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Abstract: Al-7.5Si—4Cu cast alloy melt modified by Al-5Ti—B, RE and Al-10Sr master alloys were poured in the chromite sand
moulds, to investigate comparatively the effects of individual or combined additions of grain refiners and modifiers on the
mechanical properties, microstructures, grain refining and modification, and intermetallic compounds of the alloy. The results show
that the mechanical properties and the microstructures of Al-7.5Si—4Cu cast alloys are improved immensely by combining addition
of 0.8%AI1-5Ti—B, 0.1%RE and 0.1%AI—-10Sr grain refiners and modifiers compared with the individual addition and cast conditions.
For individual addition condition, addition of 0.8% Al—-5Ti—B master alloy can obtain superior tensile strength, Brinell hardness and
finer equiaxed a(Al) dendrites. The alloy with 0.1% RE master alloy shows the highest improvement in ductility because the rare
earth can purify the molten metal and change the shape of intermetallic compounds. While the alloy with 0.1% Al—10Sr modifier
shows only good improvement in yield strength, and the improvement of other performance is unsatisfactory. The Al-10Sr modifier
has a significant metamorphism for the eutectic silicon, but will make the gas content in the aluminum alloy melt increase to form
serious columnar grain structures. The effects of grain refining and modification on mean area and aspect ratio have the same

conclusions obtained in the mechanical properties and the microstructures analyses.
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1 Introduction

With the rapid development of automotive industry,
the requirement for engine performance has become
increasingly higher and higher, such as power
performance, environmental performance, fuel economy
and so on. Obviously, using lighter all-aluminum engine
has become the future of the automobile industry. At
present, the domestic industrial production of engine
with aluminum cylinder block and heads is still in its
infancy. Apart from dealing with the problem of
technology and equipment, the most important thing is to
find suitable aluminum alloy material. The Al-Si cast
alloy possesses outstanding properties, such as excellent
casting performance, easy molding, good corrosion
resistance and abrasion resistance. It has advantages of
low casting manufacturing cost and higher specific
strength. Hence, the Al-Si cast alloy has been widely

used for manufacture of engine components [1—4].
However, the silicon forms brittle needle-like particles
and coarse primary aluminium forms which reduce
impact strength in cast structures. The Al-Si alloys that
are refined and modified, display a finer, less needle-like
microstructure  and  exhibit excellent castability,
mechanical and physical properties.

Traditionally, the grain refining and modification
effect of Al-Si alloy can be achieved by three ways
[5—10]: rapid cooling, chemical process by introducing
certain elements, exogenic actions such as mechanical
vibration and electromagnetic induction. Chemical
process is usually used in the industrial field and
combination modification has become a research hotspot.
Several elements were used as the grain refiner and
modifier, such as Na, Sr, Sb, Ti, Ba, Ca and rare earth
elements. Strontium is the most widely used and a
very effective element for modifying the morphology of
eutectic silicon, while Al1-5Ti—B and RE are commonly
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present in the commercial grain refiners used for Al-Si
alloys. It is agreed that these elements added either
individually or in combination can improve the
mechanical properties of Al—Si cast alloy. However,
details on the morphology, size, and distribution of the
RE containing intermetallic compounds were rarely
reported. Besides, grain refining and modification of
eutectic and hypereutectic Al-Si alloys were investigated
a lot [11-15]. The influence of combination use of
Al-10Sr, rare earth and AI-Ti—5B modifiers for
hypoeutectic Al-Si alloy is not reported.

In this work, systematic studies on the effects of
individual or combined additions of Al-5Ti—B, RE and
Al-10Sr grain refiners and modifiers on the eutectic

silicon and primary aluminium solidification of
Al-7.5Si—4Cu cast alloys were performed. The
relationship between mechanical properties and

microstructures were also discussed, in order to improve
mechanical properties, and microstructures of the
alloy and help enterprises enhance the quality of the
products.

