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Abstract

In the present study, attempts were made to coat the B4C powders with TiB2 via a sol-gel
process, and then squeeze cast A356 matrix composites reinforced with coated B4C particles
were fabricated. X-ray diffraction studies also confirmed the existence of boron carbide and
some other reaction products such as TiBs, AlB2 and Al3BC in composite samples. It was
observed that the amount of porosity increased with increasing the volume fraction of com-
posites. Tensile behavior and hardness of unreinforced alloy and composites were evaluated. It
was noted that the elastic constant, strain-hardening and UTS of the metal matrix composites
(MMCs) were higher than those of the un-reinforced Al alloy and increased with increasing
of coated B4C content. The strengthening of particulate reinforced metal-matrix composites
is associated with a high dislocation density in the matrix due to the difference in coefficient
of thermal expansion between the reinforcement and the matrix.
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1. Introduction

MMCs are attractive in various applications be-
cause of their improved properties. A vast range of
MMC materials has been conceived and studied in or-
der to combine the desirable attributes of metal and
ceramics. The addition of high strength, high modu-
lus refractory particles to a ductile metal matrix pro-
duce a material whose mechanical properties are in-
termediate between the matrix alloy and ceramic rein-
forcement. Metals have a useful combination of prop-
erties such as high strength, ductility and high tem-
perature resistance but sometimes have low stiffness,
whereas ceramics are stiff and strong though brittle.
In addition to improved physical and mechanical prop-
erties, particulate-reinforced composites are generally
isotropic and they can be processed through conven-
tional methods used for metals [1, 2].

Matrices based on Ag, Al, Be, Co, Cu, Fe, Mg, Ni
and Ti are all commercially produced and used. By
far the largest commercial volumes are for aluminum
matrix composites (AMCs), which accounts for 69 %
of the annual MMC production by mass [3]. This large
commercial volume is the result of their excellent phys-

ical, mechanical and tribological properties and also
because of good combination of thermal conductivity
and dimensional stability [4-8].

The conventional reinforcement materials for
AMCs are SiC and Al;Os. Due to the higher cost of
B4C powder relative to SiC and Al;Ogs, limited re-
search has been conducted on B4C reinforced MMCs
[9]. Monolithic B4C ceramic is a low-density material
that is very hard, strong and stiff. However, densific-
ation of monolithic B4C requires high temperatures
and/or application of high pressures [10].

A356-B,C composites have the potential to com-
bine the high stiffness and hardness of B4C with the
ductility of Al and result in a strong low-density ma-
terial. These boron carbides react strongly with Al
resulting in a variety of binary and ternary com-
pounds, including Al3BC, AlB34C, (commonly des-
ignated as AlBlo), A18B4C7, A13B4gcg (often known
as B—AlBlz), AIBQ, AlBlzcg, A1B4802, A1403 and
Oé—AlBlz [11]

According to the type of reinforcement, the fab-
rication techniques can vary considerably. These tech-
niques are squeeze casting, liquid metal infiltration,
spray decomposition and powder metallurgy. The
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Table 1. Chemical composition of A356

Element Al Si Fe

Cu

Mg Zn

wt. % Balance 7.5 0.10

0.001

0.38 0.02 0.02 0.01

squeeze casting offers good microstructural control at
relatively low cost. The pressure applied during so-
lidification in the squeeze casting technique results in
excellent feeding during solidification shrinkage [12,
13].

Composite mechanical property enhancement is a
function of the volume fraction, size, shape, spatial
distribution of the reinforcement and is also depend-
ent upon how well the externally applied load is trans-
ferred to the reinforcing phase. Stronger adhesion at
the particle/matrix interface improves load transfer,
increasing the yield strength and stiffness, and delays
the onsets of particle/matrix de-cohesion [14].

In the present study, boron carbide (B4C) powder
was chosen as reinforcement because of its higher
hardness (2900-3580 kg mm~?2) than the conventional
and routinely used reinforcement such as SiC, Al;O3,
etc. Further its density (2.52 gcm™2) is very close to
Al alloy matrix.

Since in Al-B4C system, the wettability is poor
at temperatures near the melting point of aluminum
(660°C), attention was paid to the fact that B4C
powders coated with some of Ti-compounds might
have reasonable wettability with aluminum. Thus,
first TiB, was coated on the surface of the B4C
particles via sol-gel processing. Then, the A356-coated
B4C composites have been processed using squeeze
casting. The results of the mechanical properties of
squeeze cast composites are presented here.

