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Abstract: A three-layered composite material, consisting of an Al outer layer and a 7075-10 wt %
B4C inner layer, was fabricated by semi-continuous casting and following a hot rolling process.
The composite exhibits a clear layered structure with a good interfacial bond between layers. In the
sessile drop experiment, the Al alloy melt dropped on the 7075-B4C composite at 650 ◦C, with the
contact angle decreasing from 105◦ to 25◦ in 50 s, indicating that the infiltration and spreading both
played important roles in the wetting process. In the inner layer, the reinforced B4C particles were
distributed uniformly in the 7075 alloy matrix, and enhanced the average hardness of the inner layer
to 163.4 HV, compared to that of the outer layer at 32.8 HV. The composite plate of 20 mm obtained
the compression strength of 152 MPa. The electron probe microanalysis (EPMA) line scanning result
showed that no harmful reaction or element diffusion occurred between B4C and the surrounding
7075 matrix. The B4C particles remained mechanically bonded into the matrix, and significantly
reduced the bullet speed during the projectile impact test.

Keywords: B4C composite materials; laminates; continuous casting; hot rolling

1. Introduction

Layered structure materials consisting of two or more metals are now widely used in
manufacturing, military, and aerospace industries. These multi-layered composites always present
a better performance than the single-layer ones, due to the combination of different characteristics [1].
New kinds of functional materials can be acquired by designing structures layered in novel ways.
Therefore, such materials are considered to contribute new levels of improvement to the traditional
materials industry, and to have broad application prospects.

The boron carbide-reinforced aluminum layered composite (BRALC), which is made of one
metal ceramics inner layer and Al/Al-alloy outer layers, possesses a soft–hard–soft structure.
This “sandwich” material offers better protective performance and a lower weight, and is considered
to be a candidate to replace the traditional high-hardness armor material [2–6]. The boron carbide
(B4C) reinforcement phase is well-known, not only for its advantageous high thermal stability and
wear resistance, but also for its exceptional hardness. The addition of B4C particles can significantly
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improve the strength and hardness of the composite [7–10]. Due to its good neutron absorptivity
without forming long-lived radionuclides, a BRALC plate may be also used as protection cover for the
transportation of nuclear material. On the other hand, Al and its alloys are widely used as matrices for
composites, owing to the low density and good composability of Al. In the BRALC plate, the outer Al
layers provide enough support, as well as a better weld ability.

However, there are some technological problems during the fabrication of BRALC material.
For example, it is difficult to achieve both the high proportion of B4C in a composite and an industrial
scale at the same time. Moreover, B4C reacts with Al when the temperature is higher than 450 ◦C
(even though Al is in the solid state below 660 ◦C), leading to the first formation of ternary carbide
Al4BC [11]. When the temperature increases, especially when Al is in a liquid state, the reaction
rate increases rapidly. The reaction products are Al3BC and AlB2 when the temperature range is
between 600 and 870 ◦C [12,13]. Such reactions are proved to degrade the interface strength between
the reinforcement and the matrix, which changes the predominant damage mode from particle
fracture to interface decohesion during the fracture process. Thus, it is of great importance to avoid
these reactions, which is a constantly difficult problem for some conventional techniques. Many
methods, such as pressure-less infiltration [14], casting [15,16], and powder metallurgy [17–19],
are used for the production of B4C-Al composites. Among these methods, powder metallurgy
is the most used technology [20–22], but its low efficiency and high cost severely limit its wide
application. In comparison, the casting method can achieve efficient production and low cost, especially
for the production of large-sized ingots. However, some technological problems, such as particle
agglomeration and excessive reaction between B4C and Al, need to be resolved.

The objective of this work is to provide a new method of semi-continuous casting and hot rolling
to prepare a layered metal ceramic composite, which achieves both high proportion and uniform
distribution of reinforcement particles in an industrial-scale composite. After the optimization of
parameters, the improved BRALC plate fabricated by this method may meet the requirements of
armor material.