2 Experimental

Table 1 illustrates the designed chemical
composition of the multivariate Al-7.5Si—4Cu cast
alloys. They were prepared by melting as-received
commercial ingots in a silicon carbide crucible using a
12 kW electric resistance furnace. The as-received
commercial ingots used in this work were primarily
prepared from the same batch to avoid any undesired
variations and effects from minor element contamination.

The silicon carbide crucible was preheated to 400 °C
before charging the commercial ingots and was then
heated up to 740 °C to melt. In order to study the effect
of grain refining and modification on mechanical
properties and microstructure of Al-7.5Si— 4Cu cast
alloy, the grain refiners (Al-5Ti—B and RE master alloys)
and modifier (Al-10Sr master alloy) were later added to
adjust the chemical compositions.  Chemical
compositions of the grain refiners and modifier are listed
in Table 2. Degassing was done with argon supplied at a
flow rate of 15 L/h for 20 min by porous plug method.
Molten alloy was poured at 710 °C into the chromite
sand moulds having 25 mm in diameter and 250 mm in
length. Table 3 presents the number of alloys including
how to adding the grain refiners and modifier.

For tensile test, the specimens were machined into
ones having 5 mm in diameter and 25 mm in gauge
according the Chinese tensile testing standard of GB/T
228.1-2010. Tensile properties at room temperature were
performed using a computerized universal tensile testing
machine (Instron 5581). Brinell hardness tester
(HB—3000) was used for hardness test on multi-element
Al-7.5Si—4Cu alloy before and after grain refinement
and modification. For each alloy, four test specimens
were used. Each value of properties was the average
value of four specimens.

Standard metallographic techniques were used to
prepare the samples for microstructural analysis. These
prepared samples were etched using 0.5%HF+99.5%
H,O by volume. The polished specimens were taken for
the scanning electron microscopy (Hitachis—3400N SEM)
analysis.

Table 1 Chemical composition of Al-Si—Cu cast alloy (mass fraction, %)

Si Cu Mg Mn Ni

Cr Zn Fe Pb Sn Al

7-8 3.5-4.5 0.30-0.45 0.30-0.45

0.02-0.03

0.025-0.035 0.5-0.7 <035 <0.003 <0.02 Bal.

Table 2 Chemical composition of grain refiner and modifier (mass fraction, %)

Refiner or modifier

w(Si)% w(Cu)% wMg)% w(Fe)%

w(Ti)/% w(B)% w(St)% w(Ce)/% w(Nd)/% Else Al

Al-5Ti-B 0.11 - - 0.07 4.92 0.96 - - - — Bal.

Al-10Sr 0.12 - - 0.05 - - 10.0 - - — Bal.
RE - - - - - - - 49.5 50.1 Bal. -
Table 3 Number of alloy including adding grain refiner and modifier
Alloy No. Refiner Modifier w(Al=7.5Si—4Cu )/%
w(Al=-5Ti—B)/% w(RE)/% w(Al-10Sr)/%

1 - - - 100
2 0.8 - - 99.2
3 - 0.1 - 99.9
4 - - 0.1 99.9
5 0.8 0.1 0.1 99.0




948 Guang-lei LIU, et al/Trans. Nonferrous Met. Soc. China 24(2014) 946—953

3 Results and discussion

3.1 Mechanical properties

Table 4 shows the influence of the grain refiners and
modifiers on the mechanical properties of Al-Si—Cu cast
alloy. From Table 4, it is clearly observed that the
improvement in the mechanical properties, such as yield
strength, tensile strength, elongation and Brinell hardness,
dramatically increases with the addition of Al-5Ti—B,
RE and AI-10Sr due to change in the microstructure. It
is also clear that the combined addition of grain refiner
and modifier to Al-Si—Cu cast alloy results in more
improvement in mechanical properties compared with
the individual addition of grain refiner, modifier (Alloys
2—4) and untreated as-cast condition (Alloy 1). Addition
of the grain refiner to Al-Si—Cu cast alloy predominantly
converts columnar grain structure to fine equiaxed grain
structure, thereby enhancing the mechanical properties.
The modifier can change the shape of eutectic silicon.
The mechanical properties depend on the size, shape and
distribution of eutectic silicon and a(Al) grains in the
case of Al-Si alloy. It is also clear from the experimental
results that the alloy without grain refiner and modifier
shows yield strength o, 0f 178 MPa, tensile strength g, of
226 MPa, elongation J of 2.3% and HB78.8, while with
the combined addition of grain refiner and modifier, o, of
190 MPa, gy, of 246 MPa, J of 2.9% and HB86.4 are
obtained.

