average atomic number. The

quantification process is based on the elimination technique

by subtracting the surface fraction of the brighter phases

from the total surface fraction of the phases present within

the matrix. For each condition, 20 fields were examined at

a magnification of 9100.

Results and discussion

Microstructural observations

The Al–7Si–xMg–yFe as-cast alloy microstructure (for

0.4-, 0.6-, and 0.8-wt% Mg and 0.1–0.8-wt% Fe), obtained

from graphite mold castings (DAS = 65 lm) consists of

primary a-Al dendrite, eutectic silicon, Mg2Si, and iron

intermetallics. The iron intermetallics observed are

b-Al5FeSi iron intermetallics with a platelet-like mor-

phology and the p-AlFeMgSi iron intermetallic phase with

a script-like morphology (Fig. 1). With regards to the

p-phase, the suggestion of the stoichiometry by Foss et al.

[26] was Al9FeMg3Si5, which deviates from the previously

suggested Al8FeMg3Si6 [6, 22]. In this study, the calculated

stoichiometry of the b- and p-phase iron intermetallics,

Table 2 Chemical composition of 356 and 357 alloys

Element (wt%)

Si Fe Mg Mn Cu Ti Sr Al

356 alloy codes

1a 7.22 0.10 0.42 0.00 0.02 0.12 0.00 Bal.

2 7.04 0.25 0.41 0.02 0.10 0.11 0.00 Bal.

3 7.16 0.46 0.41 0.03 0.11 0.09 0.00 Bal.

4 6.90 0.64 0.41 0.02 0.11 0.11 0.00 Bal.

5 7.09 0.83 0.39 0.03 0.11 0.16 0.00 Bal.

1Sa 7.13 0.10 0.41 0.01 0.02 0.11 0.02 Bal.

2S 6.72 0.24 0.46 0.02 0.11 0.11 0.02 Bal.

3S 7.02 0.43 0.46 0.03 0.11 0.10 0.02 Bal.

4Sa 6.77 0.55 0.43 0.03 0.10 0.10 0.02 Bal.

5S 7.00 0.80 0.37 0.0 0.04 0.10 0.02 Bal.

357 alloy codes

6 7.00 0.10 0.60 0.00 0.01 0.10 0.00 Bal.

7 7.42 0.29 0.60 0.02 0.11 0.17 0.00 Bal.

8 7.17 0.44 0.60 0.02 0.11 0.14 0.00 Bal.

9 7.20 0.57 0.58 0.02 0.11 0.11 0.00 Bal.

10 7.41 0.75 0.59 0.03 0.11 0.19 0.00 Bal.

6S 7.00 0.10 0.56 0.02 0.10 0.10 0.02 Bal.

7S 7.00 0.26 0.60 0.02 0.10 0.10 0.02 Bal.

8S 7.00 0.40 0.60 0.02 0.10 0.10 0.02 Bal.

9S 7.00 0.60 0.53 0.02 0.10 0.10 0.02 Bal.

10S 7.00 0.78 0.65 0.02 0.10 0.10 0.02 Bal.

11a 7.18 0.10 0.75 0.02 0.10 0.13 0.00 Bal.

12 7.30 0.29 0.74 0.03 0.11 0.12 0.00 Bal.

13 7.31 0.38 0.76 0.03 0.11 0.16 0.00 Bal.

14 7.51 0.63 0.79 0.27 0.11 0.18 0.00 Bal.

15a 7.00 0.80 0.80 0.03 0.10 0.10 0.00 Bal.

11S 7.43 0.10 0.79 0.00 0.02 0.11 0.02 Bal.

12S 7.20 0.29 0.78 0.02 0.10 0.14 0.02 Bal.

13S 7.35 0.46 0.82 0.02 0.11 0.16 0.02 Bal.

14Sa 7.44 0.55 0.78 0.03 0.11 0.14 0.02 Bal.

15S 7.75 0.80 0.72 0.03 0.11 0.10 0.02 Bal.

16a 7.47 0.10 1.00 0.00 0.02 0.10 0.00 Bal.

16S 7.16 0.10 1.00 0.00 0.00 0.10 0.02 Bal.