2. Experimental procedure

A356 aluminum alloy was employed as the mat-
rix material. The conventional reinforcement materi-
als for A356 are SiC and Aly;O3. Due to the higher
cost of B4,C powder relative to SiC and AlyOg3, lim-
ited research has been conducted on B4C reinforced
MMCs. In this study, the B4C particles with average
particle size of um were used as the reinforcements.
The chemical composition of A356 and B4C are rep-
resented in Tables 1 and 2, respectively. The grain size
of B4C particles was analyzed using a Malvern laser
size analyzer.

As a sol-gel precursor, titanium tetraisopropox-
ide (TTIP) was selected and the precursor was di-
luted with ethanol. For coating of the titanium ox-
ide, boron carbide powders were dispersed in ethanol,
stirred well, and TTIP and distilled water were added
to the stirred suspension. The processing was conduc-

Table 2. Chemical composition of B4C

Total boron 77.5 %

21.5 %
0.2 %
98 %

Total carbon
Total iron
Total B + C

1200

900

T(°C)

600

300

100 200

Time (S)

300 400

Fig. 1. Heat treatment cycle on B4C powders after sol-gel
process.

ted at room temperature at a solution pH of 7.

Distilled water for hydrolysis was previously di-
luted by ethanol to inhibit the rapid hydrolysis of
TTIP. For sol-gel processing, 0.10 M concentration of
TTIP solution was prepared and added to 1 g of B4C.
The amount of water was adjusted to 4 times that of
TTIP.

The solution was then aged for 105 min at room
temperature, with constant, gentle stirring. After the
sol-gel process, the powders were paper-filtered and
dried at 140°C. When needed, sucrose was introduced
in water solution. The powders were heat treated in
a graphite crucible and under argon atmosphere. Fig-
ure 1 shows the heat treatment cycle that was imple-
mented to eliminate the adsorbed water and to achieve
a TiBs coating. The powders were analyzed by X-ray
diffraction (XRD) and scanning electron microscopy
(SEM) which are represented in Figs. 2 and 3, respect-
ively.

For manufacturing of the MMCs, 5, 7.5, 10, 12.5
and 15 vol.% coated B4C particles were used. The
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Fig. 2. XRD pattern of the coated B4C powders.

Fig. 3. SEM micrograph of the coated B4C powders.

melt-particle slurry has been produced by mechan-
ical stirrer. Approximately, 450 g of A356 alloy was
charged into the graphite crucible and heated up to a
temperature above the alloy’s melting point (750°C).
The temperature control of the electric furnace and
molten metal was carried out by an NR911 type ther-
mostat. This thermostat has a special control unit
and thermocouples. Thermocouples were inserted into
the melt and the furnace to measure their temperat-
ure. The graphite stirrer fixed on the mandrel of the
drilling machine was introduced into the melt and po-
sitioned just below the surface of the melt. Approxim-
ately, 1 g reinforcement and aluminum powder mix-
ture were inserted into an aluminum foil by form-
ing a packet. The packets were added into molten
metal of crucible when the vortex was formed at every
20 s. The packet of mixture melted and the particles
started to distribute around the alloy sample. It was
stirred at approximately 600 rev min~! speed. Argon
gas was also blown into the crucible during the oper-
ation. The squeeze casting was obtained by pouring
composite slurry into preheated permanent die and

punch. It is then allowed to solidify under squeeze
pressure of 80 MPa for duration of 5 min. High tem-
perature graphite powder was used in the die to facil-
itate removal of cast blanks from the die after cool-
ing.

The as cast samples were all treated according to
T6 condition: solution treated at 540°C for 8 h fol-
lowed by water-quenching and 155°C artificial aging
for 16 h.

For microstructure study, specimens were prepared
by grinding through 120, 400, 600, 800 grit papers
followed by polishing with 6 pm diamond paste and
etched with Keller’s reagent (2 ml HF (48 %), 3 ml
HCI (conc.), 5 ml HNOj3 (conc.) and 190 ml water).
Microscopic examinations of the composites and mat-
rix alloy were carried out using an optical microscope.
X-ray diffraction (DebyeScherrer) and energy dispers-
ive X-ray analyses (EDXA) were performed to determ-
ine the chemical compositions of the matrix and the
reinforcement.

