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Abstract: The effect of Si content on the microstructures and mechanical properties of the heat-treated Al—6.5Cu—0.6Mn—0.5Fe
alloy was investigated using image analysis, scanning electron microscopy (SEM), transmission electron microscopy (TEM), and
tensile testing. The results show that the mechanical properties of Al—6.5Cu—0.6Mn—0.5Fe alloys decrease slightly when the Si
content is below 1.0%. This can be attributed to the comprehensive effect of microstructure evolution, including the increase of
nano-sized a-Fe, the coarsened grain size, and an increase in Al,Cu content at the grain boundary. When the Si content is 1.5%, the
mechanical properties of the Al-6.5Cu—0.6Mn—0.5F¢ alloys decrease significantly, and this can be attributed to the agglomerated
second intermetallics, which is resulted from the formation of excess Si particles.
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1 Introduction

With the increasing requirements for environmental
protection and green manufacturing, recycling Al alloys
has become an important direction for development in
the aluminum industry. However, recycled Al alloys
contain many impurity elements, such as Fe, Si, Ni, Zn,
Mg and Mn [1,2]. Iron is the most harmful impurity
element in recycled aluminum alloys. Because the solid
solubility of Fe in Al alloys is limited, Fe usually
precipitates in the form of hard and brittle Fe-rich
intermetallics, such as Chinese script a-Fe
(Aljs(FeMn)s(SiCu),) [3], Alg(FeMn) [4], Al,Fe [5],
plate-like Al;(FeMn) [6], and p-Fe (Al,CuyFe) [7].
Several methods have been effectively used to prevent
the detrimental effects of iron in aluminum alloys. These
methods include (1) reducing the formation of Fe-rich
intermetallics by lowering the Fe levels to be as low as
economically possible, and (2) modifying the Fe-rich

intermetallics using chemical or physical approaches.
In the chemical approaches, Mn and Si elements are
added to break up the needle-like intermetallics or to
transform them into block or Chinese script. The
physical approaches include the use of superheated
melt, solidification under high cooling rate, and melt
treatment [8—11].

Al—Cu alloys are widely used in aerospace and
automobile manufacturing industry because of their
excellent fatigue properties, high specific strength, and
good heat resistance. However, Al-Cu alloys have poor
casting properties, such as hot cracking susceptibility and
fluidity in cast aluminum alloys [12]. It has been found
that Si and Cu alloying of Al-Cu alloys decreases hot
cracking susceptibility [13—15]. SABAU et al [15] found
that Al-Cu alloys have the lowest thermal cracking
tendency when the copper content is 7.3% and 8%.
In our previous work, we found that nano-sized a-Fe can
be formed in Al-Cu alloys that have high Cu and Fe
content, and this significantly improves the mechanical
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properties [16]. The nano-sized a-Fe phase is commonly
observed in 3xxx and 6xxx alloys with high Si
content [17,18]. Therefore, it can be expected that adding
Si will promote the formation of the nano-sized a-Fe
phase in Al—Cu alloys. Also, Si content has a significant
effect on the formation of Fe-rich intermetallics.
However, Si is also an impurity element in Al—Cu alloys.
As a result, the Si content is usually limited to below
0.1% for high-performance Al—Cu alloys [19]. However,
strictly controlling the Si content in aluminum alloys will
make these alloys expensive and is not conducive to the
recycling of waste aluminum. Therefore, the effects of
different Si contents on the microstructure and properties
of the Al—6.5Cu—0.6Mn—0.5F¢ alloy were studied for the
purpose of promoting the efficient use of recycled
aluminum.

