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Corrosion Behavior of Graphene Nanoplatelet-Coated
TiB, Reinforced AZ91 Magnesium Matrix Semi-Ceramic

Hybrid Composites
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ABSTRACT

In this study; Hybrid composites containing different proportions of TiB, and graphene
were produced using the pressure infiltration method. Inert SF6 gas is used to prevent
oxidation in the productions. While 8 bar infiltration pressure was provided by argon gas,
the infiltration temperature was chosen as 800°C. The corrosion behaviors of the compos-
ite materials were examined. Corrosion resistance was determined by potentiodynamic and
immersion corrosion testing in 3.5% NaCl solution. In addition, SEM examinations were
conducted to understand the corrosion mechanisms. At the end of the measurements, the
highest porosity was measured as %4,7 in composite containing 1% graphene compared
to pure matrix and composite containing only TiB2. The added reinforcement (TiB2 and

Graphene) elements cause decreases in corrosion resistance. The highest corrosion resist-
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ance was achieved in AZ91 alloys.
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INTRODUCTION

Recent environmental protection policies focus on
the need to reduce the weight of vehicles in or-
der to increase fuel efficiency and reduce the impact
of greenhouse gases emission [1]. Magnesium stands
out as the structural metal in cases where weight re-
duction is important for materials used in industry
and vehicles [2]. Low density, good strength to weight
ratio, better heat dissipation, acceptable damping ca-
pacity, machinability, and recyclability make magne-
sium a much more attractive structural metal com-
pared to steel and aluminum [2—4]. Despite all these
superior properties, high corrosion rate in aggressive
environments, relatively low absolute strength, and
elastic modulus when compared to other metallic
structural materials are the most important unfavo-
rable properties of magnesium alloys [2,5-7].

One way to produce high strength, corrosion-resis-
tant magnesium alloys is the production of Mg-based
composites by the addition of reinforcement particles
such as ceramics [7]. Reinforcement of Mg matrix com-
posites (MMCs) with suitable ceramic particles such as
SiC, TiC, and TiB, can exhibit high specific strength
and acceptable corrosion resistance when the correct
combination of reinforcement and a light metal mat-

rix is used [8]. Properties of magnesium matrix such as
corrosion resistance, wear resistance, hardness can be
developed with Ti-based ceramic particles (TiC, TiAlC,
and TiB, reinforcement [8-10]. For magnesium mat-
rix composites, TiB, is a highly compatible reinforcing
element because the crystal structures of the two are
compatible with each other as a hexagonal closed pack
(HCP).

Another method to increase strength and corro-
sion resistance is the addition small amount of nano-
sized particles with high surface area (such as carbon
nanotube and graphene) to the magnesium matrix also
causes significant increases in mechanical properties
and corrosion resistance of composite [11-14]. Say et al.
[15] determined that AZ61 and AZ91 matrix composi-
tes reinforced with lower CNTs (0.1 wt.% or 0.2 wt.%)
and non-reinforced alloy had better corrosion resis-
tance than composites reinforced with higher CNTs
(0.5 wt.%). Similarly, Munir et al. [16] reported that
Mg-Graphene nanoplatelets (GNP) composites were
reinforced with 0.1 wt.% GNP showed the best corro-
sion resistance in the same corrosion environment as
compared to the pure Mg.
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Table 1. Chemical composition of AZ91 (wt %).

Alloy Mg Al Fe

Mn Ni Zn COST-231 Hata

AZ91 89,9 9 0,005

0,33 0,002 0,7 23,7

In this study, graphene nanoplatelet-coated TiB, was
added to AZ91 magnesium alloy to see the effect of both
TiB, ceramic particles and high surface area graphene on
the corrosion properties of AZ91 matrix composites. Four
different AZ91 matrix composites containing graphene and
TiB, in different ratios were produced by the pressure infilt-
ration method for the first time to the best of our knowledge.
Corrosion characteristics of produced composites were in-
vestigated comparatively.

