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Grain refining mechanism of Al-3B master alloy on hypoeutectic Al-Si alloys
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Abstract: Al-3B master alloy is a kind of efficient grain refiner for hypoeutectic Al-Si alloys. Experiments were carried out to
evaluate the effect of undissolved AlB, particles in Al-3B master alloy on the grain refinement of Al-7Si. It is found that the number
and the settlement of AIB, particles in the melt all have effect on the grain refining efficiency. On the basis of experiments and
theoretical analysis, a new grain refinement mechanism was proposed to explain the grain refinement action of AI-3B on
hypoeutectic Al-Si alloys. The formation of ‘Al-AlIB,’ shell structure is the direct reason for grain refinement and the undissolved
AlB, particles is the indirect nucleating base for subsequent a(Al) phase.
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1 Introduction

Hypoeutectic Al-Si alloys are the most important
foundry aluminum alloys which have wide applications
in marine, automobile and aircraft industries due to their
excellent casting characteristics, pressure tightness and
corrosion resistance [1]. Hypoeutectic Al-Si alloys have
a large volume fraction of primary a(Al) in their
microstructure. Quality of the castings can be improved
by grain refinement that reduces the size of primary a(Al)
grains in the casting. A fine equiaxed grain structure
leads to several benefits, such as high yield strength, high
toughness, improved machinability and excellent deep
drawability of the products [2]. The aluminum alloys
contain Si [3—4] as alloying elements which make them
respond poorly to grain refinement by Al-5Ti-1B master
alloy, which is usually termed as poisoning effect. It is in
general believed that the poisoning elements interact
with the grain refining constituents of the Al-Ti-B master
alloys (Al3Ti and TiB,;) and make them ineffective or
less effective [5—6].

In 1981, LU and WANG [7] found for the first time
that Al-4B master alloy is an efficient grain refiner for
A356 alloy with 7%Si (mass fraction). From then on,
other researchers [8—11] found that Al-B system is one

kind of efficient and long-acting grain refiner for Al-Si
alloys. In addition, it can overcome the poisoning of high
level of Si concentration. Thirty years have passed and a
lot of research about this has been done; however, the
grain refinement mechanism of Al-B master alloys on
hypoeutectic Al-Si alloys is still a controversial subject.
Up to now, there are mainly two kinds of grain
refinement mechanisms. One is called boride theory
proposed by SIGWORTH and GUZOWSKI [9]; the
other is called Al-B eutectic theory proposed by
MOHANTY and GRUZLESKI [10]. In boride theory,
the AlB, particles introduced from Al-B master alloys are
thought to act as nucleating substrates for a(Al) because
the AIB, particle just has a lower crystallographic
disregistry of 4.96% with a(Al). While in Al-B eutectic
theory, as seen from Al-B phase diagram (shown in Fig.
1), there exists a eutectic reaction: L—Al(s)+AlB,(s), in
Al-B binary alloy at 659.7 °C, which is higher than the
nucleation temperature of a(Al). So the solid Al created
by this reaction can act directly as the nucleation
substrate of subsequent a(Al) so as to cause the grain
refinement. MOHANTY and GRUZLESKI [10] also
thought that the undissolved AIB, did not participate in
the grain refining process because the experiments
showed that Al-B master alloy has no any grain refining
action to pure aluminum. Therefore, the sedimentation
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Fig. 1 Al-rich side of Al-B phase diagram [6]

and conglomeration of the undissolved AIB, particles
cannot affect the grain refining efficiency, so Al-B
master alloys are long-acting grain refiners for
hypoeutectic Al-Si alloys. The deviation between these
two theories is that if the undissolved AlB, particles
introduced from AI-B master alloys participate in the
grain refinement process.

Generally, B exists as AlB, and AlB, particles in
Al-3B master alloy, as shown in Fig. 2. AlBj, is not
stable when B content is low in the alloy melt. So after
Al-3B is added into the Al-Si alloys melt, AIB, particles
will react with Al to form AlIB, particles by peritectic
reaction [9, 12]: AlIBy(S)+5AI(L)—6AIB,(S). At the
same time, some of the AIB, particles will dissolve in the

Fig. 2 Microstructures of Al-3B before rolling (a) and after
rolling (b) at reduction level of 40%

melt. In other words, B exists as the form of undissolved
AlIB, particles and the dissolved B atoms in the melt.
Naturally, the grain refinement is caused by the
undissolved AlB, particles or the dissolved B or both of
them.

