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Abstract. Aluminum matrix composites are being widely used in aircrafts due to high strength to weight ratio,
good tribological properties and better castability. The B4C particles have low density, high hardness, high
strength and stiffness. The poor wettability is major challenge during the fabrication of Al-B4C composite. To
overcome this problem, titanium based ﬂux (K2TiF6) was used to improve the wettability. In this study,
structurally efﬁcient Al-Li 8090 alloy containing 2, 5 and 10 wt% of B4C particles were fabricated by using
modiﬁed stir casting technique with an objective to obtain homogenous dispersion of B4C particles in the matrix.
The microstructures evaluation was done to know the distribution of particulates in the matrix. The inﬂuence of
particle volume content on the mechanical and wear behavior of composites has been investigated. The ultimate
tensile strength, micro and macro hardness, high temperature hardness and wear characteristics have been
investigated. Ageing behavior, XRD analysis and fractography of the composites has also been studied. The
outcome of the experimental investigation revealed that, 2% B4C particulate reinforced composite exhibits
better mechanical, physical and tribological properties. 10% B4C particulate reinforced composite shows
clustering and agglomeration at some local regions causing a drop in the properties.
Keywords. Al-Li alloy; Boron carbide; Particle reinforced composite; Modiﬁed stir casting; Mechanical
properties; Wear properties.

1. Introduction
Aluminium metal matrix composites (AMCs) are formed
by incorporating hard ceramic particles in a relatively
ductile Al matrix. These composites are a class of materials
with an excellent combination of physical and mechanical
properties to suit for aircraft structural applications [1].
Recently; Al–Li alloy matrix has received extensive
attentions for aircraft structural applications because they
offer high speciﬁc strength, low densities and higher
strength to weight ratio as compared to conventional Al
alloy matrices. It is widely used in aircraft applications such
as skin and fuselage structures under tension [2, 3]. The
aluminum matrix gets strengthened by incorporating hard
ceramic material such as Al2O3, SiC and B4C [4]. Boron
Carbide (B4C) has the excellent properties like high hardness, high neutron absorption capability, low speciﬁc
gravity and higher value of elastic modulus (448 GPa);
which help B4C to be widely used as aircraft materials. B4C
is an excellent reinforcement material due to its better
thermal and chemical stability. The B4C is superior to the
*For correspondence

Al2O3 and SiC due to lower density (2.52 g/cm3) and higher
tensile strength (2.8 GPa) [5–7].
Various methods are available for the fabrication of
particle/ﬁber reinforced metal matrix composites. These
methods have capability of producing high quality
microstructure material but disadvantage is the higher cost
of production and improper distribution of particles in the
matrix material. Stir casting method is a simple and economical route for fabrication of particle reinforced aluminum matrix composites [8, 9]. The major problem during
the fabrication of Al/B4C composite is the poor wettability
between B4C particles and molten alloy. It is important to
have good wetting of the particles by the molten metal.
Thus, the wettability between B4C particles and molten
alloy can be enhanced by adding titanium containing ﬂux
(K2TiF6) because titanium is the excellent metal which can
be used to enhance the wettability between B4C and molten
Al alloy [10]. Also, the improper dispersion of particles in
the melt is also the major challenge during the fabrication
of particulate composites. This problem is overcome by
using proper stirring of the melt with optimized parameters
to achieve homogeneous dispersion of the B4C particles
into the melt [11].
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The objective of the current experimental study is to
improve the wettability between B4C particles and molten
Al-Li alloy and to achieve the homogeneous distribution of
the B4C particles in the Al-Li alloy. The composite containing 2, 5 and 10 wt. % of B4C particles were fabricated.
The present study covers the effect of particle volume
fraction on the mechanical, physical and tribological
behavior of the fabricated composites.

2. Experimental procedure
2.1 Material
The aerospace grade Al-Li 8090 alloy is used as matrix
material in the present experimental study whose chemical
composition is mentioned Table 1. Boron Carbide (B4C)
irregular shape particles having average diameter 30 lm is
used as reinforcement material to suit for the aircraft
applications.

Figure 1. Schematic diagram of the modiﬁed stir casting set-up.