The experimental density of the composites was
obtained by the Archimedean method of weighing
small pieces cut from the composite cylinder first in
air and then in water, while the theoretical density
was calculated using the mixture rule according to
the weight fraction of the B4C particles. The poros-
ities of the produced composites were evaluated from
the difference between the expected and the observed
density of each sample. To study the hardness, the
Brinell hardness values of the samples were meas-
ured on the polished samples using an indenter ball
with 2.5 mm diameter at a load of 31.25 kg. For each
sample, 5 hardness readings on randomly selected re-
gions were taken in order to eliminate possible segreg-
ation effects and get a representative value of the mat-
rix material hardness. During hardness measurement,
precaution was taken to make indentation at a dis-
tance of at least twice the diagonal length of the pre-
vious indention.

The tensile tests were used to assess the mechanical
behavior of the composites and matrix alloy. The com-
posite and matrix alloy rods were machined to tensile
specimens according to ASTM.B 557 standard.

3. Results and discussion

Figure 4 shows optical micrograph of the metal
matrix composite. Because of the casting process, the
B4C particles were distributed between the dendrite
branches and were frequently clustered together, leav-
ing the dendrite branches as particle-free regions in the
material. The B4C particles are pushed by the dend-
ritic fronts and thus it is expected that B4C particles
will be mostly present in the interdendritic region. Be-
cause of the movement of the B,C particles by the
dendritic front, there is a tendency of a degree of ag-
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Fig. 4. Typical optical micrographs: (a) the composite
with 5 vol.% coated B4C, (b) the composite with 15 vol.%
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Fig. 5. XRD pattern of the composite produced with
10 vol.% coated B4C.

glomeration of the particles during casting in compos-
ites.

Figure 5 shows the XRD pattern of the composite
produced with 10 vol.% B4C at 750°C. It can be seen
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Fig. 6. Variations of porosity of the squeeze cast composites
as a function of coated B4C content.

that B4C and aluminum are present in the sample.
The results for other samples were also similar to this
one. In general, the XRD results showed that A356-
-coated B4C composites produced under the present
processing conditions were composed of various com-
binations of TiBs, Al3BC, AlB,, and AlB;; phases.
The type of these phases and their quantity depend on
processing conditions. Dissolution of the carbide rap-
idly saturates the melt with boron and carbon since
the maximum solubility of these two elements in alu-
minum is relatively low (0.1 wt.% and a few tenths of a
ppm). Subsequently, AlBs nucleates on impurity seeds
from the supersaturated melt, while the AlsBC phase
nucleates at the B4C surface. Growth continues via a
classical dissolution-precipitation mechanism [15].

Figure 6 shows the variation of porosity with the
B4C content. It indicates that increasing amount of
porosity is observed with increasing the volume frac-
tion of composites. The porosity level increased, since
the contact surface area was increased. It is also re-
ported by the early works [16, 17]. This is attributed
to increasing surface gas layers surrounding particles,
increasing effective viscosity of suspension resulting in
a higher gas hold up as well as improper filling of the
gaps between adjacent particles, and increasing sites
for heterogeneous pore nucleation [18-20].

The results of hardness tests are shown in Fig. 7.
For composite materials containing a soft matrix and
a hard reinforcing phase, as in the case of particle re-
inforced composites, the selection of the region in the
sample for evaluating the hardness data is very cru-
cial. In order to obtain the average values of hardness,
predominant areas in the soft matrix or the hard re-
inforcing phase should be avoided so that the average
values of hardness are attained from these measure-
ments. The hardness of the MMCs increases with the
volume fraction of particulates in the alloy matrix.
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Fig. 7. Variations of hardness value of the samples as a
function of coated B4C content.
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Fig. 8. Variations of UTS value of the samples as a function
of vol.% B4C particulates.

The higher hardness of the composites can be attrib-
uted to the fact that B4C particles act as obstacles to
the motion of dislocation [21-25]. As shown, hardness
increases with the amount of present B4C particles.
The dispersion of B4C particles enhances the hard-
ness, as particles are harder than Al alloy, the mater-
ials render their inherent property of hardness to the
soft matrix.