In the present work, experiments were conducted to
show the grain refining ability of Al-3B master alloy to
commercial pure aluminum and hypoeutectic Al-7Si
alloys. The emphasis was focused on the action of AlB,
particles in the grain refining process. At last, a new
grain refinement mechanism was proposed to explain the
grain refining action of Al-3B master alloy on
hypoeutectic Al-Si alloys.

2 Experimental

Binary Al-7Si alloy was made in an electrical
resistance by mixing commercial pure
aluminium (99.7%) and commercial pure silicon (99.6%).
Chemical analyses were performed by
spectrometric analyzer with a measurement accuracy of
0.001%.

Al-7Si alloy for the grain refinement studies was
remelted in an electrical resistance furnace and held at a
constant temperature of 720 °C. Grain refinement was
achieved by adding Al-3B master alloy rods. The contact
time of the grain refiner was 20 min and the melt was
stirred for 30 s. In 5 min, the melt was poured into the
standard sample cup (30 mmx55 mm). After
solidification the samples were sectioned midway from
the bottom of the cylinder. One section was macroetched
and the other was anodised. Grain sizes were measured
by the lineal intercept method on the anodised samples in
an optical microscope under polarised light.

Considering that the number and sizes of the
undissolved AlB, particles in the melt must inherit the
number and sizes of the AIB, particles in the original
Al-3B master alloy, some Al-3B blocks were rolled at a
reduction level of 40%, then, their grain refinement
ability to Al-7Si alloy was tested. The microstructures of
Al-3B before and after rolling are shown in Fig. 2. It is
obvious that the bulky AlB, particles ruptured (pointed
by the arrowheads) after rolling, correspondingly, the
number will increase.

In order to prove if the undissolved AlB, particles
participate in the grain refinement of Al-7Si, an
experiment was made. The detailed experimental
procedures are as follows: after adding Al-3B and
stirring the melt for 30 s, a steel plate with support
shelves was put into melt and stand at the half height of
the melt to check the effect of settlement of AlB,
particles close to the plate on the final grain size. After
that, the melt was held at 700 °C for 2 h without any
disturbing, then power off the furnace and let the melt

furnace

emission
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cooled with the furnace and solidified directly in the
crucible. In the last, the distribution of grain sizes in the
longitudinal section of Al-7Si cast was examined.

3 Results and discussion

3.1 Effect of B content on grain size of Al-7Si

Different amount of Al-3B master alloys was added
into Al-7Si alloy for grain refinement. The relation
between grain size and B content is shown in Fig. 3 and

microstructures of corresponding alloys are shown in Fig.

4. It can be seen from Fig. 3 that, when mass fraction of
B is less than 0.01%, there is no grain refinement; while
the grain size decreases distinctly with the increase mass
fraction of B between 0.01% and 0.03%; when the mass
fraction of B increases up higher than 0.03%, the grain
size of Al-7Si does not decrease further. This result can
be explained with Al-B binary phase diagram shown in
Fig. 1 in which AIB, phase exists in the melt (above
659.7 °C) just when mass fraction of B is higher than
0.02%.
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Fig. 3 Relation between grain size of Al-7Si and mass fraction
of B

3.2 Effect of rolling on grain refinement ability of

Al-3B

Figure 5 shows the grain size of Al-7Si with
addition of rolled and unrolled Al-3B master alloy. It is
obvious that the rolled Al-3B master alloy always leads
to a smaller grain size, which means that the grain
refinement ability of Al-3B master alloy is improved
after rolling. Considering that the rolling process just
influences the form and average number of the AIB,
particles, so it is surmisable that the undissolved AIB,
particles participate in the grain refinement process of
Al-7Si.

