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Abstract

The corrosion behaviour of Al 6061-TiO, particulate composites in chloride, nitrate, sulphate
and acidic media has been studied in the present investigation. The unreinforced matrix, and the
composites containing 2, 4 and 6 weight percent of TiO, particulates were prepared by liquid
metallurgy route using the vortex technique. Their corrosion behaviour was evaluated by weight
loss, potentiodynamic polarisation, scanning electron micrograpaph (SEM) and energy
dispersive X-ray analysis (EDXA) methods. The studies show that corrosion current density
(Icorr) and the corrosion rate were highest in the case of corrodent 0.1 N HCI. The rate of
corrosion of both the matrix alloy and the composites decreased with increase in time of
exposure in acid medium, possibly due to the formation of a passive oxide layer. Corrosion
current (Icoy), corrosion potential (Ec.,) and pitting potential (Ep;) were obtained from
potentiodynamic polarisation studies. In all the media, the Ic,, values of unreinforced matrix
alloy and composites were found to increase as the TiO, content increased from 0% to 6%,
which could be attributed to the microgalvanic coupling between the reinforcement or
conducting interfacial products and the matrix alloy. Insulator TiO, particulates are perceived to
act as inert material and degrade the integrity of the protective oxide layer on the Al matrix
alloy. The presence of reinforcement in the matrix increases cathode to anode ratio in the
composites, resulting in the formation of pits during localised corrosion. Moreover, the pitting
effect was more pronounced in the presence of aggressive CI” ions compared to mild NO;™ and
SO,* ions. SEM and EDX analysis of samples in chloride media showed the presence of large
pits and completely deteriorated surface, complementing weight loss and polarisation studies.
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Introduction

Particulate reinforced Al Metal Matrix Composites (PMMCs) have significant
applications in various sectors such as structural avionics, automobiles, transport,
nuclear and electronics industries. They are used as good substitutes for
aluminium in automotive pistons, brakes, brake-drums, clutch discs, etc., owing
to their better properties. Al alloys reinforced with ceramic oxides, carbides,
nitrides and mineral silicate particulates are known for their attractive
characteristics such as high specific modulus, high specific strength, low thermal
expansion coefficient, light weight and low cost [1-3]. Al-6061 matrix has been
an attractive matrix alloy for particulate reinforced composites and offers
enormous prospects in space and avionic sectors. TiO, having high hardness and
modulus is a good reinforcement for aluminium matrix.

Corrosion studies published on AI-PMMCs in various salt media revealed
significant variation in the corrosion resistance of these composites. Aluminium
alloys reinforced with SiC [4], B [5], AlLO; [6], TiC [7], and ZrB, [8] are
reported to show lower corrosion resistance for the composites compared to
matrix alloys, owing to galvanic corrosion. However, garnet [9], albite [10],
quartz [11] and glass fibre [12] reinforced Al composites exhibited higher
corrosion resistance compared to their matrix alloys. The observed variation in
resistance to corrosion in Al -MMCs is attributed to chemical or mechanical
factors such as alloying segregation, interfacial reactions, oxidized layers,
residual stress around reinforced particles in the matrix [13] and galvanic
coupling between matrix and reinforcement [5]. The corrosion behaviour of
reinforced Al composites has been earlier investigated [4 -18] in acidic, neutral,
alkaline and various salt media. Studies reveal that Al composites suffer greater
localized pitting corrosion in chloride ion environment compared to other media
[14 -16].

The present investigation involves the study of corrosion behaviour of
unreinforced Al6061 matrix and TiO, particulate reinforced composites in
different electrolytes like NaCl, NaNOs, Na,SO,4 and HCI. The investigation was
conducted using potentio-dynamic polarization technique and weight-loss
method. Scanning electron micrograph (SEM) and energy dispersive X-ray
(EDX) examinations of the electrode surface were also performed. TiO,
particulate reinforced Al-6061 composites exhibit nominal decrease in corrosion
resistance when compared to matrix alloy.

