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Abstract

An effort is made to study the effect of composite nanocoating using aluminum-9%wt silicon alloys reinforced with
different percentage (0.5,1,2,4)wt.% of carbon nanotubes (CNTs) using plasma spraying. The effect of this composite
on corrosion behavior for AA6061-T6 by extrapolation Tafel test in sea water 3.5wt% NaCl was invested. Many
specimens where prepared from AA6061-T6 by the dimension (15x15x3)mm as this first set up and other steps include
coating process, X-ray diffraction and SEM examination .The results show the CNTs increase the corrosion rate of the
nanocomposite coatings with increasing the weight percentage of CNTs within the Al-Si matrix. Al-9wt%S$i coating
layer itself has less corrosion rate if compared with both nanocomposite coating and the substrate of AA6061-T6.

Keywords: Aluminum-9%Silicon, AA6061-T6, nanocomposite, CNTs, corrosion, plasma spraying.

1. Introduction

The new researches elaborate on aluminium-
based composite found its exhibit many
achievable fascinating material properties such as
stiffness, wear resistance, specific strength,
damping properties with less coefficient of
thermal expansion when its compared with the
conventional aluminium alloys [1]. Al-Si alloys
are used extensively for automobile applications
because their high corrosion resistance owing to
low density [2]. The addition of carbon nanotubes
(CNTs) as reinforcement for metal matrix
composite  will perform a  remarkable
enhancement in the physical and mechanical
properties [3]. Researches where used carbon to
obtain reinforcement of Al-Si alloys to achieve
combination of high strength and high modulus of
elasticity of fiber and high toughness of the matrix
[4]. In CNTs where the tensile strength of
maximum layer ranged from 11 - 63 GPa and the
Young's modulus variant from 270- 950 GPa [5].
The aluminum has tendency to forming oxide

film, thus oxide films protect the aluminum
against chloride ion attack [6-8]. Many authors
investigate of aluminum corrosion behavior. A
corrosion behavior of pure aluminum and
aluminum alloy were investigated with salt media
compering with other media by Gruba¢ at el. [9].
Also aluminum silicon alloy (Al-9wt%Si) effects
on pitting corrosion when it's immersed in 0.5M
NaCl solution with current density (icoy.) equal
0.96 pA/cm2 [10,11].  Aluminum AA6061-T6
alloy has excellent corrosion resistance with
medium mechanical strength, it has the highest
strength of the 6000 series alloys. Alloy AA6061-
T6 is known as a structural alloy. However, this
alloy has best resistance to corrosion when the
amount of silicon does not exceed the amount of
high level which combines with the magnesium
content to form MgSi [12]. Gopi and Manonmani,
were measured corrosion rate of AA6082-T6 in
3.5 %NaCl solution media is typically 1.95 mpy
and the current density (i....) equals 4.27 uA/cm2
[13].
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In this research, was aimed to study corrosion
behavior of Al-9wt%Si/MWNTs nanocomposite
coating materials in sea water with different
portion of MWNTs as compared with Al-9wt%Si
alloy its self were investigated.

2. Experimental

The base alloys AA6061-T6 are used for many
applications as the matrix material, AA6061-T6
where purchased of AALCO Metals Limited, UK.
The chemical composition analysis is carried out
using the ARL spectrometer instrument as
indicated in the Table (1). Many corrosion

specimens from base material were prepared in
the dimensions of (15x15x3)mm according to
ASTM (G71-31) aluminum 9%wt silicon powder
of particle size 15-70 pm were purchased from
Phoenix Scientific Industry Ltd., UK (PSI) High
purity of a Multiwall carbon nanotubes (80 wt%)
(20-70)nm diameter (1-3)um in length were
purchased from ARRY International Group
Limited, Germany. XRD and ARL analyses for
alloy AA6061-T6 had been done after surface
preparation the XRD and electrochemical
corrosion test had been done at Ministry of
Scientific and Technology, Iraq.

Table 1,

Chemical composition of Al alloy AA6061-T6.

