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Abstract
The present work relates to the preparation of Al–AlB2 in situ composite and investigates the characteristics of corrosion 
of in situ composites in sodium chloride media. Composites containing matrix alloy,  XAlB2 (X—1, 3, and 5 wt%), were 
prepared by an in situ technique involving the chemical reaction between base matrix and halide salt  KBF4. To know about 
the uniform distribution of  AlB2 dispersoid in the Al6061 base matrix, microstructural characterization was carried out 
using SEM. Potentiodynamic Tafel polarization curves have fetched some of the electrochemical parameters. Outcome of 
the research concludes that higher corrosion resistance was offered by composites compared to base matrix in the selected 
corrosion media.
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1 Introduction

Metal Matrix Composites (MMCs) with Aluminum is 
widely utilized in many diverse usage because of its 
enhanced properties, for example, quality, sturdiness, 
hardness, strength-to-weight ratio, rigidness, customized 
thermal coefficient expansion and thermal conductivity, 
resistance to corrosion, and so on. Further enhancement 
of MMCs has been carried out because of the expansion 
in the quantity of utilizations in Automobile and Aero-
space sectors [1, 2]. Aluminum metal matrix composite 
(AMMC) materials have been created over the most recent 
years and are possible potential candidates for many appli-
cations including marine, airplane skins, ocean vehicles, 
turbine motors segments, and so forth, because of its novel 
blends of properties [3–10]. In the present era, composites 
prepared with in situ technique have achieved additional 
consideration in the recent years because of clean and 

transparent interface between the base matrix and the rein-
forcement, good adhesion strength, greater interfacial vir-
tuousness, and uniform distribution in the base matrix with 
enhanced attributes and lower cost of composite genera-
tion. Different new preparing procedures are being intro-
duced to have superior in situ composites with improved 
interfacial similarity and diminished reinforcement particle 
size. Utilizing in situ methods, ultrafine ceramic particles 
 (TiB2,  AlB2) can be introduced into different materials 
[11–13]. Very meager amount of work has been carried 
out on the fabrication in situ Al–AlB2 composites [14]; 
however, a few researchers have worked on preparing mas-
ter alloys (Al–B), for producing in situ  AlB2 particle for 
strengthening aluminum metal matrix composites [15, 16]. 
 AlB2 phase possess higher modulus, higher strength, and 
higher density (3.19 g/cm3) [17] compared to aluminum in 
liquid phase (2.4 g/cm3) at 800 °C. Reinforcement phase of 
 AlB2 in Al/AlB2-type composites is formed in situ in the 
molten aluminum. A homogeneous distribution of rein-
forcement phase is observed, and hence a phase with per-
fectly bonded matrix and reinforcement is attained.  AlB2 
boride particles appear as thin hexagonal flakes within the 
matrix [18, 19].

Prior research shows that the microscopic structures of 
MMCs exposed to cooling at higher rate showed the pres-
ence of aluminum diboride particulates in composites [20]. 
Aluminum diboride is proficiently synthesized and produced 
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by utilization of aluminum-transition high-temperature 
arrangement in the flux solution. Producing and precipitat-
ing  AlB2 particles in the base Al6061 matrix yields us a 
material procedure to fabricate in situ aluminum diboride 
composites; however, increasing the effectiveness remains 
as yet a challenge for producing of  AlB2 particles in the 
matrix [21].

AMMCs are extensively used in industrial applications, 
and hence, it is significant to know about the corrosion 
characteristics of AMMCs [22, 23]. The major disadvantage 
of the reinforced MMCs is the reinforcement effect on the 
rate of corrosion since it decreases the protective oxide film 
in aluminum alloy-based composite [24–26]. Composites 
are exposed to a number of corrosive environments during 
the process like cleaning, pickling, and so on. Aluminum 
materials and their alloys show high rates of corrosion in 
corrosive media [27–30]. Specifically, severe corrosion is 
seen in boron–aluminum MMCs when exposed to marine 
environments, and MMCs are significantly less corrosion 
resistant compared to unreinforced alloys of aluminum 
[31, 32]. The aim of this paper was to fabricate Al–AlB2 
composites using in situ method by stir casting processes, 
and to analyze the corrosion behaviors of composite and of 
matrix materials in basic media solutions by making use of 
Tafel polarization curves using potentiodynamic corrosion 
instrument setup.