In the present study, a sessile drop experiment was conducted, first to verify the bonding
conditions of different layers during the casting process. Then, a three-layered composite material,
consisting of two Al layers and a 7075-10 wt % B4C inner layer, was produced by a combination
of an Al melt and 7075-B4C powder mixture in a semi-continuous casting method. The further hot
rolling process was carried out at 450 ◦C to obtain a required thickness plate, and to avoid adverse
reactions. The distribution of B4C particles in the inner layer and the conformations of interface
between the different layers were characterized by means of optical microscope (OM), Scanning
Electron Microscope (SEM) and electron probe microanalyzer (EPMA). The hardness distribution,
compression strength, and bullet impact tests of the BRALC plate were carried out. The bulletproof
mechanism (i.e., the reduction of bullet speed) of the BRALC plate was also discussed.

2. Experimental Procedure

Commercially pure aluminium (CPAl, 99.7 wt %) was used as the starting material for the outer
layer, while the analytically pure 7075 aluminum alloy powder (about 35 µm) and B4C powder
(about 72 µm) were used for the inner layer. The B4C particles were supplied by the Dalian Jinma
Boron Technology Group (Liaoning, China). Table 1 lists the chemical composition of the 7075 alloy
powder used in this study. During the preprocessing, the 7075 powder and B4C powder were treated in
an planetary ball miller (SFM-1, Pinchuang technology Co., Ltd, Tianjin, China) at a speed of 300 rpm
for 3 h, with a planetary-disk rotation speed of 510 rpm. The ball-to-poder weight ratio was 1:1. Since
the mass fraction of B4C in the inner layer is 10% in this study, the mass ratio of 7075 powder to B4C
powder in the mixture was 9:1.
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Table 1. Chemical composition of commercially pure aluminium (CPAl) and 7075 alloy powder (wt %).

Element Al Fe Si Zn Mg Mn Cu Cr B Ti Ni Ca

CPAl Bal. 0.13 0.04 0.014 0.001 0.001 0.001 - - - - -

7075 90 0.4 0.5 5.6 2.6 0.18 1.6 0.2 0.005 0.2 0.03 0.02

The wettability between the Al liquid and 7075-B4C composite was studied by a sessile drop
experiment, the equipment of which is shown in Figure 1a. The high temperature contact angle
measurement equipment consisted of a dropping pipette, sample stage, high-speed camera, and
vacuum and heating systems. During the test, the dropping alloy was heated together with the
substrate in the furnace. In order to prevent a meltdown of the 7075-B4C substrate, the Al-10% Si
alloy, the experimental temperature of which can be set lower to 650 ◦C, was used as a droplet. It was
placed in the dropping pipette in the form of a small piece. During another part of the experiment,
7075 and B4C powders with a mass ratio of 9:1 were made into a substrate by a hot pressing process.
This sample was pressed with 80 MPa for 30 s and kept at 450 ◦C for 30 min. After grinding, polishing,
and ultrasonic cleaning, this 7075-10% B4C substrate was cut into a size of 16 mm × 16 mm × 4 mm,
and then placed on the sample stage. When starting an experiment, the Al-10% Si alloy was melted in
the dropping pipette at 650 ◦C under a vacuum (10−7 bar). Moving with the dropping pipette over the
substrate, the Al-10% Si melt got attached to the substrate. After the droplet dropped onto the surface,
the pipette moved away rapidly, leaving the droplet and the substrate in sight of the observation
window. This moment was set as the initial time. The images obtained by the high-speed camera were
vectorized by axisymmetric drop shape analysis (ADSA) and sessile drop device (SESDROPD 2.30,
KINO, New York, NY, USA) software.

The wetting occurred as soon as the droplet made contact with the substrate, as shown in Figure 1b.
θ is the contacting angle, used to characterize the wettability between the Al-Si liquid and the 7075-B4C
composite. The contacting angle θ, the height h and the diameter d of the droplet can be acquired from
the in-situ observation images.
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Figure 1. Schematic diagram of (a) the sessile drop experiment equipment and (b) the droplet–substrate
contacting condition.