2 Experimental

Experimental alloys with different Si contents were
prepared using commercially pure Al (99.5%),
Al-50%Cu, Al-10%Mn, Al-20%Si and Al-5%Fe
master alloys. The compositions of the alloys were
determined using optical emission spectrometry, and the
results are listed in Table 1. First, pure Al, AlI-5%Fe and
Al-20%Si master alloys were preheated in a
clay-graphite crucible using an electric resistance furnace
at 400 °C for 1 h to eliminate water vapor. The raw
materials were then melted at 730 °C. Al-50%Cu and
Al-10%Mn master alloys were added at 730 °C. Finally,
the temperature of the melt was maintained at 730 °C for
30 min. Approximately 10 kg of the melts were degassed
using argon to minimize the hydrogen content. The melt
was then poured into a cylindrical die, which had a size
of 80 mm in height and 50 mm in diameter. The die
temperature was set to be 250 °C, and the pouring
temperature was 730 °C. T7 heat treatment conditions
were used in this study to stabilize the microstructures.
The samples were then solution-treated at 535 °C for
12 h before being quenched in warm water at 100 °C.
The samples were then aged using T7 conditions at
215 °C for 16 h. For mechanical tests, samples with a
diameter of 10 mm and a height of 80 mm were
produced using a wire electrical discharge machining.
The tensile test was carried out on an MTS CMT5105
standard testing machine, and the reported values are the
averages of at least three samples. Samples for the
micro-hardness test and metallographic observation were
cut in the gauge length part from selected tensile
specimens. The location for the micro-hardness test was
restricted to the center of the a(Al) dendrite near the
center of the etched specimens. The micro-hardness was
measured on a tester equipped with a Vickers diamond
indenter using an indentation load of 100 g. The value

reported is the average of more than 10 readings. The
samples used for metallographic observations were
etched in 0.5% HF solution for 30 s. The morphology,
the Fe-rich phase, and the fracture surfaces were
analyzed using SEM (Nova Nano SEM 430) attached
with EDS. Precipitates in the a(Al) matrix were analyzed
using TEM (JEOL JEM-3010) at 200 kV. The area
fraction of the intermetallics and precipitations of the
alloys were quantitatively calculated by using image Pro
Plus software.

Table 1 Chemical composition of alloy (wt.%)
Alloy Cu  Mn Fe Si Al

Al-6.5Cu~0.6Mn—
0.5Fe—0Si (0Si)
Al-6.5Cu—0.6Mn—
0.5Fe—0.5Si (0.5Si)
Al-6.5Cu—0.6Mn—
0.5Fe—1.0Si (1.0Si)
Al-6.5Cu~0.6Mn—
0.5Fe—1.5Si (1.5Si)

645 0.66 0.55 0.04 Bal

6.47 0.62 054 0.58 Bal

6.50 0.63 0.53 1.13 Bal

652 0.63 0.56 150 Bal

3 Results

3.1 Microstructure of as-cast alloys

Figure 1 shows the microstructure of the as-cast
Al-6.5Cu—0.6Mn—0.5Fe alloy with different Si contents.
Table 2 gives EDS data of the Fe-rich phase in the
as-cast Al-6.5Cu—0.6Mn—0.5Fe alloy with different Si
contents. The Fe-rich phase shows Chinese script
morphology in all of the experimental alloys. As seen in
Table 2, the Chinese script Fe-rich intermetallic is a-Fe
(Aljs(FeMn);Cu, or  Aljs(FeMn);(CuSi),) [3,9]. In
addition, the amount of Si in a-Fe increases with an
increase in Si content, and this is because the Al atom is
substituted by the Si atom in the Fe-rich phase [20].On
the basis of Fig. 1, the area fraction of a-Fe is
quantitatively calculated. The area fraction of a-Fe
increases from 3.9% to 4.3% and then to 4.5% when the
Si content is increased from 0 to 0.5% and then to 1.0%.
The results show that the area fraction of a-Fe increases
with an increase in the Si content, and this is similar to
the results reported in the work by LIU et al [10].