2.2 Fabrication of the composites
The modiﬁed stir casting method was used for the fabrication of the Al-Li/B4C. The steel hood is attached to the
conventional stir casting setup to form an inert gas environment. This attachment is important to prevent the loss of
Li during casting. Hence; the developed setup is called as
modiﬁed stir casting setup [12]. Figure 1 shows the schematic diagram of the modiﬁed stir casting equipment used
for the fabrication of Al-Li/B4C composites. The additional
inert gas environment is created by continuous supplying of
argon gas in the chamber. Al-Li (8090) matrix material was
kept inside the crucible of furnace and initially heated to
about 670 °C, which is well above the liquidus temperature
of 655 °C. When the Al-Li alloy completely melts, once
again melt was superheated to 780 °C to attain ﬂuidity. The
preheating of ceramic particles at 300 °C improves the free
ﬂow of particles in the melt, improves wettability and
reduces agglomeration. The wettability between B4C particles and Al alloy was further improved by adding 2% of
titanium containing ﬂux (K2TiF6). The uniform distribution
of the particles was obtained by stirring the melt using
mechanical stirrer with optimized parameters (Stirrer speed
and time). Al-Li cast alloy and three composites containing
2, 5 and 10 weight % of B4C particles were fabricated at the
optimized parameter as shown in ﬁgure 2. The standard test

Figure 2. Al-Li cast alloy and Al-Li/B4C composites.

specimens were prepared from fabricated Al-Li cast alloy
and Al-Li/ B4C composites for characterization.

2.3 Examination of microstructural, mechanical,
physical, tribological and ageing behavior
The microstructure of the Al-Li/ B4C composite was
characterized by using ﬁeld-emission scanning electron
microscopy (FESEM) (Model: Sigma, Carl Zeiss). Vickers
microhardness tester (Tukon 1202, Wilson Hardness) were
used for the micro indentation tests carried on the cast alloy
and composites with a dwell time of 10 seconds. The
Brinnel hardness experiment conducted at load of 250 kg

Table 1. Chemical composition of Al-Li 8090 alloy.
Li
1.8%

Cu

Mg

Fe

Zn

Si

Ti

Mn

Zr

2.8%

0.3%

0.02%

0.7%

0.02%

0.03%

0.3%

0.1%
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with 10 seconds dwell time for all the samples. The
Universal testing machine (100 kN) is used to ﬁnd out the
tensile properties of cast Al-Li alloy and fabricated
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composites. The ﬂexural test is conducted on the Universal
testing machine by providing special attachment. Pin-ondisc tribometer wear tester (Magnum Engineers) was used
to perform wear test with sliding velocity of 1.8 m/s and 30
N loads. The x-ray diffractions analysis was carried out on
Brukon Bruker AXS, Germany (D8 Advanced) using Cu
Ka radiations. The electrically heated furnace was used to
carry out ageing of the samples.

3. Results and discussion
3.1 Morphological and microstructure evolution

Figure 3. Morphology of B4C particles.

The irregular shaped B4C reinforcing particles used for the
study are shown in ﬁgure 3. The optical micrograph in
ﬁgure 4 indicates the grain morphology of Al-Li cast alloy,
2, 5 and 10 wt. % of B4C composite. The ﬁgure 5 shows the
FESEM micrograph of Al-Li cast alloy, 2, 5 and 10 wt. %
of B4C composite. The FESEM images showing the particle dispersion of 2, 5 and 10% B4C samples in the present
study visualize that the 2 and 5% B4C composites has a

Figure 4. Optical micrograph showing grain morphology of (a) cast Al-Li alloy, (b) 2% Al-Li/B4C MMC, (c) 5% Al-Li/B4C MMC and
(d) 10% Al-Li/B4C MMC.
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Figure 5. The FESEM micrograph of (a) Unreinforced alloy, (b) 2% Al-Li/B4C MMC, (c) 5% Al-Li/B4C MMC and (d) 10% Al-Li/
B4C MMC.