S Sr-modified
a Alloys used for qualitative analysis

Table 3 Chemical composition of 356 and 357 alloys containing Be

Element (wt%)

Si Fe Mn Cu Mg Ti Sr Be Al

356 alloy codes

1B 7.06 0.11 0.02 0.20 0.36 0.10 0.003 0.055 Bal.

1BS 6.95 0.11 0.02 0.20 0.37 0.10 0.017 0.057 Bal.

357 alloy codes

6Ba 7.07 0.11 0.02 0.10 0.62 0.10 0.003 0.045 Bal.

6BSa 6.80 0.11 0.02 0.10 0.64 0.10 0.018 0.05 Bal.

16Ba 6.63 0.11 0.02 0.16 1.00 0.10 0.003 0.05 Bal.

16BSa 7.12 0.11 0.02 0.06 1.00 0.10 0.023 0.06 Bal.

B Be-content, S Sr-modified
a Alloys used for qualitative analysis
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based on the composition obtained using EPMA and WDS

analyses in the as-cast condition in alloys 1 and 15, are in

the vicinity of the suggested formulas [6], regardless of the

Fe and Mg content of the alloy (Table 4).

Thermal analysis

Thermal analysis was carried out to determine the precip-

itation sequence and formation temperature of the iron

intermetallics observed in alloys 1S (0.4%Mg–0.1%Fe)

and 4S (0.4%Mg–0.55-wt% Fe). Based on the expected

reactions [6], the reaction and corresponding temperatures

obtained from the cooling curve for these alloys are listed

in Table 5. As Fig. 2a reveals, solidification of the 1S alloy

begins with the precipitation of a-aluminum (1), followed

by formation of the Al–Si eutectic (2) along with theFig. 1 Microstructure of the non-modified Al–7Si–0.8Mg–0.8Fe

alloy (15)

Table 4 Chemical composition of the Fe intermetallic phases observed in this study

Alloy Phase Element Formula

Al Si Fe Mg Calculated Suggested [6, 22]

1 (356) 0.4Mg–0.1Fe p 47.68 30.32 6.8 15.14 Al9.4Fe1.3Mg3Si6 Al8FeMg3Si6

b 63.00 20.91 16.2 0 Al3.9FeSi1.2 Al5FeSi

15 (357) 0.8Mg–0.8Fe p 47.85 26.86 6.03 19.07 Al7.5Fe0.94Mg3Si4.2 Al8FeMg3Si6

b 65.5 17.66 16.6 0 Al3.9FeSi1.06 Al5FeSi

Table 5 Main reactions observed from thermal analysis data of alloys 1S, 4S, and 14S

Alloy codes Temperature (�C) Reactions [6]

1S(356): 0.1%Fe–0.4%Mg (Fig. 2) 611 (1) Formation of Al-dendritic network

570 (2) Precipitation of eutectic silicon

Precipitation of post-eutectic b-Al5FeSi phase

560 (3) Transformation of b-phase into p-Al8Mg3FeSi6 phase

545 (4) Precipitation of Mg2Si

Quaternary eutectic reactiona

4S(356): 0.55%Fe–0.4%Mg (Fig. 3) 611 (1) Formation of Al-dendritic network

577 (2) Formation of pre-eutectic b-Al5FeSi phase

570 (3) Precipitation of eutectic silicon

Precipitation of post-eutectic b-Al5FeSi phase

553 (4) Transformation of b-phase into p-Al8Mg3FeSi6 phase

543 (5) Precipitation of Mg2Si

Quaternary eutectic reactiona

14S(357): 0.55%Fe–0.78%Mg (Fig. 4) 610 (1) Formation of Al-dendritic network

570 (2) Formation of pre-eutectic b-Al5FeSi phase

560 (3) Precipitation of eutectic silicon

Precipitation of post-eutectic b-Al5FeSi phase

551 (4) Transformation of b-phase into p-Al8Mg3FeSi6 phase

Precipitation of Mg2Si

539 (5) Quaternary eutectic reactiona

a Quaternary eutectic reaction: L ? Al ? Si ? Mg2Si ? Al8Mg3FeSi6
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precipitation of the post-eutectic b-Al5FeSi. It is expected

that as solidification proceeds, the b-phase present will be

transformed into the p-phase as a result of the peritectic

reaction (3): (L ? Al5FeSi ? Al ? Si ? Al8Mg3FeSi6).