3.2 Microstructure of heat-treated alloys

Figure 2 shows the microstructure of the heat-
treated Al—6.5Cu—0.6Mn—0.5Fe alloy with different Si
contents. Table 3 gives EDS data of the Fe-rich phase in
the heat-treated Al—6.5Cu—0.6Mn—0.5Fe alloy with
different Si contents. Compared with the as-cast alloy,
Al,Cu is completely dissolved into the a(Al) matrix after
the T7 heat treatment in the 0Si alloy. Also, Cu-rich S-Fe
transforms from a-Fe after solution heat treatment in
the 0Si alloy. The amount of Al,Cu increases, and a-Fe
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Fig. 1 Microstructures of as-cast Al-6.5Cu—0.6Mn—0.5Fe alloys with different Si contents: (a) 0Si; (b) 0.5Si; (c) 1.0Si; (d) 1.5Si

Table 2 Compositions of Fe-rich intermetallics in as-cast condition (at.%)

Alloy Phase Al Cu Mn Fe Si

0Si a-Fe 78.99+2.06 8.62+2.05 4.22+0.61 8.17£1.92 -
0.5Si a-Fe 77.71+0.72 3.59+0.37 3.41+0.24 7.00+0.44 8.28+0.19
1.0Si a-Fe 74.70+2.42 2.67+0.29 5.48+1.04 8.08+0.93 9.07+1.56

1.5S1 a-Fe 73.30+1.92 4.2542.48 4.50+2.09 10.55+1.92 7.41+0.88
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remains with an increase of the Si content. With a further
increase in the amount of added Si to 1.5%, Si particles
appear in the alloys. Also, excessive Si particles
agglomerate with the f-Fe phase and Al,Cu phase at the
grain boundary.

Figure 3 shows the effects of different Si contents
on the grain size of the Al-6.5Cu—0.6Mn—0.5Fe alloy.
The grain size of the alloy increases with an increase in
the Si content. The grain sizes of alloys with different Si

contents are quantitatively analyzed, and the results are
shown in Fig. 3(f). The grain size of the 0Si alloy is
estimated to be 540 pm, much less than that of the 1.5Si
alloy (2350 pum).

Figure 4 shows the morphology and EDS data of the
second phase in the a(Al) matrix with different Si
contents. According to EDS result of the 0.5Si alloy, the
second phase precipitations in the a(Al) matrix are T
phase and a-Fe. Furthermore, the amount of 7 phase

Table 3 Compositions of Fe-rich intermetallics in heat-treated condition (at.%)

Alloy Phase Al Cu Mn Fe Si

0Si p-Fe 73.82+2.51 17.78+1.80 2.09+0.02 6.32+0.70 -
0.5Si o-Fe 74.15+0.75 4.52+0.43 4.66+0.19 8.13+1.29 8.54+0.19
1.0Si o-Fe 70.25+2.91 4.07+0.22 5.57+0.51 9.17+1.46 10.94+2.00
1.5Si o-Fe 71.47+1.54 3.23+0.63 6.12+0.81 7.64+0.68 11.54+1.23
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Fig. 3 Macro-etched cross-section morphology of samples (a), micro-images of grain size for 0Si (b), 0.5Si (c), 1.0Si (d) and 1.5Si (e)

alloys, and quantitatively-analyzed grain sizes (f)
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Fig. 4 TEM images (a, b) and EDS results (c, d) of alloys with different Si contents: (a, ¢) 0Si; (b, d) 0.5Si

decreases and that of a-Fe increases in alloys with an
increase in Si content. This indicates that adding Si
promotes the formation of the a-Fe phase in the a(Al)
matrix. These results are also consistent with the
previous finding that adding Si promotes the formation
of the a-Fe phase during T7 heat treatment in the 3xxx
and 6xxx alloys [17,18]. On the basis of Fig. 4, the area
fractions of T phases and a-Fe phases are quantitatively
calculated. The area fractions of T phases and a-Fe
phases in the 0Si alloy are 12.6% and 1.3%, respectively.
And, the area fractions of 7 phases and a-Fe phases in
the 0.5Si alloy are 5.9% and 10.2%, respectively. These
results further prove that the Si content promotes the
formation of the a-Fe phase in the a(Al) matrix.