2  Experimental Work

2.1  Fabrication and Characterization

In the present research work, 6061Al alloy is used as matrix 
material to produce in situ composites. The chemical composi-
tion of the alloy is given in the Table 1. The composites were 
prepared by using different compositions (1, 3, and 5 wt%) 
of halide salt  KBF4. Sodium hexafluoro aluminate  (Na3AlF6) 
cryolite is included as a driver for the chemical reaction as 
explained below.

Al6061-AlB2 in situ composites with 1, 3, and 5 wt% 
of aluminum diboride dispersoids were fabricated by the 
exothermic chemical reaction between Al6061 base matrix 
and halide salt  KBF4 in an electrical resistance attached 
with an automatic stirrer and thermocouple. Researchers 
had realized that a reaction time of 1 h was sufficient for the 
reaction to be completed; however, a reaction temperature 

of around 800 °C was required for the formation of hex-
agonal shape aluminum diboride particles [33]. Hence, the 
present work was carried out under the same reaction time 
and temperature to produce in situ composites. A measured 
amount of the as-cast Al6061 is taken in the graphite cruci-
ble and agitated to a temperature of about 800 °C ± 5 °C in 
an electrical resistance furnace. Using hexa chloro ethane 
 (C2Cl6) tablets, degasification is done to eject gases which 
engross in the melt during in situ reaction. Stochiometri-
cally measured volumes of premixed halide salts of  KBF4 
and  Na3AlF6 (10 wt% of  KBF4) were agitated to 400 °C 
temperature in a muffle furnace to expel the dampness pre-
sent in the salt and then poured into the melt. Continuous 
stirring was done with zirconia-coated stirrer and after reac-
tion for an hour, at 800 °C temperature, the unwanted slag 
is removed from the melt and poured into a cast iron die 
preheated to a temperature of 300 °C. The fabricated cast-
ings of Al6061 alloy and prepared in situ  AlB2 composites 
were cleaned and machined according to ASTM standard 
for microstructural and corrosion characteristics. For the 
microstructural analysis, the specimens were metallographi-
cally cleaned and buffed with different grades of Silicon 
Carbide papers, followed by surface-finishing operation to 
1 μm and finally by chemical incision with an acidic solu-
tion for disclosing microstructural characteristics [34–39]. 
Microstructures of the produced in situ composites were 
then analyzed using Scanning Electron Microscopy (SEM) 
for the structure of in situ  AlB2 dispersoids in the prepared 
composite.

The chemical reaction that takes place during the stirring 
of the melt is as follows [18]:

The exothermic chemical reactions that take place between 
(1) and (2) represent the explicit chemical processes which 
occur during the process of preparation and developing of 
in situ  AlB2 composites  (Na3AlF6 can cause slags to eliminate 
aluminum oxide(Al2O3)).
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Table 1  Al6061 chemical 
compositions

Constituents Fe Si Mn Cu Cr Mg Ti Sn Zn Al

Percentage 0.31 0.42 0.135 0.234 0.24 0.84 0.269 0.001 0.24 Remainder
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2.2  Corrosion Studies

Corrosion characteristics were studied using 3.5% sodium 
chloride with neutral pH which was made by liquefying 3.5 g 
of sodium chloride in 100 ml of water in a glass flask. Elec-
trochemical measurements were done using three electrode 
cells. A platinum plate is used as a counter, while the ref-
erence electrode is made up of Ag/AgCl, and the prepared 
in situ composite is used as working electrode. Interface 1000 
potentiostat/galvanostat controlled by a computer was used 
to obtain electrochemical measurements. Before the meas-
urement, the working electrode was dipped into the solution 
containing sodium chloride for 60 min before a stable, free 
corrosion potential was recorded, while the temperature was 
maintained at 25 °C. The Tafel polarization curves were taken 
at a scanning rate of 0.01 V/s, quiet time of 2 s, and at the 
potentials ranging between − 1.788 and − 1.288 V versus plati-
num electrode. The corrosion characteristics of the composites 
were analyzed using corrosion potential Ecorr and anodic cor-
rosion current density  ia.