MATERIAL AND METHODS

High purity (99,9 %) graphene nanoplates and TiB, par-
ticles (99,95 % purity) were used as reinforcement materi-
als in this study and commercial AZ91 alloy, the chemical
composition of which is given in Table 1, was used as the
matrix element. The first stage is the preparation of rein-
forcement materials. At this stage, the graphene doping
process to TiB2 particles with an average particle size of
45 microns was performed using the vacuum distillation
method.

Graphene nano-plates were added into ethyl alcohol in
the proportions given in Table 2 and the graphene-ethanol
suspension was formed by mixing in the ultrasonic bath.
After that, TiB, particles were added in determined pro-

Table 2. Volume (%) contents of the produced samples.

Volume Fraction (%)

Composites
TiB, GNP AZ91
s1 0 0 100
52 50 0 50
s3 49,75 0,25 50
S4 49,5 0,5 50
s5 49 1 50

portions (Table 2) and mixed during 15 minutes. Then, the
alcohol in the suspension evaporated from the vacuum dis-
tillation at 200°C on the magnetic stirrer. As a result, TiB,
particles containing three different ratios of graphene were
produced.

The second stage is the preparation of preforms. 7 mm
inner diameter and 350 mm length 316L quality stainless
tubes, which are shown in Fig. 1, are used as preform holders.
The end of the stainless tube is covered with an alumina fil-
ter with 85% porosity. Preforms with a length of @7x50 mm
were prepared by hand vibrating in a stainless tube so that
the reinforcement ratio was 50%. The preform was covered
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Figure 1. Schematic view of the assembly (a) diagram of the stainless steel tube specimen holder (b).



with an alumina filter and the remaining part of the tube
was filled with silica cast sand in order to provide the homo-
geneous distribution of particles during infiltration.

Finally, the AZ91 alloy we prepared in a 600 gr capacity
crucible was placed in the assembly and the cover of the as-
sembly was closed using a plastic gasket. Later, the furnace
was raised to 800°C, which is determined as the infiltration
temperature, and kept for 1 hour in order to ensure comple-
te melting. Sf6 gas was passed through the assembly to pro-
vide an inert gas environment for production.

The preform in a stainless tube was immersed in the
melt and kept for 2 minutes for the liquid metal to reach its
temperature. Finally, 8 bar infiltration pressure was applied
with argon gas and left for 2 minutes, then argon gas was
released from the unit. After the composites were produced,
they were removed from the infiltration unit. The stainless
tubes were cleaned from the surface with a lathe and the
composites were obtained.

In order to bring the produced composite materials to
the desired dimensions, they were cut with a diamond disc
cutting device. The grinding process was applied with an
automatic machine from coarse to fine (240-1200 mesh SiC)
grits and then the polishing process was completed with 3
pum and 0.3 pm alumina.

SEM images were taken on the Carl Zeiss Ultra Plus
Gemini Fesem device. XRD analysis of prepared composite
samples was performed at 40 kV generator voltage, 30 mA
current in the range of 20° -90°, and with a scanning step
of 0.02.

Experimental density measurement was carried out ac-
cording to the Archimedes principle. The theoretical den-
sity was measured by the mixture principle and % porosity
amounts were determined by both of using these data.

Two different corrosion tests were applied to compo-
site specimens, namely potentiodynamic and immersion
types of corrosion. A potentiodynamic polarization test
was carried out in PARSTAT 4000 device in a 3.5% NaCl
solution. The composite specimens prepared were molded
in bakelite with open front and back for holding. Thanks to
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Figure 2. SEM images of GNP added TiB, powders a) 0% and b) 1%.
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the holder prepared before, the samples were placed in the
device and the tests were carried out. A pair of graphite rods
were used as counter electrodes and a saturated calomel
electrode (SCE) was used as a reference electrode for free
corrosion potential measurements. Tests were carried out
at room temperature. To determine the open circuit (OC)
value in the tests, -400 mV was applied to the samples for
900 seconds by 1 mV/s scan rate. As a result of the tests, the
corrosion rate in mm/year was calculated using Faraday's
law with the following formula;

CR= 3,27x10"x [

corr x(EW) /d (1)

CR: corrosion rate (mm/year),
I B

corr’

corrosion current density (uA/cm?),
EW: equivalent weight (gr) and
d: density (gr/cm?).

