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Abstract: Al2O3 particles reinforced hypereutectic Al-Si composites were prepared by in situ Fe2O3/Al 
reaction system. The thermodynamic analysis and microstructure evolution were investigated by differential 
scanning calorimetry, optical microscope, scanning electronic microscopy and transmission electron microscope. 
Results show that the reaction between Fe2O3 and Al is spontaneous which can be separated into two steps at 
different temperatures. The in situ Al2O3 particles in nano size distribute on the Al matrix accompanied with 
long needle-shaped β Fe-rich intermetallic phase. With different content of Mn addition, β phase can be modified 
to α-Al15(Mn,Fe)3Si2 and δ-Al4(Fe,Mn)Si2. Both tensile strength and elongation results at room temperature 
and 300 ℃ reveal that the optimal Fe-rich intermetallic phase is finer Chinese-script and polyhedral α phase 
with a Mn/Fe mass ratio 0.5 for the composites. Both in situ Al2O3 particles and α-Fe phases contribute to the 
properties improvement of the composites
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1	 Introduction

Hypereutectic Al-Si alloys are ideal materials for 
manufacturing engines, pistons and cylinders[1-6]. How-
ever, better mechanical properties and thermal stability 
are required with the increasing demands for high-per-
formance structural materials. Particles reinforced Al-Si 
matrix composites have attracted a lot of attention due 
to their lower coefficient of thermal expansion, good 
wear resistance and casting properties[7-10]. Among var-
ious processing technologies of composites, the in situ 
technology is particularly attractive because of its sim-
plicity, economy and flexibility. Oxides such as CuO, 
TiO2 have been used to react with Al for synthesizing 

Al2O3/Al composites[11-14]. Usually, the in situ gener-
ated Al2O3 particles with the size around 100-200 nm 
have various irregular shapes and disperse uniformly 
in matrix. Moreover, the interface between particle and 
matrix is clean. The composites can be comprehensive-
ly strengthened not only by Al2O3 particles, but also by 
the high density dislocations and fine subgrains[15]. An-
other advantage of using metallic oxides is to introduce 
intermetallic compounds simultaneously with the Al2O3 
particles which is also helpful to improve the mechani-
cal properties.

However, there are few reports about Fe2O3 used 
to produce Al2O3/Al composites, especially with high 
Fe content. It has been studied that Fe can raise the 
tensile strength, creep strength and hardness of Al al-
loys[16,17] at high temperature. The temperature of the 
top of the piston can reach 250-350 ℃ when it works, 
so it is also valuable to consider its high-temperature 
strength. On the other hand, Fe is usually considered 
as an impurity element because of the normal long 
needle-like β-Al5FeSi phase, which is detrimental 
to the mechanical properties due to its platelet mor-
phology leading to a stress concentration and crack 
initiation[18,19]. Besides, the needle compounds tend to 
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impede the fluidity of molten metal which is easy to 
lead to casting defects such as gas holes and shrink-
age cavities. Mn addition is an effectively and widely 
studied method to replace the needle-shaped β-phase 
with α-Al(Mn,Fe)Si which has granular or Chinese 
script morphology[20-22]. Therefore, if the needle-shaped 
β-phase generated during the Fe2O3/Al in situ reaction 
system were modified by Mn, the mechanical proper-
ties could be significant improved by both the Al2O3 
and Fe-rich phases at the same time, especially for the 
properties at high temperature.

Accordingly, the thermodynamic calculation of 
the Fe2O3/Al in situ reaction was first studied to confirm 
the possibility of the reaction system in present work. 
Then the in situ Al2O3 particles reinforced hypereutec-
tic Al-Si composites were prepared. The effect of Mn 
addition on the microstructure evolution and mechani-
cal properties was also investigated.

2	 Experimental

A390 hypereutectic Al-Si alloys were used as the 
matrix materials in this study. The chemical composi-
tion is shown in Table 1. The in situ xFe2O3/Al (x=2, 3, 
9) systems were used to be the options for the reactants. 
Al-22 wt%Mn-7 wt%Ti master alloys were used to 
modify the Fe-rich intermetallic compounds generating 
in the in situ reaction. 

Differential scanning calorimetry (DSC) study 
and thermodynamic calculation were first done to con-
firm the feasibility of the alloy design and to select the 
optimal Fe2O3/Al system. DSC study was operated by 
Netzsch STA 449C differential scannig calorimetry 
(Netzsch, Selb, Germany). The heating rate was 10 ℃/
min.