Element Si Fe Cu Mn Mg Cr Zn .

wt% Max. Max. Max. Max. Max. Max. Max. TiMax.  Albal.
Actual

AA6061-T6 1.05 0.25 0.08 0.9 0.8 0.01 0.12 0.09 _
alloy

Nominal

(Standard) 713 05 0.1 04-1  06-12 025 02 0.1 _
value of

AA6061-T6

3. Preparation of Composite Materials the power (composite powder) where pass

The composite materials were prepared by
mixing particles of Al-9%Si wt%, with carbon
nanotubes which added in different percentage
0.5,1,24)wt.%  using powder metallurgy
technique. The produced composite materials
were used for coating the base aluminum alloys
AA6061-T6 with about 100 um by using plasma
spraying technique with automated robot
apparatus. Plasma spray technique which is cold
coating process used “plasma” as a source of heat

Table 2,
Categorization of Specimens for composite.

through the plasma jet in end of the plasma gun
nuzzle. The plasma heat up nearly the powder to
mushy state then the particles flight by the
compose gases (Argon, hydrogen and helium) to
strike on the flat substrate which is AA6061-T6.
However, in order to observe the effect of coating
layer on corrosion behavior after completing
coating, the composite specimens were
categorized and sorted into groups as shown in
Table (2).

Specimens symbol State of specimens

AA6061-T6 base alloy

TmoQw >

As recived Al-9wt%Si alloy

Al-9%Si alloy with 0.5wt% CNTs nanocompsite
Al-9%Si alloy with 1wt% CNTs nanocompsite
Al-9%Si alloy with 2wt% CNTs nanocompsite
Al-9%Si alloy with 4wt% CNTs nanocompsite

4. X-Ray Diffraction

X-Ray diffraction test was investigated on
specimens (B, C, D, E, and F) groups of Table (2),
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and phase analysis results for specimens group are
shown in Figure (1). SEM topography and optical
microscope (an cross-section) of the coating layer
was observed the coating layer in Figure (2). The
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scanning electron microscope (SEM) was used for
micrographs of composite specimens as shown in
Figure (3) for (B) specimens.

~ Al e Al it H5i
(111 . A| Gurt. %0, Surt3MWNTS
) Al it 3 TwtsaNWNTs
o e A\| WS 1 2WEEMWINTS
Al | W%/ A0ESMWNTS
- (200 Al Al
— Si s Si
.E (111 (220 (311 (leo (i (222)
=
= l_ _l A
=
2 AL-Si9%wt.
c
g |
£
L L.
T T T 1
10 30, theta fdeg ) 20 70 90 Fig. 3. SEM micrograph of specimens (C) shows

MWNTs are embedded in Al-Si matrix.

Fig. 1. XRD Phase analysis for Al-Si\CNTs
nanocomposite coating specimens.

Fig. 2. SEM micrograph show the splat of Al-

IWt%Si/0.5wt% CNTs nanocomposite (A). In the

right side (B) show an optical microscope cross-

section for previous sample. Fig. 4. SEM micrographs of 1B,1C,1D,1E and 1F
specimens before corrosion test on the left-side,
Optical micrographs of 2B,2C,2D,2E and 2F after
Tafel test on the right-side.
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5. Electrochemical Corrosion Test

Electrochemical corrosion test was
implemented by Tafel extrapolation method using
a Wenking Mlab multi channels potentiostat and
SCI-Mlab corrosion measuring system from Bank
Electroniks-Intelligent control GmbH, Germany
2007, this test was carried out at room
temperature in  Ministry of Science and
Technology / Department of Materials as shown
in Figure (5).

Tafel equation is used for electrochemical kinetics

related to an electrochemical reaction to the over

potential. For a single electrode Tafel equation

specified as;

n:Axln(_i) (D)
Lo

Where,

7 is the overpotential

A is Tafle V plot

i is the current density, A/m?* and

ip is the so-called "exchange current density",
A/m’,

Fig. 5. The electrochemical corrosion unit.