3  Results and Discussions

3.1  Microstructural Studies

Figure 1a–c depicts the SEM micrographs of the as-cast 
and in situ Aluminum diboride MMCs. From Fig. 1a, it is 
observed that the SEM images of the as-cast Al6061 exhibit 
alpha-Aluminum dendrites, enveloped by an eutectic Sili-
con. Figure 1b shows the presence of  AlB2 particles in the 
matrix. According to Al–B phase diagram chart [40],  AlB2 is 
formed as per a peritectic-type chemical reaction of Al (liq-
uid) + AlB12 → AlB2, during which, the  AlB12 phase formed 
initially corresponds with the encompassing Aluminum melt 
to generate the in situ aluminum diboride particle with a 
slow cooling process. A vast majority of the Aluminum 
diboride particles produced in the in  situ process have 
shown different shapes like hexagonal with light dim/gray 
dark shading as obviously observed in SEM images (Fig. 1b, 
c). As per the literature, shape of the boride particles was 

Fig. 1  a–d The SEM micrographs of Al6061 base matrix and  AlB2 in  situ composites. a 6061Al Base matrix, b Al6061 + 1 wt%  AlB2, c 
Al6061 + 3 wt%  AlB2, d Al6061 + 5 wt%  AlB2 and clustering of particles
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considered as hexagonal shape, hence the above result coin-
cides with the literature [41]. Be that as it may, a couple 
of in situ  AlB2 particulates have different shapes namely 
spherical and elliptical. The in situ aluminum diboride par-
ticles generate better particles under nano scale because of 
which the nearness of huge single ceramic particles can 
be studied as group or cluster of particles [42]. A steady 
homogeneous distribution of in situ  AlB2 particles in the 
base Al6061 matrix can be accomplished by mixing the melt 
constantly which benefits in realizing the fracture of huge 
clustering of boride particles into tiny particles that can be 
consistently scattered in the base matrix. As seen in Fig. 1d, 
the agglomeration of the  AlB2 particles relies upon chemi-
cal reaction process, reaction temperature, response time, 
and cooling rate of the process. The characteristics of  AlB2 
in situ composites exceptionally depend on the orientation, 
distribution, scattering, size, and shape of the reinforcement 
of Aluminum diboride particulates [43, 44].

3.2  Corrosion Studies

Figure 2a–d depicts the corroded SEM pictures of the as-cast 
alloy and in situ Al–AlB2 MMCs. From the Fig.2 a–d, it is 
noticed that the composites are largely affected by pitting 
corrosion. Further, this phenomenon is influenced by  AlB2 
content and its distribution in the composite. As the wt% of 
 AlB2 content increases, the corrosion rate reduces mono-
tonically. The main reason for the corrosion rate of base 
matrix Al6061 and in situ  AlB2 composites in this particular 
case is due to the cracks and pits emerging on the speci-
men surface. The severity of corrosion is seen in cast alloy 
resulting in the formation of cracks on the surface. These 
cracks gradually develop into pits. Due to these cracks and 
pits, material has no resistance and is prone to suffer loss. 
Pits and cracks on the surface of the as-cast alloy are seen 
extensively because base alloy cannot produce any kind of 
resistance to the basic medium and base alloy is not provided 

Fig. 2  a–d SEM micrographs of corroded specimens. a 6061Al base matrix, b Al6061 + 1 wt%  AlB2 particles, c Al6061 + 3 wt%  AlB2 particles, 
d Al6061 + 5 wt%  AlB2 particles
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Fig. 3  a–d The Tafel plots for 
corrosion of a Al6061 base 
matrix, b Al6061 +1 wt% of 
 AlB2 particles, c Al6061 + 3 
wt% of  AlB2 particles, d 
Al6061 + 5 wt% of  AlB2 
particles
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with reinforcement [45–48]. During corrosion, the disinte-
gration of passive layer takes place by chloride ions since 
they penetrate via the layer of oxide. The polarization curve 
seemed to be shifting a little toward the current axis more 
than the base alloy with the increasing weight percentage of 
 AlB2 particulates. However, in acidic medium, the in situ 
 AlB2 particles behave as an insulator and remain inert [49]. 
Hence, with the increasing  AlB2 content in MMCs, the rate 
of corrosion falls, which leads to the abatement in the base 
matrix exposure area with the increasing reinforcement con-
tent. Corrosion and pitting are reduced when the composite 
surface is exposed to aggressive chlorine environmental pro-
cess. Corrosion current density is reduced with the reinforce-
ments in the MMCs, and it can be reduced further with the 
excessive reinforcement [25, 50]. More pits are seen on the 
matrix alloy than on MMCs.

3.3  Tafel Polarization Measurements

The effects of basic medium on the characteristics of corro-
sion of aluminum alloy and that of composite were exam-
ined at room temperature. The potentiostat polarization 
curves for the corrosion of matrix and composite material in 
NaCl medium are shown in Fig. 3a–d. The potential ranges 
between −T1.788 and − 1.288 V, which increases gradually 
with the increasing wt% of  AlB2 particles.