Table 4 Mechanical property of multivariate Al-Si—Cu cast

alloy
Alloy Yield Tensile  Elongation/  Brinell
No. strength/MPa strength/MPa % hardness, HB
1 178 226 23 78.8
2 184 238 2.6 84.0
3 181 233 32 81.6
4 187 231 25 80.5
5 190 246 29 86.4
Table 5 lists the improvement rates of the

mechanical properties of Al-Si—Cu cast alloy compared
with the cast condition (Alloy 1). It is observed that
mechanical properties have been improved to a certain
extent by grain refining and modification. It is worth
mentioning that the alloy with 0.8% Al-5Ti—B master
alloy exhibits superior tensile strength and Brinell
hardness compared with the individual addition of grain
refiner or modifier. Such materials record 5.310%
improvement rate in the tensile strength and 6.599%
improvement rate in the Brinell hardness compared with
the untreated conditions. The alloy refined with 0.1% RE

master alloy shows the highest improvement rate of
39.130% in ductility, while the alloy treated with 0.1%
Al—10Sr master alloy exhibits 5.056% improvement rate
in yield strength. It is also clearly observed that the alloy
treated with combined addition of 0.8% Al-5Ti—B, 0.1%
RE and 0.1% AIl-10Sr master alloy shows the best
mechanical property. According to this result, if we want
to improve the mechanical properties is obtained due to
the addition of grain refiner and modifier to multivariate
Al-Si—Cu cast alloy. If we want to improve the
mechanical properties of the alloy, such as elongation,
we can add RE master alloy properly.

Table 5 Improvement rate on mechanical properties of
multivariate Al-Si—Cu cast alloy compared with cast condition
(Alloy 1)

Improvement rate/%

Alloy
Yield Tensile . Brinell
No. Elongation
strength strength hardness
2 3.371 5.310 13.043 6.599
3 1.685 3.097 39.130 3.553
4 5.056 2212 8.696 2.157
5 6.742 8.850 26.087 9.645

3.2 Microstructures

Figures 1 and 2 show the SEM images of
multivariate Al-Si—Cu cast alloy in the absence or with
addition of the grain refiner and modifier. From Figs. 1(a)
and 2(a), it is clear that in the absence of grain refiner
and modifier, the alloy shows coarse columnar a(Al)
dendritic structure and unmodified long needle/plate-like
eutectic silicon is distributed arbitrarily in the a(Al)
matrix, which dissevers the a(Al) matrix seriously. As is
well known, the mechanical properties of Al-Si alloy
depend not only on their chemical composition but also
on their microstructure such as the morphologies of the
a(Al) phase and the eutectic Si particles. The coarser
eutectic Si phase which surrounds the a(Al) has greatly
deteriorated the strength and elongation of multivariate
Al-=Si—Cu cast alloy.