Composite samples prepared for immersion tests were
first weighed with precision scales. Then, the polymer net
was dipped into the mixture prepared with distilled water
containing 3.5% NaCl in a glass jar at room temperature.
The composite samples were taken out of the glass jar in
3,6,12,24 hours and cleaned for 5 minutes with the help of
distilled water, and then weighed with a precision scale after
cleaning with alcohol and drying. After weighing, the samp-
les were put back into the polymer net and immersed in the
solution in the glass jar and the measurements were made
again at the specified hours. At the end of 24 hours, surface
images were taken from the samples with an EDS attached
to an SEM microscope. At the end of the test, corrosion be-
havior was determined depending on the amount of graphe-
ne added, taking into account the weight loss.

RESULTS AND DISCUSSION

Doped graphene nanoplatelets to TiB, particles with Van
Der Waals bonds was achieved with the vacuum distil-
lation process. SEM photographs of TiB, particles that
do not contain graphene and 1% graphene doped TiB,
reinforcement are shown in Fig. 2. Although it is seen in
partial agglomerations, it can be said that graphene na-
noplatelets are attached successfully to the surface of the
TiB, particle.
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Figure 3. a) AZ91+TiB,, b) 0.25% GNP+AZ91+TiB, c) 0.5% GNP+AZ91+TiB, and d) 1% GNP+AZ91+TiB,.

The microstructure images of the produced hybrid
composites are given in Fig. 3. Unlike other composite pro-
duction methods, the pressure infiltration method makes it
possible to produce with high reinforcement elements [17].
For example, while the powder metallurgy production met-
hod can reach a maximum of 30% by volume, it is observed
that agglomeration in the structure increases and porosity
reaches unacceptable levels at higher reinforcement rates
[18]. When hybrid composites produced with 50% particle
reinforcement are evaluated fabricated by pressure infiltra-
tion method, it can be deduced that homogeneous particle
distribution is achieved successfully in all graphene ratios.
However, as the proportion of graphene in the structure inc-
reased, the amount of porosity increased by 5% compared
to non-graphene reinforced composites due to the adver-
se effect of wettability between the reinforcement and the
matrix (Table 3) [19-20].

With liquid metal infiltration, it has been observed that
liquid metal diffusion occurs even between particles that

Table 3. Density and porosity results of produced samples.

Sample Code ng:;:{;al DA;;lsjg/ Porosity
s2 3,165 3,035 4,10742
s3 3,159 3,012 465337
S4 3,153 3,005 4,6939
S5 3,148 3,00001 4,70108
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are very close to each other. This result shows that the in-
filtration process is successful despite the very high reinfor-
cement content and that the strong interaction between the
reinforcement and matrix can be fully achieved. However,
micro-cracks can be attributed to the differences in the co-
oling rate between the reinforcement and the matrix mate-
rials are occurred.

Fig. 4 shows the XRD analyzes made on the compo-
site samples. When X-ray diffractions are analyzed, the
Al , Mg, compound is detected in the matrix element [8]. In
the produced composites, the TiB, phase is observed in ad-
dition to the magnesium and Al,,Mg _ phases. Furthermore,
there is no extra peak and this situation shows that no phase
formation occurs during the production phase due to the
interaction of the reinforcement and the matrix.

The corrosive properties of the composites were inves-
tigated in a 3.5% NaCl solution. The potentiodynamic po-
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Figure 4. XRD analysis results of fabricated composites.
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Figure 5. Potentiodynamic polarization test charts.

larization test was performed separately in the anodic and
cathodic regions (Scanning Interval: -0.4 V vs. Ag / AgCl
to -1.85 Vvs. Ag / AgCl) and the results are shown in Fig. 5.

Composites with TiB, reinforced AZ91 matrix exhibits
higher I values than an unreinforced alloy (Table 4). This
can be attributed to the galvanic coupling between the re-
inforcement phase and the magnesium matrix. The matrix
element acts as the anode while the reinforcing element acts
as the cathode. For this reason, a very rapid reaction occurs
in the first place and this process continues until the anode
is exhausted. The fact that the reinforcement phase did not
pass into the solution but settled to the bottom during the
experiment.

