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The three dimensional (3D) microstructures of Al-Bi alloys with different grain refiners (Al-5Ti-B, Al-3B and Al-3Ti) have
been studied using synchrotron X-ray microtomography. The relationships between the microstructures and the corresponding
wear behavior are verified through the friction and wear tests. The worn surfaces of the samples with grain refiners tested
under 15 and 60 N loads are analyzed using Scanning Electron Microscopy (SEM). The results indicate that the addition of
grain refiners is beneficial to the size and distribution of the Bi-rich particles in Al-Bi alloys. Compared with Al-5Ti-B and
Al-3B grain refiners, the Bi-rich particles are more uniformly distributed and spherical with finer size with the addition of
Al-3Ti grain refiner. The refinement renders the Al-20wt%Bi alloy refined by Al-3Ti the superior wear resistance with respect
to those refined by Al-5Ti-B and Al-3B grain refiners, corresponding to the microstructures with fine and uniformly distributed
Bi-rich particles in the Al matrix.
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1 Introduction
Al-Bi immiscible alloys are widely used in automobile,
mechanical and aviation industries as bearing materials because of their unique tribological properties [1–5]. Different
from traditional structural and functional materials [6–8],
the unique properties of Al-Bi immiscible alloys mainly
result from the uniform and dispersed distribution of soft
second phase particles with finer size in the Al matrix. However, the gravity-induced segregation and subsequent coalescence and aggregation which occur in immiscibility gap
during solidification make it difficult to obtain the desired
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distribution of fine second phase particles in the matrix
[9,10]. It is therefore of great significance to find some
methods to produce ingots with a uniform dispersion of fine
soft second phase particles in a comparatively hard Albased matrix. Adding grain refiners into aluminum alloys
has been considered as an efficient method to obtain fine
uniformly distributed equiaxed grains [11,12]. In addition to
the refinement of Al-Si, Al-Mg, Al-Cu and Al-Zn alloys
[13–17], some studies have revealed that not only the matrix
microstructures but also the minority second phase particles
of Al based immiscible alloy can be improved by adding
inoculants [18–20]. Further study has been done to discuss
the nucleation ability of Al2O3, ZrO2, TiB2 particles in the
melt of Al-Bi and Al-Pb alloys with consideration of interfacial tension and contact angle [21]. The results indicated
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that all of these ceramics can act as centres for heterogeneous nucleation of the minority liquid phase in Al-Pb and
Al-Bi immiscible alloys. Besides, the analysis of the size
and spatial distribution of second phase particles in matrix
with different inoculants is needed to further study the effects of inoculants on immiscible alloys in depth. Recently,
a novel technique of synchrotron X-ray microtomography
[22–26] that is capable of substituting traditional three dimensional serial sectioning [27,28] has been successfully
used to study the 3D solidification microstructures of alloys.
Little work is reported to study of the effects of Al-based
grain refiners (e.g. Al-3B, Al-5Ti-B and Al-3Ti) on both the
microstructures and the wear resistance of Al-Bi immiscible
alloys using this technique.
In the present work, we investigate the effect of Al-based
grain refiners on the solidification microstructures of Al-Bi
immiscible alloys using synchrotron X-ray microtomography. Meanwhile, the tribological properties of Al-Bi immiscible alloys inoculated with different grain refiners are also
analyzed through friction and wear tests.

2 Experimental procedure
2.1

Material and X-ray microtomography device

Samples were prepared by high purity Al and Bi (both purity 99.99%). The investigated Al-20 wt% Bi alloys with
or without 1 wt% Al-3B, Al-5Ti-B and Al-3Ti grain refiners
were melted in a graphite crucible and then cast into a water-cooled copper mold. Small cylindrical samples of 1 mm
in diameter and 20 mm in height were extracted at a distance of 10 mm from the bottom of the ingots (45 mm×65
mm) along the transverse direction and used for the synchrotron X-ray microtomography experiments. The tomography experimental set up is illustrated in Figure 1. During
the experiment, the sample was fixed on a stainless steel rod
mounted on a 6D assembled Kohzu rotating stage.
The experiments were carried out on the beam line
BL13W1 at Shanghai Synchrotron Radiation Facility (SSRF).
A bending magnet was used as an X-ray source. The monochromatic X-ray beam with an energy of 26 keV was obtained through a Si double-crystal monochromator, and then
pass through the sample. A YAG: Ce scintillator screen was
applied to convert the transmitted X-rays to visible light.
Projections were recorded by a fast read out-low noise