As is known, the grain refining could predominantly
convert columnar grain structure to fine equiaxed grain
structure and the modification could alter the growth of
the eutectic silicon to produce an irregular fibrous form
rather than the usual acicular structure. With the addition
of 0.8% Al-5Ti—-B master alloy, the structure of
multivariate Al-Si—Cu cast alloy changes from columnar
to finer equiaxed a(Al) dendrites compared with the cast
one as clearly observed in Fig. 1(b), while eutectic
silicon shown in Fig. 2(b) remains unmodified as
expected. This could be due to the presence of Al;Ti and
TiB, particles present in the Al-5Ti—B master alloy
and these particles act as heterogeneous nucleating sites



Guang-lei LIU, et al/Trans. Nonferrous Met. Soc. China 24(2014) 946—953 949

during solidification of a(Al) [7]. So, it can be found that
the Al-5Ti—B master alloy has an important function as
the grain refiner. With the addition of 0.1% RE master
alloy, as shown in Figs. 1(c) and 2(c), the a(Al) phase
changes only a little, while the shape of eutectic silicon
changes from long needle/plate-like to short rod/smaller
plate-like one and has a more uniform distribution. Most
researches [16,17] show that the rare earth can purify the
molten metal and change the shape of intermetallic
compounds. This distribution of eutectic silicon and
other intermetallic compounds could play a role in the
intercrystalline strengthening. That is why the alloy with
adding RE master alloy has an excellent elongation.
While with addition of 0.1% Al-10Sr master alloy, the
long needle/plate-like eutectic silicon is converted into
fine particles and a(Al) dendrites remain as columnar
dendritic structure only as clearly seen in Figs. 1(d) and
2(d). The AIl-10Sr master alloy has a significant

100um

Fig. 1 SEM images of Al-Si—Cu cast alloys:
(a) As-cast alloy; (b) With 0.8% Al-5Ti—B
master alloy; (c) With 0.1% RE master alloy;
(d) With 0.1% AIl-10Sr master alloy; (e)
With combined addition of 0.8% Al-5Ti—B,
0.1% RE and 0.1% Al—10Sr master alloy

metamorphism for the eutectic silicon except other
intermetallic compounds. Some studies [18,19] show that
Sr modification can make the gas content in the
aluminum alloy melt increase and form serious columnar
grain structures. That is why the mechanical properties of
the alloy are not good enough.

Thus, AI-5Ti—B, RE and Al-10Sr master alloys
have their own advantages. Optimum use of compound
modification can play out their respective advantages
uniformly and improve the mechanical properties of the
aluminum alloy in the maximum degree. Figures 1(e)
and 2(e) show the simultaneous refinement (a(Al)
dendrites) and modification (eutectic Si) of Al-Si—Cu
cast alloy due to the combined action of Al-5Ti—B, RE
and Al-10Sr modifier, respectively. The microstructures
of alloy were significantly refined and became more
compact after a complex grain refining and
modification. The a(Al) phase became very small and
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clear. The eutectic silicon phase and other intermetallic
compounds become dot-like and distribute uniformly at
the grain boundary. This indicates that the interaction
between the grain refiners and modifiers is
strengthened.

3.3 Grain refining and modification

In order to further evaluate the grain refining and
modification rate with different grain refiner and
modifier additions, two parameters (mean area and
aspect ratio) were measured for the quantitative
metallographic analysis using IMAQ Vision Builder 6
image analyzer [20,21]. Mean area and aspect ratio are
calculated as follows:

|

3

Mean area=

I |~

ZA,} (1)
i=1

J

S

Fig. 2 SEM images about modification effect
of Al-Si—Cu cast alloy: (a) As-cast alloy; (b)
With 0.8% Al-5Ti—B master alloy; (c) With
0.1% RE master alloy; (d) With 0.1%
Al-10Sr master alloy; (e) With combined
addition of 0.8% AIl-5Ti—B, 0.1% RE and
0.1% Al—-10Sr master alloy

. LIS U

Aspect ratio = Z pp [L l 2)
where A4; is the area of a single silicon particle; Ly/Ls is
the ratio of the longest to the shortest dimensions of a
single silicon particle; n is the number of particles in a
single field (each 20553.5 um?); m is the number of the
fields. The pretest shows that the mean area and aspect
ratio remain constant when the field number is greater
than 16 (m>16). Thus, the total 20 fields were measured
on each sample in order to get convictive data. The mean
area and aspect ratio values of a specimen were the
average value for the 20 fields (m=20).