3.3 Effect of Al,B settlement on grain size distribution
of Al-7Si ingot
This experiment was made as follows: after adding

Fig. 4 Microstructures of alloys: (a) Without B; (b) With
0.017%B; (c) With 0.046%B
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Fig. 5 Grain size of Al-7Si with addition of rolled and unrolled
Al-3B master alloy

Al-3B(0.03%B) and stirring the melt for 30 s, a steel
plate with support shelves was put into melt and stand at
the half height of the melt. After that, the melt was held
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at 700 °C for 2 h without any disturbing, then power off
the furnace and let the melt cooled with the furnace and
solidified directly in the crucible. In the last, the
macro-grain distribution in the longitudinal section of
Al-7Si ingot was examined with a chemical agent of
v(HC1):»(HNO3)=3:1. Figure 6 shows the entire grain
distribution in the longitudinal section of Al-7Si ingot,
together with the measured B content at four selected
zones. It is apparent that the grains are very coarse in
these zones of about 10 mm in width close to the top of
the ingot and underside of the steel plate. But the grain is
fine in other zone. Because there is not a burning loss of
B in the inner part (close to the steel plate) of the melt, it
is reasonable that the coarser grain size is caused by the

settlement of AlB, particles in this zone. As shown in Fig.

6, the measured B contents at four zones also show the
settlement phenomenon of AIB, particles because the
bottom of the ingot and the upper part close to the steel
plate all present a higher B content than other positions.
From the experiment result, we can conclude that the
undissolved AIB, particles play an important role in the
grain refinement; at least, they are necessary for grain
refinement of Al-7Si.

0.023%B

0.029%B
0.018%B

0.710%B

Fig. 6 Grain structure in longitudinal section of Al-7Si ingot
together with measured B mass fraction at four selected zones

It is well known that the solid particles may rise or
settle in the liquid if its density is different from that of
the liquid. The settling distance can be calculated as
Stokes’ law [13]:

o 8o —p)d’ W
18n

where S is the moving distance of the particle; ¢ is the
time for settling; g is the gravity; ps and p, are the
densities of the particles and liquid, respectively; d is the
diameter of the particle; and # is the dynamic viscosity of
the liquid. So the undissolved solid AlB, particles should
subside in Al-7Si melt because its density (3.1 g/cm’® [14])
is higher than that of the melt (2.4 g/cm’).

The SEM observation of the Al-3B master alloy
shows that the cylindrical AIB, particles have an average
diameter of 2 um and length of 5 pm. If we suppose that
they are globular particles with an equivalent diameter of

3.1 um and substitute the other parameters: =7 200 s,
2=9.8 m/s?, p=3.1 g/lem’, p=2.4 g/em’, #=2.8x10" Pa-s
into Eq. (1), the calculated settling distance of the
particles is 9.4 mm, which is similar to the width of the
coarse-grain area close to the top of the ingot and
underside of the steel plate, as shown in Fig. 6.

3.4 Grain refining ability of Al-3B to commercial pure
aluminum

Table 1 lists the grain size of commercial pure
aluminum with different B contents and microstructures
of corresponding alloys are shown in Fig. 7. It is can be
seen that there is not grain refinement with 0.04%B
addition. But when the mass fraction of B is as high as
0.3%, the average grain size reduces at a certain extent
but grains still are coarse. This experiment proves that
the grain refining ability of Al-3B to the commercial pure
aluminum is very poor, which also has been approved by
other literates [10, 14—15]. In other words, AlB, is not a
good nucleating substrate for a(Al).

Table 1 Grain size of commercial pure aluminum with different

B contents
w(B)/% 0 0.04 0.30
Grain size/um 1500 1550 1 000

4 Grain refining mechanism of Al-3B

From the experiment results above, we can
conclude that the wundissolved AIB, particles are
necessary for the grain refinement of AIl-7Si. The
traditional Al-B eutectic theory cannot explain these
results. But the grain refining experiment on pure
aluminum also prove that AIB, particle is not an effective
nucleating substrate for a(Al), so the traditional boride
theory also cannot explain the above experiments. In
other words, the excellent grain refining ability of Al-3B
to Al-7Si is not because of the direct nucleating action of
undissolved AlB, particles to a(Al) phase.