After the optimal Fe2O3/Al was settled, the A390 
matrix alloys were first melted using an electrical resis-
tance furnace in a graphite crucible. Fully mixed Fe2O3 
and Al powders were introduced as the in situ reaction 
system to the molten alloys at around 850 ℃. Powder 
reaction system was used in present study because of 
more contact surfaces of Fe2O3 and Al powders, which 
is much easier to trigger the in situ reaction. The de-
signed composition of the composites was A390-2Fe (2 
wt% Fe coming from the in situ reaction between Fe2O3 
and Al), which was studied as a prospective Al-Si-

Fe alloy used for piston application[23-25]. After stirring 
and holding for 15 min, the Al-Mn-Ti master alloy was 
added into the composites. Different Mn/Fe mass ratios 
(0.2, 0.3, 0.5, 0.7, 0.9, 1.1) were designed to study the 
effect of Mn on the morphology of Fe-rich phases. The 
melt was poured into a steel mold after another holding 
for 15 min. The casting was cylindrical with a diameter 
of 12 mm.

Axio scope optical microscope (OM) and JSM-
6480 scanning electron microscope (SEM) fitted energy 
dispersive X-ray spectrometer (EDS) analysis system 
operating at 20 kV were used to observe the morphol-
ogies of Fe-rich intermetallic phases in the compos-
ites. Specimens for OM and SEM were mechanically 
polished according to conventional method and were 
etched with Keller’ s reagent. The transmission electron 
microscope (TEM) and high resolution transmission 
electron microscope (HRTEM) study of the Al2O3 par-
ticles were performed in a JEM-2100F electron micros-
copy under an accelerated voltage of 200 kV. Sample 
for TEM was prepared by standard methods involving 
mechanical grinding, polishing and dimpling followed 
by ion milling. The tensile strength at room tempera-
ture was tested on the Model 5582 universal tester with 
an extension rate of 1.0 mm/min. The specimens were 
plate shapes with 44 mm gauge × 12.5 mm gauge × 
3 mm gauge (length × width × thickness). The tensile 
strength at 300 ℃ was operated on the Model5582 at 
a strain rate of 1.0 mm/min after holding for 30 min 
at 300 ℃. The specimens were rod shapes with 5 mm 
gauge × 30 mm gauge (diameter ×length). Ultimate 
tensile strength (UTS) values obtained from the engi-
neering stress-strain curves were used to show the ef-
fect of Mn/Fe ratio on strength, because yield strength 
(YS) was almost the same as UTS for brittle Al-17Si-
2Fe alloys[24, 25]. Elongation values were measured as 
the distance between the gage marks on the specimen 
before and after the test [26]. The elastic deformation re-
covered after fracture was not included.

3	 Results and discussion

3.1	 Thermodynamic analysis of Fe2O3/Al in-
situ system
 Fig.1 shows the DSC analysis results of three in 

situ Fe2O3/Al systems. Endothermic and exothermic 
peaks are found in the 2Fe2O3/Al and 3Fe2O3/Al, re-
spectively. However, only one endothermic peak can 
be obviously detected in 9Fe2O3/Al system. The endo-
thermic peak appears at a temperature of about 660 ℃, 

Table 1  Chemical composition of Al-Si matrix alloys/wt%

Si Cu Mg Ti Mn Fe Al

17.5 4.51 0.62 0.2 0.08 0.21 Bal.
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which is the melting point of Al. In other words, the 
ratio of 9Fe2O3/Al system is not active to trigger the 
in situ reaction. There are two exothermic peaks in the 
2Fe2O3/Al and 3Fe2O3/Al DSC profiles which reveals 
the reaction between Fe2O3 and Al should take place 
into two steps. The first exothermic peak is located 
around 610 ℃. Such an exothermic peak obviously 
corresponds to the chemical reaction between Fe2O3 
and Al to form FeO and Al2O3. The possible reaction is 
given by the following equation:

2Al+3Fe2O3=6FeO+Al2O3               (1)

The second exothermic peak is at 890 ℃ for 
2Fe2O3/Al and 920 ℃ for 3Fe2O3/Al, which corre-
sponds to the second reaction as shown in the following 
equation:

2Al+3FeO=3Fe+Al2O3                (2)

The relationship between the Gibbs free energy 
and temperature of the in situ reaction in 2Fe2O3/Al 
and 3Fe2O3/Al is calculated by the following four equa-
tions:

DG=xDG1+yDG2-zDG3-nDG4              (3)

DG=H-TS                                    (4)

                           (5)

Cp,m=A1+A2*103T+A3*105T-2A4*10-6T2     (6)

where ΔG is the total Gibbs free energy during reaction, 
ΔG1 and ΔG2 are the Gibbs free energy of the reaction 
products, ΔG3 and ΔG4 are the Gibbs free energy of the 
reactants, x, y, z, n are the chemical coefficients of reac-
tion products and reactants in Eq.(3); H is the standard 
molar enthalpy, T is the temperature, S is the standard 
molar entropy in Eq.(4); H298 is the standard molar en-
thalpy at 298 K, Cp,mis the molar constant pressure heat 
capacity in Eq.(5); A1, A2, A3, A4 are the constants.

According to the DSC data, the relationship be-
tween the Gibbs free energy and temperature of 2Fe2O3/
Al and 3Fe2O3/Al system can be concluded as:

2Fe2O3+Al system
610℃ DG=-0.69×10-5T 3+69 887T2-5.02×
107T+8.2×105T -1-67.682T lnT+1.09×109

890℃ DG=-492 882T2+8.95×108T-4.35×108T+
1 781.158T lnT-4.243×1011

3Fe2O3/Al system
610℃ DG=-0.69×10-5T 3+69 887T2-5.02×
107T+8.2×105T -1-67.682T lnT+1.09×109

920℃ DG=-4 207.5T 2-3.21×108T+1.92×106T
+23.389T lnT-2.62×1012

The above calculation results are drawn into 
Fig.2. The Gibbs free energy of Al2O3 is far lower than 
that of FeO after the temperature is higher than 883 K 

Fig.1  DSC analysis of in-situ reaction with different Al contents

Fig.2	 The curves of relationship between Gibbs free energy and 
temperature at different temperatures: (a)610 ℃; (b)890 ℃; 

(c)920 ℃
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(Fig.2(a)). In other words, Al2O3 is more stable in the 
Fe2O3/Al system in high temperature, which means it 
is possible to obtain composites using Fe2O3+Al in situ 
reaction system from the theoretical aspect. Fig.2(b) 
and Fig.2(c) are the relationship between Gibbs free en-
ergy and temperature in 2Fe2O3/Al and 3Fe2O3/Al when 
FeO is reduced to Fe, respectively. It can be known that 
the Gibbs free energy of Fe is much lower than Al2O3. 
Namely, the Fe is the more stable phase in the in situ 
reaction. Additionally, the profile of ∆GFe in3Fe2O3/Al 
system is almost linear compared with that of 2Fe2O3/
Al system which means the 3Fe2O3/Al system is the 
better option to prepare the in situ composites.
3.2	 Microstructure of the composite using 

3Fe2O3/Al in-situ system
According to the DSC and thermal calculation 

results, 3Fe2O3/Al in-situ system was introduced to 
prepare the composites. The corresponding microstruc-
ture is shown in Fig.3. Fig.3(a) is the OM microstruc-
ture of the A390 matrix. Bulk primary Si and short 
needle-shaped eutectic Si distribute on the Al matrix. 
Certain amount of long needle-shaped intermetallic 
compound can be observed in the microstructure in 
A390-2Fe composite (arrows positions in Fig.3(b)). 
Combined with SEM image (Fig.3(c)) and the EDS 
results (Fig.3(d)), the compounds can be identified as 
Fe-rich compounds which corresponds to the β-Al5SiFe 

phase.
Fig.4 is the TEM results of the in situ particles in 

the aluminum matrix. As shown in Fig.4(a) and 4(b), 
small black in situ particles (marked in circles) distrib-
ute in the matrix with the morphology of nearly ball-
shape. And the sizes are in the range of several nano to 
dozens of nano. Besides, a large amount of high density 
dislocations (marked as arrows) are formed around the 
particles. In the other words, more volume fraction of 
dislocations multiply due to the nano particles in alumi-
num matrix. A second pattern can be observed besides 
the Al matrix patterns as shown in Fig.4(c), which is 
corresponding to the γ-Al2O3 . The above microstruc-
ture results (Fig.3 and Fig.4) reveal that it is possible 
to prepare in situ Al2O3 reinforced hypereutectic Al-Si 
alloys using Fe2O3/Al system.