Figure 6. The image showing clustering and agglomeration
region in 10% Al-Li/B4C MMC.

more uniform dispersion of the B4C particles without
porosity and clustering whereas the particles in the 10%
B4C composite have a less uniform dispersion with clustering and agglomeration of particles. This is because of the
high thermal stresses were formed at the particle matrix
interface during cooling as a result of difference in the
coefﬁcient of thermal expansion between the particle and
matrix. Figure 6 shows the particles interfered with each
other and agglomeration region in 10 wt. % of B4C
composite.
Figure 7 indicates the XRD patterns of cast Al-Li alloy
and Al-Li / B4C composites for the given volume content of
the particles. Indexing of the XRD peaks conﬁrms the
availability of B4C reinforcement within the Al-Li matrix.
The peak at 2h value of 37.580 corresponds to B4C (JCPDS
33-0225) with miller indices of (021). The peaks corresponding to the aluminum matrix at 38.40, 44.740, 65.1070,
78.230 with miller indices of (111), (200), (220) and (311),
respectively are clearly evident. The diffraction peak
intensity of B4C is low and increases with volume fraction
of B4C particles from 2 % to 10 %.
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Table 4. Tensile behavior of cast Al-Li alloy and Al-Li/B4C
composites.
Material
Al-Li 8090 alloy
2% Al-Li/B4C MMC
5% Al-Li/B4C MMC
10% Al-Li/B4C MMC

Figure 7. XRD pattern for Al-Li cast alloy and Al-Li/B4C
composites.

Table 2. Microhardness (Hv) of cast Al-Li alloy and Al-Li/B4C
composites.
Material
Al-Li 8090 alloy
2% Al-Li/B4C MMC
5% Al-Li/B4C MMC
10% Al-Li/B4C MMC

Microhardness (Hv)
96 ± 4
120 ± 6
102 ± 6
104 ± 6

Table 3. Macrohardness (BHN) of cast Al-Li alloy and Al-Li/
B4C composites.
Material
Al-Li 8090 alloy
2% Al-Li/B4C MMC
5% Al-Li/B4C MMC
10% Al-Li/B4C MMC

Macrohardness (BHN)
69
91
82
70

±
±
±
±

8
6
5
6

3.2 Micro and macro hardness
Table 2 shows the micro hardness (Hv) of cast Al-Li alloy
and Al-Li/B4C composites at the optimum load of 200 g for
10 seconds. Table 3 shows the macro hardness (BHN) of
cast Al-Li alloy and Al-Li/B4C composites at the optimum
load of 250 Kgf for 10 seconds. Ten indentations were
performed on each sample. The hardness increases
respectively with increase in wt. % of reinforcement.
However Al-Li / 10% B4C composite exhibits lower
hardness value because of the improper distribution of the
reinforcing particles in the matrix. The increase in hardness
is attributed to the strengthening of the composites by the
particulates [13]. Also higher reinforcement content in the
composite leads to weak bonding between the matrix and

UTS (MPa)
102.22
147.60
154.23
139.86

±
±
±
±

5
7
6
7

reinforcement which reduces the load carrying capacity of
the composites in tern it reduces the hardness value of the
composite. Finally the hardness values of all the reinforcements are higher than the base metal which supports
the fact of addition of the reinforcement shares the load of
the matrix material due its superior load carrying capacity.

3.3 Tensile behavior
Table 4 shows the tensile behavior of cast Al-Li alloy and
Al-Li/B4C composites. Five specimens were tested of each
composite. It could be seen that the composites containing
of 2, 5 and 10 wt. % B4C exhibit higher ultimate tensile
strength (UTS) as compared with the cast Al-Li alloy.
Enhancement in the tensile strength in Al-Li/B4C composites can be attributed due to effective load transfer from
Al-Li matrix to the strongly bonded B4C reinforcing particles, strengthening effect due to grain reﬁnement and
increased dislocation density near the interface between
particle and matrix [14]. The increase in wt. % of B4C
improves the strength, because of the strong interfacial
bond between the particle and matrix. The decrease of
tensile strength for 10 wt. % B4C reinforced composite is
due to the effect of segregation of B4C particles in tensile
test specimens.
The FESEM micrograph of fracture image of cast Al-Li
alloy and Al-Li/B4C composites are shown in ﬁgure 8. The
mechanism of the tensile fracture was initiated by the load
transfer from the matrix to the particles during plastic
deformation, causes the progressive fracture of the reinforcing particles [15]. The fracture mode of cast Al-Li is
predominantly dimple rupture. This is the characteristic of
overload failure and fail by micro voids coalescence process. Where as the dominant mechanism of failure in
composite systems is by void formation. Void nucleation
can occur due to, cracked reinforcement particles, stress
concentration on angular particles and weak interfacial
bonding. It can be observed that from FESEM micrograph
that, as the volume fraction of the ceramic particles
increases in the matrix, the average size of the dimples
gradually decreases. The observed phenomenon indicates
that ductile fracture of composite changes to the co-existence of ductile and brittle fracture as the content of the
particulate increases.
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Figure 8. The FESEM micrograph of fracture image of (a) Unreinforced alloy, (b) 2% Al-Li/B4C MMC, (c) 5% Al-Li/B4C MMC,
(d) 10% Al-Li/B4C MMC.