Based on the previous experimental results and
analysis, a new mechanism is put forward to explain the
refining action of Al-B master alloy on Al-Si
hypoeutectic alloy. This new mechanism is described in
Fig. 8 in which a layer of solid aluminum first form on
the undissolved AlB, particle from Al-B eutectic reaction
at 659.7 °C, then during the following cooling process,
when the melt is cooled down to the liquidus temperature
of Al-Si alloy (the temperature for a(Al) phase to form),
the subsequent a(Al) phase will nucleate directly on the
pre-formed solid Al, finally lead to the grain refinement.
In other words, the existence of AIB, particles accelerate
the eutectic reaction at 659.7 °C and leads the ‘Al-AlB,’
shell structure to form. The ‘Al-AlIB,’ shell structure is
the direct reason for grain refinement. The existence of
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AlB, particles is an indispensable pre-condition and AlB,
particle is the indirect nucleating base for subsequent
a(Al) phase.

Fig. 7 Microstructures of alloys with different B contents: (a)
Without B; (b) 0.04%B; (c) 0.30%B

Al(s) formed by
eutectic reaction

Fig. 8 Sketch for describing grain refining mechanism of Al-3B
to Al-Si alloy

As shown in Fig. 10, AIB, particles were found
within a(Al) grains of Al-7Si alloy refined by Al-3B
master alloy (mass fraction is 0.029%). TONDEL and
HALVORSEN [11] also found AlB, particles in the a(Al)
of Al-9.6Si grain refined by Al-4B. This is just because
undissolved AIB, particles act indirectly as the
nucleation base of a(Al).

Spectrum 1

(c) Al

Element  w/% x/%
B 4553 67.59
Al 54.47 3241

B\ o

0 2 4 6 8 10
ElkeV

Fig. 9 AIB, particles located within a(Al) (Al-7Si) grain by

SEM observation (a, b) and EDS analysis (c)

When mass fraction of B in Al-7Si is less than
0.01%, no grain refinement can be achieved. TONDEL
and HALVORSEN [11] studied the grain refinement
behavior of Al-4B master alloy on Al-9.6Si alloy and
also found when mass fraction of B is less than the
critical value (<0.02%), there is no grain refinement. It is
easy to understand that, when mass fraction of B is less
than the solubility limit of 0.022%, as shown in Fig. 1,
no AlB, particles exist in the Al-Si alloys melt,
correspondingly, there will have no grain refinement
phenomenon.

The undissolved AlB, particles are tiny and their
density (3.1 g/em® [16]) is low so that the sedimentation
rate is low. We think that one of the main reasons why
Al-B master alloys are longer-acting grain refiners for
hypoeutectic Al-Si alloys compared with Al-Ti-B master
alloys, is the useful phase of TiAl; with the density of 4.5
g/em’ [16].

The new mechanism combines the traditional boride
theory and eutectic reaction theory. It can explain all
experimental phenomena. However, it is an inferential
model up to now because no direct experimental proof
has been observed, so further study will be made in the
future.

5 Conclusions

1) The effect of grain refiner additions, Al-3B
master alloy, on grain size was investigated in
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hypoeutectic Al-7Si alloy.

2) When mass fraction of B is less than 0.01%,
there is no grain refinement; while the grain size
decreases distinctly with the increase of mass fraction of
B between 0.01% and 0.03%; when mass fraction of B
increases up higher than 0.03%, the grain size does not
decrease further.

3) The grain refinement ability of Al-3B master
alloy improves after rolling and the settlement of AIB,
particles has effect on the grain refining efficiency.

4) The existence of AIB, particles is an
indispensable pre-condition and AIB, particle is the
indirect nucleating base for subsequent a(Al) phase. The
undissolved AIB, particles accelerate the eutectic
reaction at 659.7 °C and lead the °Al-AIB,” shell
structure to form. The subsequent a(Al) phase will
nucleate directly on the ‘Al-AlB,’ shell structure, finally
lead to the grain refinement.
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