The polarization apparatus measurements were
carried out in a corrosion cell having three
electrodes of electrochemical cell. The cell
contain platinum foil as auxiliary electrode,
reference is a saturated calomel electrode (SCE)
and working electrode. The AA6016-T6 and
AA6016-T6/coated samples was mounted as a
working electrode and the exposed area was 10
cm’ for one side. The corrosion solution was amid
of 3.5wt% NaCl, which done by dissolved 35wt%
gm. of NaCl in 1000 ml of distilled water. The pH
meter of solution where measured was found 6.9.
High precision pH meter of +0.01PH, £1mV,
+0.4°C model PH-2602 PH/ORP/Temp Meter was
calibrated by using two buffers, pH 7 buffer and

pH 4 buffer. The working temperature was
maintained at ambient temperature (25°C)
monitoring by thermometer, there was no
significant change of temperature during the
procedure. First when the sample mounted in
working electrode (WE) the potential difference
between working electrode and reference
electrode measured the open circuit polarization
(OCP) without polarizing the reference electrode.
Next step applying potential difference to a preset
voltage and force a current through the counter
electrode towards the working electrode in order
to counteract the difference between preset
voltage and existing working electrode potential.
In order to apply Tafel equation the tangent line
for cathode and anode curve where automatically
occur by program fitting. Then the point cross of
both two lines express the corrosion current (i
cor.)- For the cycling the polarized anode curve
for period of experiment time will exhibit a loop-
line due to the breaks down of the protective film.
The point of cross loop express as pitting current
(1 pitl.)-

Cell current readings were taken during slow
sweep of the potential. The range was taken from
(-100 to + 100) mv relative to (OCP). Scan rate
defines the speed of the potential sweep was taken
10 mv/sec. In this range, the current density
versus voltage curve is almost nearly linear. In
this test, aluminum alloy (AA6061-T6) coating by
composite material and uncoated specimens were
placed on working electrode W.E. Calomel
saturated electrode was immersed in salt solution
bath as reference electrode, all samples immersed
in NaCl solution of 3.5wt.% which indicate pH
was 6.8. This test is used to find out corrosion
parameters, like corrosion potential E.,, and
corrosion current iy, for each specimen, which
has amount CNTs in the coating layer. The
parameters latter will use to calculate corrosion
rate by using C.R equation below [14].

C.R(mpy) = 0.13 X igopr. X Eq.‘%t -~ (2)

Where;

C.R(mpy); is milli-inches per year, i.y; is the
corrosion current density (uA/cm?), Eq.wt; refers
to equivalent weight of the corroding species, p ;
is the density of the corroding specimens, (g/cm”).
The values for the corrosion potentials and
corrosion current densities were estimated from
the intersection of the anodic and cathode Tafel
lines. The corresponding corrosion potentials
(Econ), corrosion current density (icy), anodic
listed in Table (3) and Figure (6).
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Table 3,
The results of electrochemical corrosion in sea water.

Specimens icm,[uA/cmz] Ecorr.[MmV] Corrosion rate . 2
symbol OCP [mV] SCE [ mm.year’] (m.p.y) ipie.[mA/cm’]
A -848.7 10.31 -858.3 4.433 1.7

B -808.4 1.12 -803.3 0.481 0.6642

C -678.7 4.65 -530.7 1.999 0.6728

D -597.6 22.57 -598.4 9.705 0.6819

E -590.1 29.43 -603.1 12.654 0.7052

F -528.7 31.5 -768.2 13.545 0.9955

Potantial [mv]

Fig. 6. Electrochemical behavior polarization for all
specimens.
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Fig. 7. Electrochemical cycling for coating layers of
Al-9wt % Si/MWNTs nanocomposite.

6. Discussion

In the Figure (1) shows the result of X-ray
diffraction (XRD) patterns of all specimens in
Table (2). According the XRD pattern of 20
verses intensity peaks, aluminum and silicon
peaks are shown with aluminum peaks
(111),(200),(220),(311),(212) plans and silicon
(111) plan with very small peaks detected by the
XRD program (220) and (311) plans. The
MWNTs are not clearly shown in the XRD graphs
but its detected by program with slightly small