Table 5. Flexural strengths of cast Al-Li alloy and Al-Li/B4C
composites.

Table 6. Wear rates of cast Al-Li alloy and Al-Li/B4C
composites.

Material

Material

Al-Li 8090 alloy
2% Al-Li/B4C MMC
5% Al-Li/B4C MMC
10% Al-Li/B4C MMC

Flexural Strength (MPa)
258
231
292
264

±
±
±
±

10
4
8
8

3.4 Flexural strength
During ﬂexural test, the lower region of the test specimen is
in tension. The stress concentration occurs at the lower ﬁber
which causes the formation of micro cracks. These micro
cracks will be accumulated together to form the main crack.
This main crack passes through the test specimen until the
fracture occurs. The incorporation of B4C particles in the
Al-Li alloy enhances the ﬂexural strength of the composite
due to high load carrying capacity. Table 5 shows the

Al-Li 8090 alloy
2% Al-Li/B4C MMC
5% Al-Li/B4C MMC
10% Al-Li/B4C MMC

Wear Rate (mm3/m)
0.00226
0.00056
0.00176
0.00103

ﬂexural strength of cast Al-Li alloy and Al-Li/B4C composites. Five specimens were tested of each composite. It
could be seen that the composites containing of 5 wt. %
B4C exhibit higher ﬂexural strength as compared with the
cast Al-Li alloy whereas 10 wt. % of B4C shows lower
ﬂexural strength than 5 wt. % B4C. The diminishing of the
value of ﬂexural strength in case of 10 wt. % of B4C
reinforced composite is due to the of the improper distribution of the reinforcing particles in the matrix.

Sådhanå (2021)46:11
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Wear Rate (mm3/m)

observed from the ﬁgure that wear rate of cast Al-Li alloy is
greater than B4C reinforced composites. This is due to fact
that, the Al-Li matrix is softer and worn away ﬁrst from
sample’s surface during wear test leaving the hard B4C
particles on worn surface [16]. These B4C reinforcing
particles protect the Al-Li matrix from further wear. As the
increment in wt. % of B4C particles in the composite, the
resistance to wear at contacting surface is increased. As
seen in Figure 9, B4C reinforced composite showed lower
wear rate than the cast Al-Li alloy.

wear rate (mm3/m)

0.0025
0.002
0.0015
0.001
0.0005
0
Al-Li 8090 alloy

2% Al-Li/B4C
MMC

5% Al-Li/B4C
MMC

10% Al-Li/B4C
MMC

wt. % of reinforcement

3.6 Ageing behavior of the composites

Figure 9. Wear rate for Al-Li cast alloy and Al-Li/B4C
composites.
140
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Figure 10. Microhardness of Al-Li cast alloy and Al-Li/B4C
composites.

Microhardness of cast Al-Li alloy and Al-Li/B4C composites before and after ageing at 165 °C for 6 hr is shown
in ﬁgure 10. The UTS of cast Al-Li alloy and Al-Li/ 2 %
B4C composite before and after ageing at 165 °C for 6 hr is
shown in ﬁgure 11. The matrix alloy contains Cu, Mg and
Li which form (Al2CuMg) and (Al3Li) precipitates during
ageing; helps to improve the hardness [17]. Ageing of the
cast alloy and composites produce the larger precipitates
grow resulting in improving the hardness. It can be
observed that hardness of unreinforced alloy and composites increases after ageing. The major strengthening precipitates in the Al-Li alloy are S’ and d’ S’ precipitates
nucleate heterogeneously on discontinuities like dislocations. Composites exhibit high dislocation density near the
interface because of the large difference in thermal
expansion coefﬁcient between particle and matrix. Therefore, a large number of precipitates are present in composites, giving rise to hardness and UTS of the composites.