Experimental

Materials selection

Aluminium alloy 6061-matrix

Aluminium alloy 6061 has the composition: Si — 0.6%, Fe - 0.1%, Cu — 0.3%,
Mn - 0.02%, Mg — 0.8%, Zn, Cr, Ti — 0.01% each and remaining Al.

Reinforcement
TiO,, A.R Grade was obtained from E. Merck and used as reinforcement in the
form of particulates.
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Composite preparation

The liquid metallurgy route using the vortex technique was employed to prepare
the composites. The composites were prepared containing 2, 4, and 6 percentage
by weight of TiO,. Addition of reinforcement material TiO, into the molten Al-
6061 alloy (800 °C) was carried out by creating a vortex in the melt using a
mechanical stainless steel stirrer coated with alumina (to prevent migration of
ferrous 1ons from the stirrer material to the alloy). The stirrer was rotated at a
speed of 450 rpm in order to create the necessary vortex. The TiO, particles were
pre-heated to 400 °C and added into the vortex of liquid melt at a rate of 120
g/min. The TiO, particulates were of size ~100 nm. The composite melt was
thoroughly stirred and subsequently degasifiers were added. Castings were
produced in permanent moulds in the form of cylindrical rods. [Diameter 30 mm
and length 150 mm].

Specimen preparation

Cast material was cut into 20 x 20 mm cylindrical pieces using an abrasive
cutting wheel. The matrix alloy was also cast under identical conditions as the
composites, for comparison. The samples were successively ground using 240,
320, 400, 600, 800, 1000, 1500 and 2000 grade emery papers, were polished
according to standard metallographic techniques, degreased in acetone and dried.
The samples were weighed up to fourth decimal place using an electronic
balance and the exact specimen dimensions were noted down. For polarisation
studies, the samples were cut as cylindrical rods, welded with brass wire for
electrical connection and moulded using acrylic rubber to offer an active flat disc
shaped surface of 1 cm’. These working electrodes were also polished as
described above.

Corrosion test: weight loss method

The corrosion behaviour of Al-6061 alloy was studied by static immersion test to
measure the material loss. Weight loss measurements were carried out by
weighing cylindrical specimens of pure Al6061 alloy and the composites, before
and after immersion in 100 mL solutions of 0.1 N HCI. Samples were suspended
in the corrosive medium for different time intervals up to 72 hours in steps of 24
h. After the specified time, the heavy corrosion deposits on the surface of
samples were removed mechanically, then the samples were cleaned with
distilled water, rinsed with acetone, dried and weighed. At least two samples
were tested and the average value of the weight loss was determined. Corrosion
rates were computed using the equation given by

Corrosion rate = 534 W/ DAT mpy

where W is the weight loss in mg, D is the density of the specimen in g/cm’, A is
the area of the specimen in sq-inch and 7' is the exposure time in hours.
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Corrosion test: potentiodynamic polarisation method

Polarisation measurements were carried out on a Model 600 C series,
Electrochemical Analyzer / Workstation, CH Instruments, USA. All Experiments
were carried out using a three electrode cell with saturated calomel electrode
(SCE) as reference, platinum electrode as counter electrode and the cylindrical
specimens of the alloy with active flat disc of 1 cm® as the working electrode.
The SCE was connected via Luggin capillary, the tip of which was held very
close to the surface of the working electrode to minimize the IR drop. Open
Circuit Potential (OCP) measurements were recorded for 60 minutes, the time
necessary to reach quasi stationary state for open circuit potential, followed by
polarisation measurements at a scan rate of 1 mV/s for Tafel plots.

Energy dispersive X-ray (EDX) and scanning electron microscopy (SEM)
analysis

To gain more insight on the composition of the corrosion products formed at the
tested Al matrix and composites, the corroded samples from the polarization
studies were subjected to energy dispersive x-ray analysis using model Oxford
Link ISIS, UK. The morphology of the passive layer and the corrosion products
formed on the electrode surface were examined by scanning electron micrograph
(SEM) using model JSM-840A SEM, JEOL, Japan.