Figure 1
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charge coupled device (CCD) camera with 2048×2048 pixel
array and a 14 bit dynamical range. Dark-field images
(without X-rays) and flat field images (with X-rays but
without the sample) were also recorded for further imaging
processing. The pixel size is 0.74 m and the sample-todetector distance was set at 3 cm. One thousand two hundred and sixty projections were obtained during the 180°
rotation and the exposure time amounts to 2.7 s per projection. The 2D projections were reconstructed in 3D using a
filtered-back-projection algorithm.
2.2

Wear testing

The dry sliding wear tests were conducted on a block-onring type wear testing machine (MMS-2A). Bearing steel
(Cr12MoV) with a hardness of 60±1HRC was used as wear
ring (16 mm inner diameter and 40 mm outer diameter).
The block samples (6 mm×7 mm×30 mm) machined out
from the ingots with different inoculants were used as test
samples. The test were carried out under different loads of
15 and 60 N at ambient temperature without any lubrication.
For all tests, the sliding speed and sliding distance were
maintained at 0.2512 m s1 and 904.32 m, respectively. Prior to the wear test, the wear ring and the test samples were
ultrasonically cleaned in absolute ethanol and dried. The
weight of the test samples were measured before and after
the wear test using an electronic balance with an accuracy
of 0.1 mg. The morphology of the worn surfaces were investigated using SEM.

3

Results and discussion

Figure 2 shows the projection images of Al-20 wt% Bi alloys with different grain refiners at proper imaging parameters. It can be seen that the images show good contrast for
Bi-rich particles (black) in the Al matrix (gray), which is
beneficial to the subsequent 3D reconstruction of microstructures. The reference sample without grain refiners shows
largely oversized particles with a non-uniform distribution.
Samples with grain refiners are different from the reference
sample. Slight reductions of the exceptional coarse Bi-rich
particles by the grain refiners can be identified. Besides, the
size and distribution of Bi-rich particles in the Al matrix
inoculated with different grain refiners have been improved

Schematic of synchrotron X-ray microtomography experimental setup.
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Figure 2 Projection images of cylindrical Al-20 wt% Bi alloy with different grain refiners: (a) reference sample without grain refiners; (b) with 1
wt% Al-3B; (c) with 1 wt% Al-5Ti-B; (d) with 1 wt% Al-3Ti.

to some extent.
Three dimensional microstructures can clearly reveal the
size, shape and distribution of the phases, providing a novel
way to investigate the refining efficiency of different grain
refiners. Figure 3 shows the 3D X-ray microtomography
images of the Al-20 wt% Bi alloys with different grain re-
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finers and the size distribution obtained by applying image
analysis on the 3D X-ray microtomography images. Without any grain refiner inoculated in Al-Bi alloy, the Bi-rich
particles are very large with irregular morphology and
non-uniformly distributed (Figure 3(a)). In Al matrix, there
are few particles with radius size less than 1 μm and widespread distribution of particles with radius size larger than
1μm (Figure 3(e)). This microstructures essentially derive
from the decomposition of homogeneous hypermonotectic
liquid, L→L1+L2, where Bi-rich L2 droplets nucleate and
grow by diffusion in the Al-rich L1 matrix melt until the
monotectic temperature is reached. The former decomposes
at the monotectic temperature by the reaction L1→S1+L2,
and the latter then solidifies at the eutectic temperature
through the reaction L2→S1+S2, where S1 is solid phase of
nearly pure Al and S2 is Bi-rich particle. During solidification, the Bi-rich droplets may be applied by several forces,
such as gravity, Marangoni force due to temperature difference and interfacial tension. As a result of the collision and
coalescence, some of those droplets grow faster than others
before eutectic reaction (solidification of L2) and inhomogeneous microstructures will be obtained consequently.
When Al-3B grain refiner is added, however, the morphology and distribution of the Bi-rich particles in Al matrix are slightly improved (Figures 3(b) and (e)). The most
prominent change, which was brought to the Al-20 wt% Bi