Corrosion (E_ ) values were obtained at the end of the
15 min. open circuit test. Corrosion rates which are calcu-
lated with Faraday's law of produced samples are presented

in Table 4.

Considering the corrosion rate (CR) and icorr (CCD)
values given in Table 4, the lowest corrosion rate is observed

Test Period (hour)

Figure 6. Immersion corrosion results in 3.5% NaCl.

Table 4. Potentiodynamic polarization test results.

in the S1 coded sample. The highest corrosion rate can be
seen in the sample coded S5. As a result of the analysis made
on Tafel curves, the ceramic reinforcement made dramati-
cally reduces the corrosion resistance of the metal matrix.
Reinforcement materials such as SiC, TiB, are known as
inert materials because they act as inert electrodes. When
a metal of sufficient conductivity forms a galvanic couple, it
leads to the formation of a corroded surface very quickly [21].

The galvanic coupling formed between TiB2 reinforce-
ment and the AZ91 matrix increased significantly with the
addition of graphene to the structure and accelerated the
corrosion of the matrix. As it is known, potentiodynamic
tests are generally performed in very short periods. In or-
der to support these results, immersion corrosion tests were
carried out in the same environment.

The results of the immersion corrosion test conducted
for 24 hours support the potentiostat tests. As shown in
Fig. 6, it has been observed that all composite types exhibit
lower corrosion resistance compared to the AZ91 matrix.
However, the most noteworthy part here is the great dec-
rease in corrosion resistance after the addition of graphene.
This decrease reached its maximum levels with the additi-
on of 1% graphene. This is due to the galvanic coupling that
occurs between the matrix and the reinforcement. On the
other hand, it is thought that increasing porosity amounts
with the addition of graphene have a negative effect on cor-
rosion resistance and increase crevice corrosion [22,23,24].

When immersion test results are evaluated, remarkable
detail is that the slopes of the mass loss-time graph of mag-
nesium matrix composites consist of two different regions.
Namely, an increase is observed in the slope of the graphs
after the first 6 hours in all samples. The reason for this
can be thought to be the corrosive solution moves into the
sample and increases the corrosion rate.

TiB, particles, which remain stable with the dissolution
of the matrix element, separate from the structure and col-
lapse to the bottom when they are disconnected from the
matrix, which causes the loss of mass to increase more than
expected [23].

Surface Area

cco CR

Specimen (cm?) CC(uA) (WA /cm) (mm/year) E_.(V)
S1 0.283 2.10 7.42 0.16 -1.59
S2 0.283 9.14 32.30 0.40 -1.21
S3 0.283 19.87 70.21 0.88 -1.02
S4 0.283 36.94 130.53 1.63 -1.16
S5 0.283 80.43 284.20 3.55 -1.28
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Figure 7. SEM analysis a) AZ91, b) AZ91+TiB,, c) AZ91+TiB,+%0,25 GNP, d) AZ91+TiB, +%0,5 GNP, e) AZ91+TiB, +%1 GNP after immersion tests.

InFig. 7, corroded surface photographs of the examined
composite materials are shown. When SEM photographs of
the corroded surface are examined, it can be seen that the
aggressive solution environment where the pitting potential
increases with the addition of both TiB, and graphene ca-
uses higher mass loss. Corrosion that started at the matrix
and reinforcement interface resulted in the dissolution of
the surrounding matrix element by the TiB, particles acting
as cathodes and the particles detached from the structure
during the experiment.

CONCLUSION

In this study, different ratios of graphene and TiB, rein-
forced composite materials with the AZ91 matrix were
produced by the pressure infiltration method. Corrosion
tests were carried out for all samples produced. As a re-
sult of this study;

a)  As aresult of the metallographic examination, it
was observed that the TiB2 reinforcement element was ho-
mogeneously distributed in composite reinforcement mate-
rials.

b)  According to the density measurement, the poro-
sity ratio increased with the increasing graphene ratio.
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¢)  When potentiodynamic and immersion corrosi-
on tests are examined, it has been that the corrosion resis-
tance decreases as the reinforcement element increases. Ge-
nerally, the corrosion mechanism in the structure has been
determined as pitting and crevice corrosion.
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