Results and discussion

The variation of corrosion rate with exposure time, for Al 6061 matrix alloy and
its composites of TiO, (2, 4 and 6%) in 0.1 N HCl medium, as obtained from
weight loss method, is illustrated in Fig. 1. It can be observed that the corrosion
rate for both matrix alloy and the composites decreases with increase in exposure
time. This can be attributed to formation of Al hydroxide layer on the surface of
the alloy and composites. Further, it can be observed that corrosion resistance of
reinforced Al composites is lower than that of the matrix alloy, and the corrosion
rate increases with increase in the weight percentage of TiO, in the composites.
The observed results can be explained as possibly due to a microgalvanic
coupling between the products formed at TiO, — matrix interface and the matrix
alloy, although the TiO, particles as such act as an inert material in the
composites and may not influence the corrosion mechanism of the
composites[12].

The results of weight loss method were complemented by those from
potentiodynamic polarization studies. The electrochemical corrosion parameters
of Al 6061 and its composites in 0.1 N HCI are given in Table 1. The corrosion
current density I.,,, increases with increase of TiO, content in the composites,
corroborating the results that reinforcement with TiO, does influence and
increase the corrosion rate of the matrix alloy.
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Figure 1. Variation of the corrosion rate for Al matrix alloy and its composites, with
duration of immersion.

Table 1. Electrochemical corrosion parameters of Al6061 and its TiO, composites in
0.1 N HCl solution.

Composite 0.1 N HC1
(% TiO2) | I / (Acm™) | Corrosion rate / (mils per year)
0% 1.189x 107 255.1
2% 1493 x 107 320.0
4% 2.752x 10°° 590.2
6% 3.370 x 107 722.7

Typical polarisation curves for Al6061 matrix alloy and its TiO, composites, in
decinormal solution of NaCl, are shown in Fig. 2. It can be seen from the figure
that all the curves and hence the polarization behaviour of Al6061 matrix alloy
and its composites are similar. Similar plots are obtained, for the matrix and the
composites, in 0.1 N NaNO; and Na,SO, media as well (hence not reproduced
here). The evaluated electrochemical corrosion parameters for the matrix alloy
and the composites in 0.1N NaCl are given in Table 2. It can be observed from
the Tafel plots (Fig. 2) and Table 2 that the corrosion current (I..,) values and the
corrosion rate increase with increase in TiO, content in the composites. These
results point out to the fact that TiO, reinforced composites have lower corrosion
resistance as compared to matrix alloy in chloride medium. This observation is
similar to the findings of Bhat et al. [4] in AI-SiC composites, Trzaskoma et al. in
Al-Al,O3 composites [6] and Albiter et al. in Al-TiC composites[7], where the
composites exhibit reduced corrosion resistance, compared to the matrix alloy.
Further, comparing the I, values of the matrix alloy and the composites in HCI
and NaCl media, from Tables 1 and 2, it can be observed that the corrosion rate
is significantly higher in acidic chloride medium, compared to neutral salt
chloride medium. Further, pitting of the samples was observed in both the media.
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Figure 2. Tafel plots of A16061 matrix (0%) and its TiO, composites (2%, 4%, 6%) in

0.1 N NaCl medium.

Table 2. Electrochemical corrosion parameters of Al6061 and its TiO, composites in
0.1 N NaCl solution.

Composite 0.1 N NaCl
(% TiO2) | Ion / (Acm™) | Corrosion rate / (mils per year)
0% 3.125x 10° 1.340
2% 3.202x 10° 1.374
4% 3.596 x 10°° 1.542
6% 4.842x 10° 2.077

It is anticipated that for obtaining good corrosion resistance, the potentials of the
composite should shift to the more positive side as a function of time in any
environmental conditions. There is no significant variation in corrosion potential
(Ecorr) (from Fig. 2) between the matrix alloy and the composites, viz., =799 mV
for matrix alloy to -822 mV for different TiO, contents in composites. However,
there is a small shift of corrosion potential values to the negative side in the
composites, which is indicative of defect oxide layer formation in the presence of
reinforcement in the matrix alloy [26].