The potentiodynamic polarization in NaCl solution has 
helped in the analysis of the corrosion behavior of the com-
posites. Both the anodic and cathodic curves of the polariza-
tion are similar for the corrosion behaviors of the composite 
with varying wt% of  AlB2 reinforcement in 3.5% NaCl solu-
tion. However, current density as well as corrosion potential 
of two composites was different [51]. From the graph, it is 
clear that increase in the potential signifies a clear decrease 
in the corrosion rate (Table 2). This indicates that, the rate 
of corrosion of the composites reduces with the increasing 
wt% of  AlB2 particles. The improvement in resistance to 
corrosion of Al matrix metal is due to the addition of  AlB2 
reinforcement particles, which act as hard particles and also 
remain inert. Due to the increasing absorption of Chlorine 
ions onto the oxide layer or aluminum surface, the  AlB2 
particles may breakdown due to stable oxide film present 
on the aluminum matrix. The improved rate of corrosion 
in the composites is because of the reinforcement particles 
altering the matrix microstructure and they act as physical 
guard to prevent the actuation and rate of progression for 
pitting corrosion [52]. The anodic polarization curves for 
the base alloy and composite show the continuity in corro-
sion current density indicating the susceptibility of pitting 
corrosion. This is assigned to the clean surface of Al6061 
alloy reaching to the passivity rapidly when it is exposed to 
the oxygen-containing environment by forming the oxide 
film. The film adheres to the base metal surface, but since 

it contains flaws, pitting increases in chloride solution [53]. 
The boride particles, which are used as reinforcing elements, 
hamper the formation of oxide layer, and thereby dimin-
ish the rate of corrosion in the composite, significantly. The 
oxide layer causes formation of the protective barrier and 
lowers oxidation rate on the surface layer.

3.4  EDS and XRD

The EDS of the surface of the composite specimen indicates 
the presence of boron from the Al matrix. The presence of 
all the elements, viz., Si, Mg, Mn, Cr, Ti, Fe, and Cu in 
unreinforced Al alloy and the presence of K, F, and B from 
the halide salts in composites are shown in Fig. 4a. When 
the wt% of  AlB2 reinforcement increases, the atomic weight 
of the composite increases as shown in Fig. 4b–d. This indi-
cates the halide salt mixed thoroughly in the melt.

XRD analysis was conducted to verify the completion of 
reaction, and the results are shown in Fig. 5a for AA6061/
AlB2 composites with different compositions of 3 and 5 wt% 
of  AlB2 particles. The diffraction of  AlB2 peaks appearing in 
the XRD pattern confirms the formation of  AlB2. It is also 
observed that the intensity of  AlB2 peaks increases with the 
increasing  wt% of  AlB2 particles.

4  Conclusions

Following conclusions were made on the in situ-developed 
 AlB2 MMCs, produced by the exothermic chemical reaction 
between Al6061 matrix alloy and  KBF4 halide salt.

1. The in situ composites were successfully fabricated with 
1, 3, and 5 wt% of  AlB2 particles in Al6061 base matrix 
in a resistance furnace using stir casting.

2. SEM micrographs reveal clean and clear in situ  AlB2 
particles, distributed uniformly throughout the base 
matrix with less agglomeration.

3. The rate of corrosion for Al6061 base matrix is higher 
than that of the in situ composite produced. The Tafel 
plots show higher rate of corrosion in Al6061 alloy com-

Table 2  The different compositions with corrosion potentials

Sl. no Composition Corrosion 
potential in 
mV

1 Al6061 Base matrix − 1.56
2 Al6061 + 1 wt% of  AlB2 − 1.55
3 Al6061 + 3 wt% of  AlB2 − 1.53
4 Al6061 + 5 wt% of  AlB2 − 1.52
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Fig. 4  a–d The EDS images of 
a Al6061, b Al6061 + 1 wt% 
of  AlB2, c Al6061 + 3 wt% of 
 AlB2, d Al6061 + 5 wt% of 
 AlB2
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Fig. 4  (continued)
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pared to 5 wt% of  AlB2 in situ composites. This predicts 
that with the percentage increase of reinforcement, the 
rate of corrosion rate reduces significantly.

4. Normality of NaCl plays an important role in corrosion 
process in the deflection of polarization curves. The cor-
rosion rates of the base matrix and in situ composites 
directly depend on the concentration of NaCl.
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