Figure 5 shows micro-hardness of alloys with
different Si contents. Adding Si obviously increases the
micro-hardness of the matrix. The micro-hardness of the
0Si alloy (about HV 92.7) is much lower than that of the
1.0Si alloy (about HV 110.5). These results can be
attributed to the increase in the amount of nano-sized
a-Fe phase with Si addition.

3.3 Mechanical properties of alloys

Figure 6 shows the mechanical properties of the
heat-treated Al-6.5Cu—0.6Mn—0.5Fe alloy with different
Si contents. The strength and elongation decrease as the
Si content is increased. The mechanical properties of
the Al—6.5Cu—0.6Mn—0.5Fe alloys decrease slightly
when the Si content is below 1.0%. The ultimate tensile
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Fig. 5 Micro-hardness of alloy with different Si contents
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Fig. 6 Mechanical properties of Al-6.5Cu—0.6Mn—0.5F¢ alloys
with different Si contents
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strength (UTS), yield strength (YS), and elongation of
the heat-treated 1.0Si alloy are recorded as 280 MPa,
253 MPa, and 2.5%, respectively. When the Si content is
1.5%, the mechanical properties of the Al-6.5Cu—
0.6Mn—0.5Fe alloys decrease significantly, and this can
be attributed to the precipitation of Si particles and the
agglomeration of the coarse second phase.

3.4 Fracture surfaces of alloys

Figure 7 shows the fracture surfaces of alloys with
different Si contents. There are some dimples on the
fracture surfaces, and this indicates that the fractures of
alloy exhibit certain ductile fracture characteristics.
When the Si content is less than 1.0%, the alloy fracture
surfaces are not significantly different, but when the Si
content is 1.5%, brittle fracture characteristics become
obvious. In addition, the morphology of the second phase
of the alloys with different Si contents is obviously
different on the fracture surfaces. When the Si content is
0%, there are some cracks in the cylindrical p-Fe
(Al;CuyFe), and this indicates that f-Fe acts as crack
initiation sites and leads to quasi-cleavage fracture
(Fig. 7(a)). With a further increase in the Si content,
cracks are also found in the a-Fe and Al,Cu phases on
the fracture surfaces, and this indicates that the brittle
o-Fe and AlL,Cu act as potential cleavage initiators
(Figs. 7(b, c)). However, the amount of cracks in a-Fe is
less than that in S-Fe, and this indicates that a-Fe is less
harmful than the cylindrical f-Fe [21]. In the 1.5Si
alloys, the agglomerated second intermetallic phases are

clearly seen when the fracture surfaces undergo cleavage
fracture (Fig. 7(d)). The fracture surfaces clearly show
that the plasticity of the alloy does not obviously change
when the Si content is below 1.0%. However, the
plasticity of the alloy decreases sharply with an increase
in the Si content to 1.5%.

Figure 8 shows the longitudinal fracture
morphology of alloys with different Si contents. When
the Si content is 0%, there are many f-Fe phases on the
fracture surface of the alloy. This indicates that the brittle
f-Fe acts as potential cleavage initiators (Fig. 8(a)). With
a further increase in the Si content (below 1.0%), the
o-Fe particles and the Al,Cu phase are observed at or
beneath the fracture surface in the alloy, and this means
that the o-Fe particles and AlLCu act as potential
cleavage initiators (Figs. 8(b, c¢)). A large amount of
agglomerated second intermetallics precipitate on the
fracture surface of the 1.5Si alloy, and a crack of
agglomerated second intermetallics results in the
formation of secondary cracks (Fig. 8(d)).

4 Discussion

Figure 6 shows that the UTS, YS and elongation of
the heat-treated alloy decrease with an increase in Si
content, and this is mainly because of microstructure
evolution.