Corrosion resistance of composites depends on many factors such as alloy
composition, microstructure of matrix, techniques of preparation, porosity,
precipitation of intermetallics, high dislocation densities at the particle-matrix
interface, the presence of interfacial reaction products and insulating
reinforcements [7, 24, 25].

In MMC:s reinforced with conducting materials, the presence of more conductive
phase at the interface is quoted [25] as providing an easier path for electron
exchange for oxygen reduction and driving the anodic reaction at a higher rate. In
Al6061-TiO, composites, since the reinforcement TiO, is an insulator, galvanic
corrosion between the matrix - reinforcement may not be possible in composites
[28]. However the formation of conducting intermetallic precipitates such as,
Mg,Si and AlTi; during fabrication of the composites could be the reason for
increase in corrosion rates in composites [19]. Since aluminum is noble to Mg,Si,
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the microgalvanic coupling between them in Al6061 alloy and its composites
would selectively corrode Mg,Si away [30].
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Figure 3. Anodic polarisation curves for composites containing 2, 4 and 6% by weight
of TiO, particulates in 0.1 N NaCl.

The anodic polarization curves showing the pitting potentials of Al 6061 matrix
alloy and its TiO, composites in 0.1 N NaCl medium are shown in Fig. 3 and the
corresponding pitting potentials E; values are presented in the Table 3. The
preferential corrosion starts at the interface, i1.e. surrounding the TiO, leading to a
pitting type of corrosion. The presence of reinforcement in matrix acting as
cathodic region increases with increasing TiO, content and increases the
corresponding cathode to anode ratio in composites, resulting in the formation of
pits during localised corrosion. No significant change in pitting potential is
observed [Fig. 3] in composites even though the addition of TiO, reinforcement
to Al6061 matrix alloy increases heterogeneity in the composites enhancing
corrosion sensitivity in composites.

Table 3. E,;; values of Al 6061 matrix alloy and Al 6061-TiO, composites in 0.1 N
NaCl solution.

Composite (% TiO,) Epic values / V
0% -0.6989
2% -0.6963
4% -0.6937
6% -0.6909

Further physical examinations of the samples revealed the presence of less
number of pits in unreinforced matrix as compared to composites, which can be
attributed to increased area of reinforcements in composites [18].

Scanning electron micrograph images of Al 6061 matrix alloy before and after
corrosion in 0.1 N NaCl medium are shown in Fig. 4 and Fig. 5, respectively.
Scanning electron micrograph image of reinforcement TiO, is shown in Fig. 6.
The particle size of reinforcement TiO, is about 100 nm, as observed in the SEM
image. Following the polarization studies in chloride medium, samples were
subjected to SEM analysis after usual pretreatment. The scanning electron
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micrograph images of the corroded samples of Al 6061-TiO, composites are
shown in Fig. 7.

20KV K1,808  1@em WD24

Figure 6. SEM of reinforcement TiO,.

The scanning electron micrographs of corroded samples of matrix and
composites reveal more severe pitting and cracks development in reinforced
composites alloy than in unreinforced matrix. Greater degree of surface
deterioration in composites as observed from SEM images indicates the higher
corrosion rates for composites than for matrix alloy. The SEM micrographs show
a complete deterioration of the smoothness of the surface of matrix [23],
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suggesting the penetration of chloride ions into the material surface forming
corrosion spots [29].

EDX analysis of corroded samples of Al matrix alloy and composites after
polarization studies in chloride medium are shown in Fig. 8. The peak due to Al,
Mg and Si is less intense in the matrix alloy, while it increases with increase in
reinforcement in the composites. The presence of large amounts of aluminum in
the corrosion products formed on the samples of Al composites confirms the
decreased corrosion resistance in Al composites with increase in the TiO,
content.