The last reaction to be detected is characterized by a wide

peak, which may arise from two merged reactions (4). The

first of these is related to the formation of Mg2Si followed by

the second reaction which corresponds to the quaternary

eutectic reaction: (L ? Al ? Si ? Mg2Si ? Al8Mg3FeSi6).

Upon comparing the first-derivative curve in Fig. 2a with

that in Fig. 3a for alloys 1S and 4S, respectively, it can be

seen that at 0.1-wt% Fe (alloy 1S), the first-derivative curve

reveals four peaks, while at 0.55-wt% Fe (alloy 4S), a new

peak is detected before the eutectic silicon (marked as 2),

corresponding to the formation of the pre-eutectic b-phase.

Other reactions remain the same as described in Fig. 2.

It has been reported [27, 28] that increasing the Fe

content from 0.1 to 0.55 wt% changes the solidification

sequences of Al–7Si–0.4-Mg alloys; this is thoroughly

supported by the current thermal analysis. At 0.1-wt% Fe,

the b-phase precipitates at low temperatures together with

the Al–Si eutectic and is characterized by fine platelets in

the microstructure (Fig. 2b). However, at 0.54-wt% Fe,

most of the b-phase will precipitate at high temperatures

before the Al–Si eutectic. This b-phase is characterized by

its large size in the microstructure (Fig. 3b). Consequently,

increasing the Fe content will increase the quantity and size

of the b-phase in the microstructure.

In order to arrive at a clearer understanding of the effect

of magnesium in the precipitation sequence and reaction

temperature, the Mg content in alloy 4S was increased to

0.8 wt% (alloy 14S). Two separate peaks were identified

corresponding to reactions (4) and (5), as shown in Fig. 4.

The reactions and corresponding temperature that occurs
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during solidification of the alloys containing high (14S)

and low Mg (4S) levels are listed in Table 5 for compari-

son purposes. There is a significant reduction in the

eutectic temperature by *10 �C in a higher Mg-containing

alloy (14S) when compared to the low Mg-containing alloy

(4S). This is in agreement with published findings [9, 29].

It has been reported that this reduction in eutectic tem-

perature affects the eutectic Si particle modification [9, 29].

Upon examination of the microstructure, the p-Al8Fe

Mg3Si6 phase is often observed to be in close contact with

b-Al5FeSi phase platelets. It is revealed in the inset in

Fig. 2b that the interface between the b- and p-phases is

seamlessly fused together, which may lead to the

assumption that the b-Al5FeSi phase will precipitate as a

first step, followed by the growth of the p-Al8FeMg3Si6
phase from the surface of the b-Al5FeSi phase as a second

step, according to the peritectic reaction [6].

Quantitative analysis

Effects of Fe and Mg Content

Figure 5 illustrates the effects of Fe and Mg content on the

surface fraction of the p-phase in non-modified and

Sr-modified Al–7Si–xMg–yFe alloys in the as-cast and

solution heat-treated conditions. As the Fe content is

increased from 0.1 to 0.8 wt%, the p-phase surface fraction

increases by varying degrees in the non-modified and

Sr-modified alloys. Figure 5b demonstrates how the addi-

tion of 0.02-wt% Sr to Al–7Si–xMg–yFe alloys results in

slight increases in the surface fraction of the p-phase when

compared to Fig. 5a. This may be explained in terms of the

presence of Sr which results in breaking up b-phase

platelets [30], thereby reducing the length and increasing

the density of b-phase platelets. The authors [30] claim that

Sr was absorbed by b-phase platelets leading to their

destabilization, and hence, fragmentation. This may con-

tribute to an increase in the number of b-platelets available

for the occurrence of the peritectic reaction to form more

p-phase. It is apparent from Fig. 5 that the lowest amount

of p-phase surface fraction at all Mg levels occurs at low

Fe levels (0.1 wt%). Therefore, the use of primary Al–7Si–

xMg alloys containing low amounts of Fe is recommended

from a practical viewpoint. In this study, a qualitative

microstructural analysis will focus mainly on Al–7Si–

xMg–0.1Fe alloys.