Figure 3 Three dimensional X-ray microtomography images of Al-20 wt%Bi alloys with different grain refiners, showing the size and spatial distribution
of Bi-rich particles in Al matrix: (a) Reference sample without grain refiners; (b) with 1 wt% Al-3B; (c) with 1 wt% Al-5Ti-B; (d) with 1 wt% Al-3Ti; (e)
size distribution of Bi-rich particles. The Al matrix has been made transparent for better presentation of the Bi-rich particles.
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It can be seen from Table 1 that the wear rate of Al-20
wt% Bi alloy with different grain refiners are all less than
that without grain refiners under two different loads. This
can be described in terms of size distribution of Bi-rich particles in refined Al-20 wt% Bi alloys. Recent studies pointed out that the size and distribution of the soft second phase
particles (Bi, In and Pb) play a significant role on the wear
resistance of monotectic alloys [31,32]. The results suggest
that the wear volume (i. e. volume loss) of the Al-Bi alloy
increases with the increase of interphase spacing (with
smaller interphase spacing, particles having smaller diameters are more homogeneously distributed) [31]. Therefore,
the refined microstructures and the improved homogeneity
are beneficial to the wear properties. As shown in Table 1,
the Al-20 wt% Bi alloy inoculated with Al-3Ti grain refiner
has a minimal wear rate, corresponding to the microstructures with fine and uniformly distributed Bi-rich particles in
the Al matrix. Besides, with the applied load increasing
from 15 to 60 N, there is an increase in wear rate of all the
Al-20 wt% Bi alloys no matter adding the grain refiners or
not.
Figure 4 shows the SEM micrographs of worn surfaces
of the Al-20 wt% Bi alloys with different grain refiners
tested under 15 N load. It is observed that an uneven morphologies with wider and deeper grooves emerged on the
surface of Al-Bi alloy without grain refiners. Some smearing areas with serious delamination of the friction surface
can also be found on it. Several shallow grooves and some
delamination are formed on the surfaces of Al-Bi alloys
when Al-3B and Al-5Ti-B grain refiners are added, which
may be attributed to the less uniform distribution of Bi-rich
particles though the particles size is reduced. Fine grooves
with substantially less pronounced ploughing are noticed on
the worn surface of Al-Bi alloy with Al-3Ti grain refiner,
corresponding to the aforementioned microstructures with
fine Bi-rich particles uniformly distributed in the Al matrix.
Worn surfaces also show the presence of some wear debris.
Besides, the wear ring deforms the Al matrix and causes
ploughing and grooving on the surface of the samples, which
suggests that abrasive wear is the prevailing mechanism
under low load but coexisted with few adhesive wear.
Figure 5 shows the SEM micrographs of worn surfaces
of the Al-20 wt% Bi alloys with different grain refiners
tested under 60 N load. The soft second Bi-rich particles are
smeared by the sliding of wear ring during the wear tests
under higher load condition. The morphologies of worn

alloy refined by Al-3B, is the elimination of exceptional
coarse Bi-rich particles. Considering the good nucleating
potency of AlB2 substrate to Al, this change may take place
in the stage L1→S1+L2. The refined Al reduces the possibility of collision and coalescence of Bi-rich L2 droplets, but
the Bi-rich L2 droplets might be coagulated with each other
by the growing α-Al grains. So, similar particle distributions
are found in the alloys with or without addition of Al-3B.
Unlike Al-3B grain refiner, the Bi-rich particles are refined to a significant extent by adding Al-5Ti-B grain refiner, although the distribution of particles is still not very
uniform (Figures 3(c) and (e)). In the Al-5Ti-B mater alloy,
TiAl3 and TiB2 are the dominant intermetallic phases. Again
the good nucleating potency of TiAl3 and TiB2 helps to
eliminate the exceptional coarse Bi-rich particles and increase the number of Bi-rich L2 droplets. On the other hand,
it has been reported that TiB2 particles are well wetted by
the Pb-rich liquid in Al-Pb melt [20,21,29]. It is inferred
that TiB2 has an analogous effect in treating the Al-Bi melt.
Hence the refined Bi-rich particles in the Al-20 wt% Bi alloy by adding Al-5Ti-B are attributed to the TiAl3 and TiB2
particles in the refiner.
As shown in Figures 3(d) and (e), the size and spatial
distribution of Bi-rich particles are further improved when
Al-3Ti refiner is inoculated and over 60% Bi-rich particles
get their radius size less than 1 um. The Bi-rich particles are
not only more spherical in morphology with smaller size but
also exhibit much more uniform in distribution after adding
Al-3Ti grain refiner. Needless to say, this improvement is
ascribed to the presence of TiAl3 provided by Al-3Ti master
alloy. The refinement mechanism of the Al-20 wt% Bi alloy
by adding Al-3Ti is analogous to that by adding Al-5Ti-B.
The relatively weaker refining efficiency of Al-5Ti-B with
respect to Al-3Ti in treating Al-Bi alloy may be due to the
agglomerating of TiB2 in the former.
Table 1 shows the wear rate of Al-20 wt% Bi alloy with
different grain refiners under two different loads at a constant sliding speed. The wear rate is defined as the volume
loss per unit sliding distance, which can be calculated by the
following equations [30]:

Volume loss (mm3 )
,
Sliding distance (m)

(1)

Mass loss (g)
 1000 .
Density (g cm 3 )

(2)

Wear rate (mm3 m 1 ) 
Volume loss (mm 3 ) 
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Table 1 Wear rate of Al-20 wt% Bi alloy with different grain refiners under two different loads
Wear testing parameters

Wear rate (103 mm3 m1)
Al-20 wt% Bi

With 1 wt% Al-3B

With 1 wt% Al-5Ti-B

With 1 wt% Al-3Ti

15 N, 60 min, 120 r min

1

3.25

2.90

2.82

1.99

60 N, 60 min, 120 r min

1

6.04

5.40

5.19

2.53
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the aforementioned microstructures with fine Bi-rich particles uniformly distributed in the Al matrix. The damaged
images suggest a behavior of typical adhesive wear at this
sliding condition.

4 Conclusions

Figure 4 SEM micrographs of worn surfaces of Al-20 wt% Bi alloys
with different grain refiners tested at 15 N load: (a) Reference sample
without grain refiners; (b) with 1 wt% Al-3B; (c) with 1 wt% Al-5Ti-B; (d)
with 1 wt% Al-3Ti.

The 3D microstructures of Al-Bi alloys with different grain
refiners have been studied using synchrotron X-ray microtomography. It is found that the grain refiners are beneficial to improve the size and distribution of the Bi-rich particles in the Al matrix. Compared with Al-5Ti-B and Al-3B
grain refiners, the Bi-rich particles are more uniformly
distributed and spherical with finer size with the addition of
Al-3Ti grain refiner. The sequence of refinement efficiency
from high to low is Al-3Ti, Al-5Ti-B and Al-3B. The relationships between the microstructures and the corresponding wear resistance are also verified through the friction and
wear tests. It is found that the Al-20 wt% Bi alloy refined
by Al-3Ti grain refiner has a superior wear resistance with
respect to those refined by Al-5Ti-B and Al-3B grain refiners, corresponding to the microstructures with fine and uniformly distributed Bi-rich particles in the Al matrix.
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Figure 5 SEM micrographs of worn surfaces of Al-20 wt% Bi alloys
with different grain refiners tested at 60 N load: (a) Reference sample
without grain refiners; (b) with 1 wt% Al-3B; (c) with 1 wt% Al-5Ti-B; (d)
with 1 wt% Al-3Ti.

surfaces are very different from that under 15 N. It is
observed that the morphologies of the worn surfaces change
from scratching to smearing, which is evident on the worn
surface. Furthermore, the delamination and some craters can
also be observed. Although some smearing areas emerged
on the surface of Al-Bi alloy without grain refiner, the
existence of deeper grooves and craters makes the surface
rough. When Al-3B grain refiner is added, smearing areas
are still formed but coexisted with few fine grooves on the
surface, which may be ascribed to the non-uniform distribution of Bi-rich particles. For the Al-Bi alloy refined by
Al-5Ti-B, the wider and shallower grooves are found on the
surface except for the smearing areas. For Al-3Ti refined
Al-Bi alloy, the smearing area on the surface becomes larger and the delamination of the friction surface occurs, which
shows a more efficient lubricating effect, corresponding to
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