It is known that the long needle-shaped β phase 
is detrimental to the mechanical properties. It can split 
the matrix under tension which provides for the racks 
generation and multiplication. Besides, the needle 
compounds tend to impede the fluidity of molten met-
als which is easy to lead to casting defects such as gas 
holes and shrinkage cavities. Two types of shrinkage 
pores were analyzed in the studied alloy, one small 
with regular shape and the other one large and elongat-
ed with dendritic arms[18,19]. Therefore, the Fe-rich in-
termetallic compounds of composites which generated 

Fig.3	 Comparison of microstructure in A390 with in situ system: (a) A390 matrix alloy; (b) OM of the composite; (c)The SEM of the com-
posite; (d)The EDS of point A in (c)
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during the in situ reaction should be modified to avoid 
the harmful effect on mechanical properties. Since Mn 
is the most effective and widely studied elements to 
replace the needle-shaped β-phase with less detrimen-
tal a-phase, Mn was introduced after in situ 3Fe2O3/Al 
system addition. The effect of Mn/Fe mass ratios on the 
morphology of Fe-rich intermetallic compounds was 
studied. 
3.3	 Morphological evolution of Fe-rich 

phase in composites with different Mn/
Fe ratios
 Fig.5 is the microstructure of A390-2Fe compos-

ites with different Mn/Fe mass ratios. The schemat-
ics of various Fe-rich compounds are given in every 
image to show obvious evolution of the morphology. 
The Fe-rich phase presents as long needle-shaped 
without Mn addition (Fig.5(a)). Then the morphology 
changes to coarse plate-shaped Fe-rich intermetallic 
phases with Mn/Fe=0.2 (Fig.5(b)). Increasing Mn/Fe 
to 0.3 (Fig.5(c)), the plate-shaped Fe-rich phases keep 
growing until secondary arms generate, some of which 
separate into smaller Chinese-script and polyhedral 
compounds when Mn/Fe increases to 0.4 (Fig.5(d)). 
The intermetallic compounds mainly consist of finer 
Chinese-script and polyhedral compounds with the Mn/
Fe=0.5 (Fig.5(e)). Then increasing the Mn/Fe to 0.7 
(Fig.5(f)), 0.9 (Fig.5(g)) and 1.1(Fig.5(h)), the mor-
phology of Fe-rich phases change inversely to dendrite, 
plate and coarser plate shapes, respectively.

EDS analysis were operated to reveal the com-
position of the two typical different Fe-rich interme-

tallic compounds as shown in Fig.6 and Table 2. The 
Chinese-script and polyhedral phases consist of Al, 
Si, Fe and Mn four elements, which correspond to 
a-Al15(Mn,Fe)3Si2 compounds[18,27,28]. While the compo-
sition of plate-shaped phases is close to δ- Al4(Fe,Mn) 
Si2 compounds[18,27,28].

According to the above microstructure results, the 
evolutive tendency of Fe-rich intermetallic compounds 
with increasing Mn/Fe from 0 to 1.1 can be described 
as follows: long needle-shaped β phase→ long plate-
shaped ternary δ phase→ Chinese-script and polyhedral 
a phases → finer plate-shaped quaternary δ phase→ 
long plate-shaped ternary δ phase.

With lower Mn/Fe (0.2 and 0.3), Mn can replace 
part of Fe atoms to form quaternary intermetallic 
compounds which makes the aspect ratio of β phase 
smaller. Increasing Mn/Fe (0.4 to 0.7), the a-Fe phase 
is supposed to be the thermodynamic stable phase ac-
cording to the phase diagram of Al-Si-Fe-Mn[26]. When 
Mn/Fe reaches over 0.9, δ phases prevail in the micro-
structure. In Becker’s study[27], higher cooling rate can 
result in solidification path changing from a phase to 
a + δ and δ phase in the same composition. In present 
work, the influence of Ti in the master alloy cannot be 
ignored because of higher supercooling resulting from 
Ti. Therefore, high Mn/Fe leads to the transformation 
of a to δ Fe-rich intermetallic phase.
3.4	 Mechanical properties of composites

The temperature of the top of the piston can reach 
250-350 ℃ when it works, so it is also valuable to con-
sider its high-temperature strength. Tabel 3 consists the 
mechanical properties of as-cast A390 alloys at room 
temperature and at 300 ℃. Fig.7 shows the mechani-
cal properties of the composites with different Mn/Fe 
mass ratios. Three Mn/Fe ratios (0.3, 0.5 and 0.9) with 
three typical Fe-rich intermetallic phases were chosen 
to show the mechanical evolution. Without Mn addi-