Figure 8 shows the variations of ultimate tensile
stress (UTS) of the composites with the variations
of volume fraction. Note that the volume fraction of
ceramic particles quoted in this figure is the sum of all
three main present ceramic phases: coated B4C, AlBo,
and Al3BC. Each value of ultimate tensile strength is
an average of at least three tensile specimens. The
strength of the composites increases with the increase
in reinforcement content. According to the results

of this experiment, quite significant improvement in
strength is noted when 10 vol.% B4C particles are ad-
ded; further increase in B4C content leads to reduction
in strength values.

The great enhancement in values of UTS observed
in composites relative to monolithic aluminum is due
to grain refinement, the strong multidirectional stress
at the A356/B4C interface, small particle size and
low degree of porosity which leads to effective trans-
fer of applied tensile load to the uniformly distributed
strong B4C particulates.

The amount of interface area, nevertheless, in-
creases with increase in B4C content, and the micro-
-porosities also increase with increase in B4C con-
tent. On the other hand, increasing dislocation, i.e.
defects induced around the B4C particles due to the
differences in the thermal expansion coefficients of Al
and B4C, might result in debonding of the interface
and decrease in UTS in the composites with more
B4C volume fraction [17]. Hereby, it is believed that
strengthening and weakening factors of mechanical
properties could neutralize the effect of each other and
thus, the composite containing 10 vol.% B4C exhibits
the maximum ultimate tensile stress.

In case of composites, the plastic flow of matrix is
constrained due to the presence of these rigid and very
strong B4C particles. It has been understood that the
plastic flow of the composite is due to the plastic flow
of the matrix. The strain-hardening of the compos-
ite is primarily due to hardening of the matrix during
its plastic flow. The strain-hardening of matrix is ex-
pected to be influenced by the following factors: (i)
dislocation density and dislocation-to-dislocation in-
teraction, (ii) constraint of plastic flow due to resist-
ance offered by B4C-particles. The dislocation dens-
ity in the matrix of the composite might be increased
with increase in B4C [26]. To keep the continuity of
the composite material under the external load, which
requires no formation of any voids and cracks along
the particle-matrix interface, a strong internal stress
would develop between B,C particles and the matrix
(increased dislocation density). It is expected that due
to the thermal mismatch stress (CTEpsc = 5 x 1079),
there is a possibility of increased dislocation density
within the matrix. The difference between the coeffi-
cient of thermal expansion (CTE) values of matrix and
ceramic particles generates thermally induced residual
stresses and increase dislocations density upon rapid
solidification during the fabrication process. This type
of internal stress would resist the slip behavior in the
metal matrix, and hence, the strain-hardening rate
would increase. Similar fact is also true for plastic
constraint to the matrix due to particle addition. As
seen in Fig. 4, dendrite branches of the Al matrix are
surrounded by the B4C particles and these particles
along the dendrite boundaries act as barriers to the
slip behavior of the matrix and, hence, strengthen the
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composite material. This strengthening mechanism is
similar to the conventional theory of grain-boundary
strengthening in which the grain boundaries block
the dislocation movement during plastic deformation.
However, this effect of the reinforcing B4C particles
along grain boundaries is obviously much stronger [27,
28].

The above argument should also hold, at least par-
tially, for reasoning the contribution of the reinfor-
cing particles to the increase of the elastic constant
in discontinuous reinforcement MMCs, since the load-
transfer process is also involved in the elastic range
[29, 30].

On the other hand, the microscopic nonuniformity
of the particle distribution, created by dendrite struc-
ture formation and usually in the form of clustering, is
considered as the reason for internal stresses and also
stress triaxiality, which are responsible not only for
the special hardening behavior, but also for the early
appearance of particle cracking, particle interface de-
bonding, and void formation in the matrix [30-32].

4. Conclusion

In this study, B4C particles were coated with TiBy
and incorporated into aluminum matrix via squeeze
casting. The phases detected by XRD were composed
of various combinations of TiB,, Al3BC, AlBs, and
AlB;;. The B4C particles were distributed between
the dendrite branches and refined the grain structure
of the cast materials. Porosity level increased slightly
with increasing particulate content. These results can
be attributed to the increased surface area of the B4C
particles which can in turn increase the porosity levels.
The hardness of the MMCs increases with the volume
fraction of particulates in the alloy matrix due to
the increasing ceramic phase of the matrix alloy. The
higher hardness of the composites could be attributed
to the fact that B4C particles act as obstacles to the
motion of dislocation.

It was noted that UTS of the MMCs was higher
than that of the un-reinforced Al alloy and increased
with increasing of B4C content.
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