Effect of solution heat treatment

Figure 5 also demonstrates the effect of solution heat

treatment on the p-phase surface fraction in non-modified

and Sr-modified Al–7Si–xMg–yFe alloys. In non-modified

Al–7Si–0.4Mg–yFe alloys (Fig. 5a), the p-phase is almost

completely dissolved at all Fe levels after solution heat

treatment. The non-modified Al–7Si–0.4Mg–0.1Fe alloy

microstructures shown in Fig. 6a and b support this

observation. Figure 6a shows the p-phase in the as-cast

condition, while Fig. 6b reveals the presence of fine nee-

dles in the microstructure after solution heat treatment. The

X-ray images of the Fe and Mg distribution within these

fine needles are presented in Fig. 6c and d, respectively,

and support the claim that the fine needles are indeed

b-phase needles. This suggests that, during solution heat

treatment, the p-phase in the 356 alloy having 0.4-wt% Mg

is completely decomposed into fine b-phase needles as a

result of Mg which diffuses out from the p-phase and into

the surrounding aluminum matrix. This observation con-

firms the findings of Taylor et al. [24] who reported that at

0.3–0.4-wt% Mg, the as-cast Chinese-script p-phase is

reduced as a result of its transformation into clusters of fine

b-phase needles.

On the other hand, in the solution heat-treated Sr-

modified Al–7Si–0.4Mg–yFe alloys, the p-phase is not
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modified alloys and b Sr-modified alloys
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Fig. 6 a, b Backscattered

electron images of non-modified

356 alloy coded 1 in the

(a) as-cast condition, showing

p- and b-phases, b after solution

heat treatment (540 �C/8 h),

showing complete

decomposition of

p-Al8Mg3FeSi6 into fine

b-Al5FeSi needles, and X-ray

images of Fe (c) and Mg (d)

corresponding to (b)

Fig. 7 a, b Backscattered

electron images of Sr-modified

356 alloy coded 1S in the

(a) as-cast condition, showing

p- and b-phases, b after solution

treatment (540 �C/8 h),

showing partial decomposition

of p-Al8Mg3FeSi6 into fine

b-Al5FeSi needles, and X-ray

images of Fe (c) and Mg (d)

corresponding to (b)
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completely decomposed after solution heat treatment

(Fig. 5b). This observation is supported by the micro-

structures of the solution heat-treated Sr-modified Al–7Si–

0.4Mg–0.1Fe alloy in Fig. 7a and b, where Fig. 7a shows

the as-cast microstructure and Fig. 7b reveals fine needles

accompanied by small spheroidized p-phase particles.

These spheroidized particles are expected to be in the

process of decomposition into b-phase needles. The X-ray

images showing the distribution of Fe and Mg in the

decomposed b-phase (Fig. 7c, d) confirm this observation.

Based on the latter, it may be suggested that the incomplete

decomposition of the p-phase into b-phase needles in

solution heat-treated Sr-modified Al–7Si–0.4Mg–0.1Fe

alloys is most likely related to the existence of large

p-phase particles for which a greater solution heat treatment

time is required to complete the decomposition process.

It may also be observed from Fig. 5a and b that when

the Mg content is [0.4 wt% in Al–7Si–xMg–yFe alloys,

there is an increase in the resistance of the p-phase to

completely decompose into b-phase during solution heat

treatment in both the non-modified and the Sr-modified

alloys when compared to low Mg (0.4 wt%) alloys. This

observation may be supported by the microstructures of the

solution heat-treated non-modified Al–7Si–0.75Mg–0.1Fe

alloy, shown in Fig. 8. While Fig. 8a corresponds to the

as-cast microstructure, Fig. 8b shows small amounts of

p-phase particles decomposed into fine b-phase needles

while the remaining amount displays fragmentation and

spheroidization after solution heat treatment. The chemical

composition of the p-phase as obtained by EPMA and

WDS in the Al–7Si–0.8Mg–0.1Fe alloy in the as-cast and

solution heat-treated conditions, is listed in Table 6,

reveals that there is almost no change in the composition of

p-phase in both the conditions. It can be seen that the

calculated stoichiometry of the p-phase in both the condi-

tions approaches the suggested formula of Al8FeMg3Si6.