Table 2  Elemental analysis results of the points in Fig.6/at%

Position Al Si Mn Fe

A 71.86 11.35 6.30 10.49
B 52.85 32.04 2.02 13.10

Fig.4 	TEM results of the in situ Al2O3 particles in A390-2Fe composite: (a) and (b)TEM image; (c) Selected area electron diffraction pat-
terns in (a)
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Fig.5  Microstructure of composites with different Mn/Fe: (a) 0; (b) 0.2; (c) 0.3; (d) 0.4; (e) 0.5; (f) 0.7; (g) 0.9; (h) 1.1
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tion, the ultimate tensile strengths at room temperature 
decrease because the long needle-shaped β phase split 
the matrix under tension which provides for the racks 
generation and multiplication. Additionally, casting 
defects such as gas holes and shrinkage cavities can be 
easily generated due to β phase. With Mn/Fe increasing 
from 0.3 to 0.5, the UTS improves by 29%, 52% at 
room temperature and 19%, 44% at 300 ℃, respective-
ly. The modified Chinese-script and polyhedral a-Fe 
compounds have less negative effect on the matrix and 
are more stable at high temperature which results in 
better mechanical properties. However, the UTS of the 
composite with 0.9 Mn/Fe is a little lower. Plate-shaped 
δ Fe-rich phases have a larger length-width ratio than 
a-Fe compounds which is the reason for the slight de-
crease of UTS and elongation when Mn/Fe reaches up 
to 0.9. The elongation evolution has a similar tendency 
with the increasing of Mn/Fe ratio. And the elongation 
increase slightly at 300 ℃ compared with that at room 
temperature. That’s because the grain boundaries slip-
ping becomes much easier at high temperature which 
results in higher elongation value compared with the 
one at room temperature. Accordingly, the A390-

2Fe composite with finer Chinese-script and polyhe-
dral a-Fe compounds (Mn/Fe=0.5) has the optimal 
mechanical properties.

The in situ Al2O3 particles play another important 
role for the mechanical properties improvement. Al2O3 
particles are hard second phases which cannot be cut-
ted-trough by dislocations. Therefore, the effect can be 
concluded as Orowan mechanism which is shown in 
the following equation:

        (7)

where σorowan is the stress, Gm is the shear modulus of 
the matrix, b is the Burgers vector, ν is the Poisson’s 
ratio, Vf  is the volume fraction of particles and D is the 
diameter of the particles.

Table 3 Mechanical properties of as-cast A390 alloys

Item UTS/MPa Elongation/%
Room temperature 104.59 1.7

300 ℃ 67.55 2.1

Fig.6 	EDS mapping results of different Fe-rich intermetallic compounds: (a) Chinese-script and polyhedral compounds; (b) Plate-shaped 
compounds

Fig.7  Tensile properties of composites with different Mn/Fe ratios: (a) Room temperature; (b) 300 ℃
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The stress is inversely proportional to the size of 
the particles. In present work, the in situ Al2O3 particles 
are in nano size which could provide high strengthen-
ing effect. As seen in Fig.4, dislocation loops around 
Al2O3 particles can be observed. The dislocation multi-
plication through Orowan mechanism also contributes 
to the mechanical improvement of the composites.

4	 Conclusions

a) DSC and thermodynamic calculation results 
reveal that it is possible to prepare in situ Al2O3 re-
inforced hypereutectic Al-Si alloys using Fe2O3/Al 
system. Experimental results confirm the feasibility 
on the other hand. In situ Al2O3 particles in nano size 
distribute on the Al matrix accompanied with long nee-
dle-shaped β Fe-rich intermetallic phase.

b) The evolutive tendency of Fe-rich intermetallic 
compounds with increasing Mn/Fe mass ratio from 0 
to 1.1 can be described as follows: long needle-shaped 
β phase→ long plate-shaped ternary δ phase → Chi-
nese-script and polyhedral a phases → finer plate-
shaped quaternary δ phase→ long plate-shaped ternary 
δ phase.

c) Both the tensile strength and elongation at 
room temperature and 300 ℃ increase first and then 
decrease a little with the Mn/Fe increasing. The A390-
2Fe composite with finer Chinese-script and polyhe-
dral a-Fe compounds (Mn/Fe=0.5) has the optimal 
mechanical properties. Chinese-script and polyhedral 
a-Fe compounds and in situ nano Al2O3 particles con-
tribute to the mechanical properties improvement.
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