Figure 7. Scanning electron micrographs of corroded Al 6061-TiO, composites samples
in 0.1 N NaCl: a] SEM of Al 6061/ 6% TiO, matrix alloy; b] SEM of Al 6061/ 4% TiO,
matrix alloy; c] SEM of Al 6061/ 2% TiO, matrix alloy.

Table 4 gives the electrochemical corrosion parameters for the samples in 0.1 N
NaNO; and 0.1 N Na,SO4 media. The polarization curves for Al matrix and its
TiO, composites in 0.1 N NaNO; and 0.1 N Na,SO, media exhibited the same
trend as that of NaCl solution (hence not reproduced here).

The high corrosion current densities and corrosion rates of Al6061 matrix and
composites in chloride solution (Table 2), as compared to the values in nitrate
and sulphate media, can be attributed to greater incorporation of chloride ions
into the anion vacancies of the passive Al,O; film [27] and a preferential
penetration ability of chloride ion into the passive oxide layer. Chloride ions are
more aggressive in pitting due to their adsorbability on the passive layer
compared to sulphate and nitrate ions [20]. The adsorption of chloride leads to
the breakdown of the protective oxide film [22] and TiO,/Al 6061 interface
provides preferred sites for breakdown of the protective oxide layer. Low
corrosion rates observed in both nitrate and sulphate media, for matrix as well as
composites can be attributed to their ability to suppress both cathodic and anodic
currents[21].
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Figure 8.EDX examinations of: a) Al6061 matrix alloy; b) Al 6061/ 2% TiO,
composite; ¢) Al 6061/ 4%TiO, composite; d) Al 6061/6% TiO, composite.

Table 4. Electrochemical corrosion parameters of Al6061 and its TiO, composites in
0.1 N NaNOs and 0.1 N NaySOs,.

Composite 0.1 N NaNO; _ 0.1 N Na,SO,
(% TiO) Teor /_2 Corrpsmn rate / Teorr /_2 Corrpsmn rate /
/ (Acm™) / (mils per year) / (Acm™) / (mils per year)
0% 1.134 x 10°® 0.486 1.054 x 10°® 0.291
2% 1.220 x 10°® 0.525 1.145 x 10°® 0.393
4% 1.300 x 10°® 0.560 1.200 x 10°® 0.514
6% 1.800 x 10°® 0.793 1.265 x 10°® 0.546

A comparison of the results from all the media indicates that the relative degree
of corrosion in different ionic species follows the order CI' > NO3™ > SO42'. The
lowest corrosion rate observed in SO,* medium is probably due to the formation
of passive aluminium sulphates, which are less soluble than other salts formed in
the presence of Cl" and NOj  ions.

Conclusions
The corrosion behaviour of unreinforced Al6061 matrix and TiO, particulate-

reinforced composites (2, 4 and 6% by weight) in various media like NaCl,
NaNO;, Na,SO; and HCI has been investigated using potentio-dynamic
polarization technique and weight-loss methods. Results of our investigation
point out to the following:
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. Corrosion current values (I.,;) increase with increase in TiO, content in the

composites up to 6% by weight. This indicates a nominal increase in the
corrosion rate of the matrix alloy upon reinforcement with TiO,.

The decreased corrosion resistance in composites is believed to be due to the
possible microgalvanic coupling between the conducting interfacial products
and the matrix alloy.

A comparison of the corrosion parameters of the matrix alloy and its
composites in different salts and acid media shows that the corrosion rate is
highest in chloride and least in the sulphate medium.

The scanning electron micrographs of corroded samples of matrix and
composites reveal more severe pitting and cracks development in reinforced
composites than in unreinforced matrix alloy.

EDX analysis of corroded samples confirms the decreased corrosion
resistance in Al composites with increase in the TiO, content.

Low corrosion rates observed in both nitrate and sulphate media, for matrix as
well as composites can be attributed to their ability to suppress both cathodic
and anodic currents.
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