It has been reported that the maximum solubility of

Mg in Al–7Si–Mg alloys at 540 �C is *0.6-wt% Mg [20].

Accordingly, and based on the observations of the p-phase

decomposition in Al–7Si–xMg–0.1Fe alloys, it may be

suggested that the p-phase occurring in alloys containing

less than 0.6-wt% Mg is expected to decompose to a large

extent into b-phase needles after solution heat treatment.

The extent of the decomposition would depend on how far

the removed Mg content of the alloy is from the solubility

limit at 0.6 wt%. At Mg contents[0.6 wt%, the p-phase is

likely to undergo only partial decomposition into b-phase

needles.

Fig. 8 Backscattered electron images of non-modified 357 alloy

coded 11 in the a as-cast condition, showing p-phase, and b after

solution heat treatment (540 �C/8 h) showing partial decomposition

of p-phase into fine b-phase needles

Table 6 Chemical composition of the p-phase formed in Al–7Si-0.6Mg–0.1Fe alloy before and after solution heat treatment

Alloy Phase Element Formula

Al Si Fe Mg Calculated Suggested [6, 22]

7Si–0.8Mg–0.1Fe as-cast p 48.3 27.0 5.88 18.57 Al7.8Fe0.95Mg3Si4.4 Al8FeMg3Si6

7Si–0.8Mg–0.1Fe solution heat-treated

(540 �C/8 h)

p 48.4 26.7 5.33 18.5 Al7.8Fe0.86Mg3Si4.3 Al8FeMg3Si6
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Effects of beryllium addition

With regards to the purposes of this study, it was observed

that the addition of 500-ppm Be in the as-cast Al–Si–xMg–

0.1Fe alloy containing 0.4, 0.6, and 1.0-wt% Mg has the

potential for decreasing the amount of the surface fraction of

p-phase intermetallic in both non-modified and Sr-modified

alloys, as shown in Fig. 9a and b, respectively. This reduc-

tion may be ascribed to two factors: (1) the effect of Be

addition on Al–7Si–Mg alloys in transforming the b-phase

into a Chinese-script a-AlFeSi iron intermetallic phase

(Fig. 10) having a stoichiometry of Al6.9Fe2Si1.4 which is

close to A8Fe2Si, as found in the literature [31], and (2) the

formation of Be–Fe phases with script morphology in

Be-containing Al–7Si–0.6Mg alloys (Fig. 11), which form

at higher temperatures than those of the b-phase, thereby

reducing the Fe available to form b- and p-phases [16, 32].

A decrease in the p-phase surface fraction with respect

to an increase in Mg from 0.4 to 1.0 wt% was observed

after solution heat treatment in the non-modified and the

Sr-modified Be-containing Al–7Si–xMg–0.1Fe alloys, as

shown in Fig. 9a and b, respectively. At 0.4-wt% Mg and

after solution heat treatment, the p-phase is observed to

have completely decomposed in both the non-modified and

the Sr-modified Be-containing alloys, while at 0.6-wt%

Mg, the p-phase is seen to have only partially dissolved.

This observation is supported by the Be-containing

Al–7Si–0.6Mg–0.1Fe alloy microstructure (Fig. 12).

Figure 12a shows the p-phase in the as-cast condition,

while Fig. 12b reveals that the p-phase has partially

decomposed into small b-phase particles.