First, adding Si promotes the transformation from
T (AlCu,Mn;) phase to nano-sized a-Fe after T7 heat
treatment. This phenomenon can be explained by the Si
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atom replacing the Al atom in the Fe-rich phase. As a
result, adding Si promotes the formation of the a-Fe
phase [17,18]. This result is consistent with the previous
finding that an increase in Si content can promote the
formation of a-Fe phase in the heat-treated 3xxx and
6xxx aluminum alloys. It has been reported that the
formation of nano-sized a-Fe phase is more beneficial
than the large 7 phase for the properties of alloys [22].

In addition, Si content obviously increases the grain
size of alloys (Fig. 3). These results can be attributed
to the decreased amount of 7" phases in the matrix with
an increase in Si content. Many researchers have
reported that the 7 phases prevent grain growth of AI-Cu
alloys [8,23].

Finally, an increase in the Si content stabilizes a-Fe
and inhibits the transformation of a-Fe to f-Fe during
heat treatment. In Si-free alloys, a-Fe transforms into
copper-rich p-Fe ((Al;s(FeMn);Cu, + 4ALCu —
3AL,Cuy(FeMn) + 2a(Al)) [20,24,25]. However, a-Fe
remains stable and reduces Cu consumption in alloys
with high Si content, and this leads to an increase in the
Al,Cu phase at the grain boundaries. The brittle Al,Cu
phase acts as a potential cleavage initiator, and this
indicates that an increase in the Al,Cu phase in alloys
with high Si content deteriorates the performance of the
alloy.

In conclusion, the decrease in mechanical properties
can be attributed to the comprehensive effect of
microstructure evolution, including an increase in

nano-sized o-Fe, the coarsened grain size, and an
increase in Al,Cu at the grain boundary. When the Si
content is 1.5%, the alloy properties decrease sharply
because of excess Si particles and the agglomeration of
brittle second intermetallics at the grain boundaries.
These results demonstrate that the Si content should be
appropriately controlled in the AI-Cu alloys. In this
study, acceptable mechanical properties are achieved by
controlling the Si content to be below 1.0%. Moreover, it
is feasible to extend the Fe and Si contents for the
purpose of using recycled aluminum alloys, which
greatly reduces manufacturing costs. Also, an increase in
nano-sized a-Fe is beneficial to improving elevated
mechanical properties [26—28]. Also, an increase in
AlL,Cu at the grain boundary is beneficial to improving
elevated mechanical properties [29]. Therefore, it can be
expected that the Al-6.5Cu—0.6Mn—0.5Fe alloy with
high Si content will be beneficial to the mechanical
properties at elevated temperature. Further work will be
carried out to evaluate the mechanical properties at
elevated temperature for industrial applications of
Al—6.5Cu—0.6Mn—0.5Fe with high Si content.

5 Conclusions

(1) An increase in Si content in the Al-6.5Cu—
0.6Mn—0.5Fe alloy promotes the transformation of the
T (Al,yCu,Mnj3) phase to nano-sized a-Fe in the matrix. A
decrease in the 7'(AlyCu,Mn;) phase in alloys with high
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Si content weakens the inhibition ability of grain growth,
and this leads to coarsening of grain size.

(2) Adding Si stabilizes a-Fe and inhibits the
transformation from a-Fe to f-Fe after heat treatment,
and this leads to an increase in the Al,Cu phase in the
alloy.

(3) Mechanical properties of the Al-6.5Cu—
0.6Mn—0.5Fe alloy decrease with an increase in Si
content. Mechanical properties of Al—6.5Cu—0.6Mn—
0.5Fe alloys decrease slightly when the Si content
is below 1.0%. However, the mechanical properties
of Al-6.5Cu—0.6Mn—0.5Fe—1.5Si alloys decrease
significantly. This can be attributed to the agglomerated
second intermetallic that is resulted from the formation
of excess Si particles.
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