After the sessile drop experiment, the combination of a liquid metal and ceramic-metal powder
was chosen as a feasible way to obtain a metallurgical bond. Based on this, a semi continuous casting
(see in Figure 2a) was carried out in order to achieve a metallurgical ingot with CPAl and 7075-B4C
layers. The equipment consisted of pressured powder mixture auto-feeding module, Ar gas protection
system, smelting and pouring module, inner and outer mold (crystallizer) with thermal insulation or
cooling, and drawing drive module. It is worth noting that there was thermal insulation material on
the surface of the inner mold at the melt side to support the designed bond of the liquid CPAl and
7075-B4C powder mixture at their interface, as shown in Figure 2b.
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During the semi-continuous casting process, the mixed 7075-B4C powder was poured into the
inner crystallizer under a protection atmosphere (Ar gas), and went downwards under pressure.
Meanwhile, the CPAl was melted in the resistance furnace at 780 ◦C, and poured into the outer
crystallizer at 740 ◦C through the insulated launder. When the CPAl melt got into the mold, the outer
surface soon solidified under the influence of cooling water. At the same time, the inner surface of the
CPAl melt stayed liquid until getting in touch with the 7075-B4C powders, since the inner mold was
surrounded by thermal insulation material. In this case, the CPAl melt would directly infiltrate into
the surface layer of the 7075-B4C mixture to achieve a stable bond. With the pulling out by drawing
drive, the ingot was cooled rapidly under the second cooling water.Metals 2018, 8, x FOR PEER REVIEW  4 of 11 
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Figure 2. The schematic diagram of (a) the semi-continuous casting equipment, with (1) pressing
plate, (2) Ar gas shield, (3) powder mixture, (4) runners, (5) outer mold (crystallizer), (6) inner mold,
(7) circulating cooling water, (8) second cooling water, (9) Al melt, (10) Al shell, and (11) drawing
drive; (b) a detail of interfacial combination between layers near the inner mold; (c) ingot obtained by
continuous casting; (d) the boron carbide-reinforced aluminum layered composite (BRALC) plate with
a thickness of 20 mm at the final step during hot rolling; and (e) the thinnest BRALC plate (3 mm) after
further rolling.

Figure 2c presents the ingot with a size of 440 mm × 230 mm × 120 mm (length, width, thickness)
obtained by the semi-continuous casting. After easy surface pretreatment, hot rolling process was
conducted at 450 ◦C by a twin-rolling machine, as shown in Figure 2d. A thinner BRALC plate was
fabricated with a reduction ratio of ≤15% in each pass. This procedure was repeated up to 10 times in
order to get the final BRALC plate with a thickness 20 mm. The size of the plate (in Figure 2d) obtained
after hot rolling was 2150 mm × 280 mm × 20 mm (length, width, thickness). The BRALC plate was
further rolled to an ultimate thickness of 3 mm, as shown in Figure 2e. The layered structure would
no longer exist if the thickness were less than 3 mm, since the outer Al layer would not be enough
to encompass the inner layer. The edge cracking also easily took place under this condition. Finally,
the sample with 20 mm thickness was cut into pieces of appropriate size for further analysis.

The phase composition, microstructure, element distribution, compression, and hardness
performance were investigated using SEM (supra55, Zeiss, Jena, Germany), EPMA (JXA-8530F Plus;
JEOL, Tokyo, Japan), compression testing (DNS100; Changchun Research institute for Mechanical
Science Co, Ltd., Changchun, China) and Vickers hardness testing (THVS-3000, Timetester Co,
Ltd., Beijing, China), respectively. The Vickers hardness (HV) test was performed by a 10 mm
steel ball, with a 500 kg load and 15 s dwell time. The compression and hardness tests were
performed in accordance with the National Standards of People’s Republic of China GB/T7314-2005
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and GB/T231.2-2002, respectively. The bullet impact test was carried out according to Chinese
Military Specifications GJB59.18-88, the schematic diagram of which is shown in Figure 3. A 7.62 mm
armour-piercing bullet was shot from a test gun, went through a pair of speed sensors, and then hit
the 20 mm BRALC plate. Since the target material was pierced by the high speed bullet, a thick piece
of 7A52-Al alloy plate was placed at the back to absorb the impact and energy of the bullet. In order to
avoid errors, two pieces of layered composite plates fabricated under the same process were used for
the bullet impact test. Each piece was shot twice by 7.62 mm bullets.Metals 2018, 8, x FOR PEER REVIEW  5 of 11 
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3. Results and Discussion

3.1. Wetting Behavior Between the Al Alloy Liquid and 7075-B4C Composite

Figure 4a reveals the infiltration and spreading process of the Al-Si alloy melt onto the 7075-B4C
substrate. The time dependency of the contact angles and droplet size (including the top and bottom
diameter) are summarized in Figure 4b. It can be clearly observed that the wetting process between
the Al-Si melt and 7075-B4C substrate can be divided into two stages.