The mean area and aspect ratio of eutectic silicon
particles of test alloys measured by image analyzer are
listed in Table 6. The mean area and aspect ratio of
grain refiner and modifier-containing alloy are better
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Table 6 Image analysis results of Al-Si—Cu cast alloy with

different additions of grain refiner and modifier

Alloy No. Mean area/pm’ Aspect ratio
1 384 8.3
2 34.8 7.7
3 24.0 6.8
4 5.8 1.5
5 2.3 1.4

compared with the alloy 1. It is also clear that the
combined addition of grain refiners and modifier to
Al=Si—Cu cast alloy has the best mean area and aspect
ratio. For the individual addition of grain refiner or
modifier, the mean area and aspect ratio of the alloy with

951

the addition of Al-10Sr master alloy are superior to
others. In a word, the analysis results of mean area and
aspect ratio have the same conclusions which have been
obtained the properties the
microstructures analysis.

in mechanical and

3.4 Phase analysis

Figure 3 shows the SEM microphotographs of
Al-Si—Cu cast alloy in the absence or with combined
addition of the grain refiner and modifier. In the absence
condition, as shown in Fig. 3(a), long needle/plate-like
eutectic silicon and other intermetallic compounds (4
phase, compounds of five elements Al(MnCuFe)Si and
little Ni, Cr, Zn element) connect together. They
distribute at the grain boundaries of a(Al) phase. In the

™
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Fig. 3 SEM micrographs of alloy without grain refiner and modifier (a) and combined addition of grain refiner and modifier (b),
EDAX spectra of 4 phase (c), B phase (d), C phase (¢) and D phase (f)
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tensile test, the size and shape of them, especially
Fe-containing phase, can easily stress
concentration, which is the main reason of the poor
mechanical properties. Secondly, thick iron-rich phase in
can hinder the flow of liquid metal the early
solidification, likely to cause casting flaws.

After combining grain refining and modification, as
shown in Fig. 3(b), the long needle/plate-like eutectic
silicon is converted into fine particles. The addition of
RE leads to form a new AICuCe (B) phase and the shape
of AlCu phase changes from a rod or a bar into a smaller
leaf or a feather-like one. Other metal compounds, such
as AlSiCuZnNiNd (C) phase, change from thick strip
shape into band or bar-like shape. The Fe-containing
phase changes into AISiCuMnFeNiTi (D) phase, which is
smaller and more round. In short, after combining grain
refining and modification, the size and shape of eutectic
silicon, a(Al) phase and other metal compounds change
immensely and distribute uniformly like a network. In
the tensile deformation, they can act as the
intercrystalline strengthening  phase, impeding
dislocation movement and improving the comprehensive
mechanical properties of the alloy.

cause

4 Conclusions

1) The combined addition of grain refiners and
modifiers (0.8% AI-5Ti-B, 0.1% RE and 0.1% Al-
10Sr) to AI-7.5Si—4Cu cast alloy results in the
maximum improvement in mechanical properties and
microstructures compared with the individual addition
and untreated as-cast condition.

2) Addition of 0.8% AIl-5Ti—B master alloy can
exhibit superior tensile strength and Brinell hardness.
The alloy refined with 0.1% RE master alloy shows the
highest improvement in ductility, while the alloy treated
with 0.1% Al-10Sr master alloy exhibits the highest
improvement in yield strength.

3) Compared with the cast condition, the AI-5Ti—B
master alloy has an important function as the grain
refiner because the structure of Al-Si—Cu cast alloy

changes from columnar to finer equiaxed a(Al) dendrites.

The RE can affect both the a(Al) phase and eutectic
silicon, so it is the grain refiner and modifier. The
Al—-10Sr master alloy as the modifier has a significant
metamorphism for the eutectic silicon.

4) The effects of grain refining and modification on
mean area and aspect ratio have the same conclusions
obtained in the mechanical properties and the
microstructures analyses.
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