N

peaks intensities in case of 2wt% and 4wt% of
CNTs, this is due to the small amount of CNTs
which is below the detection limit of the X-ray
counter and also the dispersion of CNTs in Al-
9wt%Si particles so the majority of MWNTs are
embedded in the matrix, this confirmed in
micrograph shown in Figure (3). In Figure (2-A)
SEM micrograph for the topography of the
coating layer for specimen (C), its reveals the
splat of the coating formation and built up during
APS. An optical microscope examination shown
in Figure (2-B) for the cross-section of coating
layer for APS after etching (HF 0.5 vol. %,
distilled water 95 vol. %). The coating thickness
was measured is between (100- 160) pm. In
Figure (4) SEM topography image and optical
microscope for (B, C, D, E and F) specimens for
Al-9wt%Si plasma spraying coating surface. The
coating surface the surface tend to be rough with
having pores. Each splats were composed of Al-
Iwt%Si and MWNTs. The fully melted liquid
particles (Al-Si) during flight will form lamella
when impacted on the substrate. Thus, a rapid
solidification of the splats occurred upon impact
due to high cooling rates of the splat. The cooling
rate of the splats was reported in the literature as
106 and 107 K.s™". The pores are formed between
lamellar structures due shrinkage of lamellar
cause by rapid solidification of Al-Si. The splats
or lamellae formation of Al-
Iwt%Si/1wt%MWNTs composite formed during
plasma spraying are rough but the splash fingers
are connected. The coating surface has some
pores due to shrinkage of splat of aluminum
matrix nanocomposite with MWNTSs embedded in
Al-Si matrix. Some MWNTs have settled on the
top surface that could clearly show in Figure (3).

Figure (6) shows the polarization curves of all
specimens which categorized in Table (2). These
figures sign that the cathodic and anodic
polarization curves are similar in the corrosion
behavior for the base (AA6061-T6) and
composites (Al-9wt%Si/MWNTSs) in 3.5%NaCl
solution but they are different in the corrosion
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current density and corrosion potential. The
potential of corrosion depends on the
electrochemical behavior and the quantity of
alloying elements such as silicon and magnesium
in Table (3) specimen (A) has a corrosion
potential of -858.3mV and a corrosion current of
10.31pA/cm® and the corrosion rate is 4.433
m.p.y. The corrosion is taken place due to the
presence of chloride ions which released and
combine with hydrogen to formed hydraulic acid.
The hydrochloric acid increase corrosion rate
accelerated by elements are presence in the
microstructure. The corrosion behavior in
specimens (B) gives low corrosion rate comparing
with specimens (A), this is due to combine and
encourage of boundaries between the of Al-rich
(a) phase and silicon particles in refined
microstructures, since such boundaries are more
sensitive to the corrosion action .

From Table (3), it was seen that a
nanocomposite with in specimens (D, E and F)
has high corrosion current density (high corrosion
rate) than that nanocomposite with (B and C) this
would refer the MWNTs has play role of
increasing corrosion rate by localized pitting
corrosions because the CNTs behave as negative
(more noble) than the alloy content. This
explained by Aung et al. [15] where
microgalvanic action between the cathodic CNTs
and the anodic of elements less corrosion
resistance in the matrix in 3.5wt% NaCl. More
than 2wt of MWNTs in the Al-9wt%Si will tend
to be agglomerated, therefore the ion exchanged
will reduced, as well as high porosity which a
accompanied of high MWNTs contents will make
the corrosion more faster. Matrix which reduces
the cathodic areas to localized regions such as
impurities, porosities and reinforcements in the
alloy matrix. The specimen (C) gives lower
corrosion rate due to less amount reinforcement
(MWNTs), but the still Al-Si protective coating
layer (specimen B) without adding reinforcement
has less corrosion rate. Figure (7) shows the
electrochemical cycling corrosion, in this figure
revels the pitting where start for coated samples
almost closes each other but in table (3) the ip
Are increases with respect of amount MWNTs
that’s confirmed the MWNTs breaking down the
coating layer by accelerating the pitting corrosion.

7. Conclusion

1. Corrosion tests results have shown that Al
alloy 9% silicon samples tend to yield lower
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corrosion rate than AA6061T-6 alloy in 3.5
wt% NaCl solution.

2. The external appearance s of the cathodic and
anodic members of the deposit Al-9wt% Si
alloy sample depict representative pitting
reactions, differently to that exhibited for
composite specimens .

3. Nanocomposite with 0.5wt% MWNTs shows
lower corrosion rate if compared with other
constitute nanocomposite, this refers to the
CNTs would enhanced pitting corrosion rate.
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