During the first 10 s period, the contact angle decreased from an initial 103◦ to approximately
100◦. There was no obvious change of droplet shape from 0–10 s on the photographs. During the
second stage (10–40 s), the contact angle decreased rapidly from l00◦ to 25◦. The spreading process
observed from the photographs was accelerated from 10 s to 50 s. When the contact angle was reduced
close to 90◦, the droplet rapidly spread on the surface of the substrate, which in turn promoted the
wetting process. The height of the droplet also decreased obviously due to the spreading process.
The base diameter had a significant increase from 0.512 mm to 1.018 mm, indicating that the liquid
spreading played an important role during this period.
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Wettability is generally defined as the ability of a liquid to spread on a solid surface, and represents
the extent of intimate contact between the liquid and a solid. In this work, since the 7075-B4C substrate
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was made of powders via a hot pressing process, it possessed a less dense structure than one achieved
by the casting method. The diffusion of the Al-Si liquid into the substrate cannot be ignored under
this condition. The driving force for the wetting process is affected by two factors: the infiltration of
liquid into the substrate and the spread of liquid on the surface of the substrate. In the initial stage,
the infiltration here played a leading role, while the progress of the spread of liquid was very slow.
On the one hand, the spread is highly dependent on the surface tension of the liquid at the interface.
As shown in Figure 1b, the spread occurs only if the solid–vapor interface is replaced by a liquid–solid
and liquid–vapor interface, with a reduction of free energy of the system. The initial contacting angle
between the Al-Si liquid and the 7075-B4C substrate was 103◦, and kept nearly invariable during
Stage I, indicating a relatively high surface tension, as well as a high solid–liquid interface energy.
On the other hand, the oxide layer at the surface created a resistance to the penetration of the Al-Si
melt to the 7075-B4C substrate. Although the Al-Si ingot was melted under a vacuum condition, it was
very difficult to avoid the formation of an oxide layer [23]. The surface of the Al-Si ingot transformed
into the oxide layer of the liquid during the melting process. When the droplet was squeezed out of
the pipette, the continuous oxide skin would be broken up, decreasing the amount of oxide at the
interface between the liquid and the substrate. However, some oxide layer remained on the surface,
leading to the occurrence of non-wetting in the first stage. It also explains the slow reduction of the
contact angle, as well as the minor variation of the droplet height and bottom spreading diameter.

The infiltration of liquid into the substrate went slowly, but it caused the decrease of the
contact angle. The bonding force between droplet and substrate, i.e., the work of adhesion therefore
increased [24,25], resulting in an improvement of the wetting process between the liquid and solid
surface. In addition, when infiltrating the 7075-B4C substrate, the droplet surface near their interface is
destroyed. Hence, the liquid spreading process was promoted and accelerated in the second stage,
which was observed as a significant change of the spreading diameter.

To summarize the sessile drop experiment, the wetting process between the Al-Si melt and
7075-B4C substrate is divided into two stages. Both the infiltration of liquid into the substrate and the
spread of liquid on the surface played important roles during these two respective stages. Above all,
the sessile drop experiment had demonstrated that the combination of a liquid Al and 7075-B4C
mixture can be regarded as a feasible way to fabricate a BRALC ingot.

3.2. Microstructure of the Boron Carbide-Reinforced Aluminum Layered Composite Plate

Based on the result of the sessile drop experiment, a BRALC plate with 20 mm thickness was
prepared by semi-continuous casting and a subsequent hot rolling process. Figure 5a–c presents the
plate’s cross-sectional macrostructure and high magnification microstructures, at different regions.
It is clear from Figure 5a that the composite has a layered structure consisting of two outer CPAl
layers and one inner 7075-B4C layer, with a straight interface between them. The marked regions I
and II are magnified in Figure 5b,c in order to observe the microstructures of the inner layer and the
interface. Figure 5b indicates that B4C particles (in dark contrast) are uniformly distributed within
the matrix without obvious segregations. The 7075 powders transformed into a matrix during the
hot rolling process, and wrapped the B4C particles tightly. The interfacial microstructure between
the outer CPAl layer and inner 7075-B4C layer is shown in Figure 5c. The straight interface, as well
as good bonding between different layers, was obtained due to the similarity of the Al-based matrix.
In addition, there are no cavities or cracks near the interfacial region, suggesting that the experimental
parameters of both semi-continuous casting and the hot rolling process were adjusted appropriately.