In order to acquire a clearer understanding of the role of

Be in conjunction with a high amount of Mg, the Mg

content in the Al–7Si–xMg–0.1Fe alloy was increased

to 1.0 wt%. Figure 13a shows the microstructure of the

Fig. 9 Effects of solution heat treatment (540 �C/8 h) on the surface

fraction of the p-phase in Al–7Si–xMg–0.1Fe Be-containing alloys

a non-modified alloys and b Sr-modified alloys

Fig. 10 Backscattered electron images of Be-containing 357 alloy

6B in the as-cast condition (DAS = 110 lm), showing the a-Al8Fe2Si

iron intermetallic phase

Fig. 11 Backscattered electron images of Be-containing 357 alloy

6BS in the as-cast condition (DAS = 110 lm), showing the Be–Fe

phase
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as-cast Be-free Al–7Si–1.0Mg–0.1Fe alloy, while Fig. 13b

shows a large p-phase particle (on the right) and small

fragments of the p-phase (on the left) in a microstructure of

the same alloy after solution heat treatment. The X-ray

image in Fig. 13c shows the distribution of Mg, confirming

this to be the p-phase. On the other hand, the addition of

500-ppm Be to the same Al–7Si–1.0Mg–0.1Fe alloy results

in the existence of small bright particles around the p-phase

after solution heat treatment, as shown in the back-scat-

tered electron image of Fig. 14a. Figure 14b, c, and d

depicts the X-ray images corresponding to the distributions

of Mg, Si, and Fe, respectively, in the decomposed

p-phase, in supporting the assertion that the bright particles

around the p-phase are b-phase particles.

According to this observation, it may be suggested that

the addition of Be in amounts of 500 ppm to Al–7Si–xMg–

0.1Fe alloys results in reducing the size and amount of

p-phase which facilitates the decomposition process of the

p-phase into b-phase particles during solution heat treat-

ment, especially at high Mg levels when compared to

Be-free alloys. Based on an examination of the micro-

structure, it becomes apparent that the decomposition

mechanism of the p-phase into b-phase during solution

Fig. 12 Backscattered electron images of Be-containing 357 alloy

6B in the a as-cast condition, showing the p-phase intermetallic and

b after solution heat treatment (540 �C/8 h), showing the decompo-

sition of p-phase into b-phase particles

Fig. 13 Backscattered electron images of Be-free Al–7Si–1.0Mg–

0.1Fe alloy 16 in the a as-cast condition, showing the p- and b-phases,

b after solution heat treatment (540 �C/8 h), showing the fragmen-

tation of the p-Al8Mg3FeSi5 phase, c X-ray image of Mg corre-

sponding to (b)
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heat treatment is expected to occur as such during solution

heat treatment, the Al, Si, and Mg must diffuse out from

the p-phase into the aluminum matrix, forming a layer of

b-phase particles around the p-phase; as the diffusion of

the elements proceeds over time, the p-phase is expected to

display more decomposition. In order to fully obtain the

detailed mechanism by which the p-phase decomposed into

the b-phase during solution heat treatment, further exper-

imental study, such as quantitative and qualitative evalua-

tions of the p-phase decomposition process at different

solution heat treatment times, as well as an investigation

into the impact of this decomposition on the chemistry of

the Al-matrix, is required.

Conclusions

From an analysis of the results, the following may be

concluded:

1. Analysis of the Al–7Si alloys with varying amounts

(wt%) of Mg and Fe indicates that the amount of the

p-phase increases as the percentage weight of both the

elements increase.

2. Addition of Sr leads to slight increases in the p-phase

surface fraction in Al–7Si–xMg–yFe alloys.

3. Solution heat treatment leads to a significant reduction

in the surface fraction of the p-phase in all alloys

studied.

4. After solution heat treatment, the Chinese-script

p-phase is completely decomposed into fine needles

of b-phase at 0.4-wt% Mg, but appears to be only

partially decomposed at higher Mg contents (0.4–

0.8 wt%).

5. According to the qualitative and quantitative analyses,

the optimum Mg levels at which the p-phase shows a

high degree of decomposition into b-phase after a

solution heat treatment of 540 �C/8 h is in the range of

0.4–0.6-wt% Mg.

6. The addition of 500-ppm Be reduces the amount of the

p-phase formed in Al–7Si–xMg–0.1Fe. Such additions

also facilitate the decomposition of the p-phase into

b-phase, particularly at higher levels of Mg content

(1.0 wt%).
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