3.7 High temperature hardness

Figure 11. UTS of Al-Li cast alloy and Al-Li/ 2% B4C
composites before and after ageing.

3.5 Wear behavior
Wear is the damaging, gradual removal or deformation of
the material from the surface. The variation of wear rate of
matrix alloy and various percentages of B4C composites at
30 N loads is tabulated in the Table 6. Figure 8 indicates
the wear rates in the Al-Li alloy and composites. It is

The Brinnel hardness experiment conducted at load of 250
kgf with 10 seconds dwell time for all the samples for all
the temperature from room temperature to 500 °C with the
interval of 100 °C. By using this high temperature macro
indentation study the variation of Brinnel hardness experiment with respect to different temperance from room
temperature to 500 °C have been conducted for Al-Li base
metal, Al-Li / 2% B4C, Al-Li / 5% B4C, and Al-Li / 10%
B4C composite samples to ﬁnd out their thermal stability.
Figure 12 shows the BHN values of cast Al-Li alloy and
Al-Li/ B4C composites at the given temperatures.
Upto 300 °C Al-Li base metal, Al-Li / 5% B4C and Al-Li
/ 10% B4C composites exhibits constant BHN value, which
shows that all these composites have better thermal stability. Though Al-Li / 2% B4C exhibits good BHN value at
room temperature, but beyond room temperature the macro
indentation hardness values are gradually reduces when the
temperature increases from room temperature. It conﬁrms
that the thermal stability is poor material. Above 350 °C the
macro indentation values falls sharply down, which shows
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100
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Cast Al-Li

2% B4C

5% B4C

10% B4C

80

BHN
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6. There is 12% increase in UTS of 2% B4C reinforced
composite from before ageing to after ageing condition.
7. There is 74% decrease in the wear rate in 2% B4C
reinforced composite reinforced composite from unreinforced alloy.
8. XRD analysis conﬁrms the presence of constituent such
as Al, Li and B4C.

40
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Acknowledgements

10
0
28
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Temperature (°C)
Figure 12. BHN values of Al-Li cast alloy and Al-Li/ B4C
composites at different temperatures.

that these composites are not suitable for the applications
where consistent stability in the hardness required beyond
350 °C. The Al-Li / 2% B4C composite shows 50%
reduction of macro indentation value at 100 °C from room
temperature however shows good thermal stability from
100 °C to 350 °C . One of the phenomenons for decreasing
thermal stability in Al-Li alloys is due to at lower temperature second phase d’ (Al3Li) formed as a precipitates.
These precipitates normally contribute the improvement of
mechanical properties at lower temperature due to precipitation hardening. However, the hardness of the composites
reduces at elevated temperatures due to conversion of
(Al3Li) into (AlLi) [18, 19].

4. Conclusions
Al-Li cast alloy and Al–Li/B4C composite containing 2, 5
and 10 wt. % B4C composites are fabricated by using
modiﬁed version of conventional stir casting method. From
the study, following conclusions are drawn.
1. The distributions of B4C particles are fairly uniform in
Al-Li / B4C composites. The bonding between the
particle and matrix is good and there is no sign of any
interfacial reaction. The 10% B4C reinforced composite
shows the clustering and agglomeration.
2. There are 25% and 32% increase in microhardness and
macrohardness values respectively from unreinforced
alloy to 2% B4C reinforced composite.
3. There is 1.45 times increase in ultimate tensile strength
from unreinforced alloy to 2% B4C reinforced
composite.
4. There is 14% increase in ﬂexural strength from unreinforced alloy to 5% B4C reinforced composite.
5. After ageing at 165 °C for 6 h, there is 14% increase in
microhardness from unreinforced alloy to 2% B4C
reinforced composite.
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