Figure 5d displays a magnified morphology of one optional B4C particle from inner layer. Since
there was a significant difference of hardness between the 7075 matrix and B4C particle reinforcement,
the Al-based matrix was easier to wear off during the grinding and polishing process, leading to
a height difference in appearance. The marked region is further magnified and shown in Figure 5e.
The nano-scaled precipitated phase (in a light color) could be observed at the 7075 matrix side. The line
scanning was carried out at the interface following the red line, as marked, and the result in Figure 5f
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reveals that the content of both Al (black line) and B (red line) had sharp changes near the interface,
with an approximately 2 µm transition region. The obvious content variation of other elements
(Zn, Mg, and Cu) was also observed near the interface. On the 7075 side, Al, Zn, Mg, and Cu were
detected, with slight content fluctuations due to the presence of a precipitated phase. While on the
B4C side, these metallic elements were not detected.

From both the morphological and line-scanning analysis, it is demonstrated that there is a good
mechanical bond between B4C and Al without excess reactions or intermetallic compound reaction
products. As mentioned above, the reaction between B4C and Al starts at about 450 ◦C with the
formation of A14BC. With increasing temperatures, the products transform into Al3BC and AlB2. All of
these phases tend to form large clusters of grains, resulting in lower strength and worse interfacial
properties. In order to avoid the occurrence of these reactions, the hot rolling temperature in this work
was processed at 450 ◦C. As a consequence, hardly any carbide or diboride was formed at the interface
between B4C and Al.
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3.3. Mechanical Properties Tests

In order to verify the dissimilarity of properties for different layers, the Vickers hardness test was
conducted along the central line, perpendicular to the interface. The result is presented in Figure 6a.
The highest Vickers hardness, at 163.4 HV, corresponds to the 7075-B4C layer, while the outer layer
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possessed much lower hardness, at 32.8 HV. The sharp increase in the hardness value of the inner layer
indicated that the addition of B4C particles into the 7075 matrix obviously improved the hardness
value. The BRALC exhibited a clear “sandwich” structure (i.e., a soft–hard–soft layered structure).Metals 2018, 8, x FOR PEER REVIEW  8 of 11 
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The compression specimen and compression curve are shown in Figure 6b. The compression
strength of the 20 mm BRALC sample was 152 MPa. As it is marked on the curve, the yield of the
outer CPAl layer happened at the very beginning of the compression test. Due to the plasticity and
lower strength, the deformation firstly occurred in the outer CPAl layer. No further remarkable yield
occurred during the test. The plasticity of the 7075-B4C composite layer was not as high as that of
the CPAl, therefore no remarkable compression yield was observed. The BRALC plate revealed good
compression property.

3.4. Bullet Impact Test

In order to test the protection performance of the BRALC plate, the bullet impact experiment
was carried out. The cross-section of the bullet crater through the BRALC plate is shown in Figure 7a.
Although the BRALC plate was perforated, the bullet speed was significantly reduced from 809.3 m/s
to 327.84 m/s after passing through it.

When the bullet went through the first CPAl layer, which was designed to absorb the energy,
a part of the impact energy was absorbed by the CPAl’s deformation layer. The deformation and
subsequent destruction of outer layer can be observed from the crater picture. This process is referred
as “shock absorbing”. As the bullet continued to penetrate into the inner layer, the hard 7075-B4C
layer significantly reduced the strength of bullet impact. However, since the metal ceramic always
possesses high hardness and brittleness, but lower plasticity, the bullet’s penetration easily resulted
in fragmentation when a large deformation in the layer occurred. For the BRALC plate, the CPAl
backing layer could absorb the kinetic energy from both the bullet and the inner layer, preventing the
inner 7075-B4C layer from tensile failure and promoting more severe projectile erosion. During the
bullet penetration process, the 7075-B4C layer was deformed, together with the CPAl backing layer.
In this case, a large plastic deformation of these two layers was observed in Figure 7a. There were
no macroscopic cracks at the layers’ interface, indicating that a stable interfacial bonding strength
was obtained between the different layers. In the interior part of 7075-B4C layer, some macroscopic
cracks were caused by the bullet impact and the deformation of inner layer. The growth of these cracks
was restricted due to the support of the backing layer. Therefore, one-time shooting did not affect the
integrity and overall performance of BRALC plate, which is considered to protect against repeated
bullet impact.

Figure 7b shows the SEM-magnified photograph of the interface between the 7075-B4C and CPAl
backing layers on the bullet crater. As with the macrostructure observation, there were hardly any
microscopic cracks near the interface, showing a strong metallurgical bond between them. After the
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bullet penetration, an array of groove marks was found on the CPAl side due to the large friction
of the bullet, while the bullet left fewer traces on the 7075-B4C side, owing to its high hardness.
In addition, the B4C particles appear as protrusions, rather than falling off from the matrix. The 7075
matrix offered strong support to wrap the B4C reinforcements, and maintained the particles during the
bullet penetration.
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Figure 7. (a) Macrostructure of the BRALC ballistic trajectory and (b) the microstructure of the interface
on the bullet crater.

When the bullet penetrated into the inner layer, the friction of the B4C particles played a major
role in the reduction of the bullet velocity. Figure 8a reveals three possible positions in which B4C
particles appeared on the ballistic trajectory. The particles were embedded in the 7075 matrix with
different depths in relation to the bullet’s penetrating trajectory. These different conditions determined
the existence of B4C particles after the tests.
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Figure 8. (a) Schematic of the possible positions of B4C particles on the bullet penetrating direction,
(b) protrusions of B4C particles, (c) fragment of B4C particles, and (d) pits induced by the B4C particles
falling off the surface of the ballistic trajectory.

For the first case, when only a small part of the B4C was revealed on the ballistic trajectory,
the B4C particles remained in the matrix as “protrusions”, as shown in Figure 8b. The protruded part
of these reinforcements rubbed against the bullet with a high speed and clearly reduced its penetration
speed. These protrusions could basically remain under the strong protection of the matrix. For another



Metals 2018, 8, 600 10 of 11

case of being immersed shallowly, as is particle II in Figure 8a, more volume of the particle was
exposed at the ballistic trajectory and directly faced the bullet impact. The B4C particles also provided
a slowdown effect on the bullet, but were probably broken up under its severe impact. Figure 8c
presents the fragments that remained in the matrix. If most of the B4C reinforcement was located on
the ballistic trajectory, as in example III, particles tended to fall off under the bullet impact, leaving
some “pits” in the matrix, as seen in Figure 8d. The fallen-off particles then got stuck between the
bullet and the surface of the crater, working as sliding friction parts to slow the speed of the bullet.
Hence, an array of groove marks caused by the particles rubbing together was found on the CPAl side,
as seen in Figure 7b.

The BRALC plate combined the ductility of Al and the hardness of the 7075-B4C composite to
promote the ballistic resistance of the whole material. The 7075-B4C interlayer was made firmer by the
malleable cladding CPAl layer, leading to the improvement of the interlayer’s strength and toughness.
During the bullet impact test, the outer CPAl layers provided cladding and support to the inner layer
as they were deformed together, with the 7075-B4C layer under the impact. Therefore, the hard B4C
particles could resist and rub against the high speed bullet, effectively reducing the velocity and further
enhancing the defensive performance of the BRALC plate material.

4. Conclusions

Based on the preparation process and the properties of the BRALC plate, the outcome of this
study can be summarized as follows:

(1) The wetting process between the Al–Si melt and 7075-B4C substrate is divided into two stages.
The infiltration and the spread played major roles during these two stages, respectively.

(2) Based on the sessile drop experiment, a BRALC plate material was prepared using
semi-continuous casting and hot-rolling processes. This material provided a new method to
achieve both a high proportion of B4C and a large size ingot.

(3) Uniform distribution of reinforcement B4C particles and a stable bond was achieved without
defects, cavities, segregation, or excess reactions near the interface.

(4) The BRALC exhibits evident soft–hard–soft structure, with layers of different hardness (163.4 HV
of the inner layer and 32.8 HV of the outer layer) and a compression strength of 152 MPa.
The material also shows a significant reduction of the bullet speed from 809.3 m/s to 327.84 m/s
during the projectile impact test.
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