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Abstract

Magnesium is actively used as a lightweight structural metal in the transport industry. Its
use ensures lower fuel consumption, reduced CO2 emissions and thus a greener earth. This
paper describes the multiple beneficial effects of nanoparticle addition to wrought magnesium
based systems. Regarding mechanical properties, the effects are either: (a) enhanced ductility
or (b) simultaneously enhanced strength and ductility of magnesium. Regarding material
degradation, the beneficial effects include: (a) higher dry oxidation resistance and (b) higher
salt water corrosion resistance. The results obtained so far clearly indicate the capability of
nanoparticles to enhance the properties of wrought magnesium and its alloys in a way never
seen before with micron length scale reinforcements.
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1. Introduction

Magnesium and aluminium are commonly used
light metals in weight-critical structural applications
(for example, automotive and aerospace). Mg is about
35 % lighter than Al and both have similar melt-
ing points and strengths. Mg has the disadvantage
of limited ductility attributed to its HCP structure,
while Al is more ductile given its FCC structure. Also,
Mg has a lower elastic modulus (40–45 GPa) than Al
(69.6 GPa) [1]. Traditional alloying can be used to in-
crease strength and ductility of Mg [2]. Additionally,
based on the use of discontinuous reinforcement, many
properties of Mg have been improved beyond the lim-
its of alloying [3]. In recent years, three methods that
have been tried to improve the strength, ductility and
modulus of Mg are in use of: (a) various oxide nano-
particles as well as carbon nanotubes for improving
strength and ductility [4–6], (b) Ti and Mo metal-
lic microparticles for improving ductility [7–9] and (c)
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SiC ceramic microparticles for improving strength and
modulus [10, 11]. Among these three methods, nano-
particle addition has proven to be the most promising
in improving the overall mechanical properties of Mg.
Regarding degradation, Mg alloys are known to be
more prone to: (a) dry oxidation and (b) wet corro-
sion compared to Al alloys. This can be attributed
(respectively) to the relatively: (a) non-adherent oxide
film formation and (b) higher electrochemical activity
of Mg compared to Al. The addition of Y2O3 micro-
particles may slightly improve the dry oxidation res-
istance of Mg alloy [12]. However, the effects of other
microparticles on the dry oxidation resistance of Mg
alloy are not known. It has been shown that the ad-
dition of microparticle reinforcement to Mg alloy de-
creases the wet corrosion resistance of Mg alloy [13–
17]. This can be attributed to the relatively cathodic
nature of the microparticle reinforcement and related
consequent galvanic corrosion of the Mg alloy matrix
[13–17]. This further necessitates the need to employ
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coating technology to sufficiently protect the Mg alloy
[18–20]. At present, the effects of nanoparticle addition
on the dry oxidation and wet corrosion characteristics
of Mg alloys are being studied.
Accordingly, the primary aim of this paper is to

describe the multiple beneficial effects of nanoparticle
addition to wrought magnesium. Regarding mechan-
ical properties, the effects are either: (a) enhanced
ductility or (b) simultaneously enhanced strength and
ductility of wrought magnesium. Regarding material
degradation, the beneficial effects include: (a) higher
dry oxidation resistance and (b) higher salt water cor-
rosion resistance.

2. Experimental

2.1. Materials and processing

In this study, the matrix materials used were: (1)
Mg turnings (99.9 + %, supplied by ACROS Or-
ganics, New Jersey, USA), (2) AZ31 pieces (nom-
inally 2.40–3.60wt.% Al, 0.50–1.50wt.% Zn, 0.15–
1.00 wt.% Mn, 0.10 wt.% Si max, 0.10 wt.% Cu max,
0.03 wt.% Ni max, 0.30 wt.% others max, balance
Mg, supplied by Alfa Aesar, Massachusetts, USA),
(3) AZ31B pieces (nominally 2.94 wt.% Al, 0.87 wt.%
Zn, 0.57 wt.% Mn, 0.0112wt.% Si, 0.0008 wt.% Cu,
0.0005wt.% Ni, 0.0027 wt.% Fe, balance Mg, sup-
plied by Tokyo Magnesium Co. Ltd., Yokohama, Ja-
pan) and (4) ZK60A pieces (nominally 4.80–6.20wt.%
Zn, 0.45 wt.% Zr min, 0.30 wt.% others max, bal-
ance Mg, supplied by Tokyo Magnesium Co. Ltd.,
Yokohama, Japan). The reinforcement materials used
were: (1) Al2O3 nanoparticles (50 nm size, supplied by
Baikowski, Japan), (2) CNT powder (vapour grown,
40–70 nm outer diameter, 94.7 % purity, supplied by
Nanostructured & Amorphous Materials Inc, Texas,
USA) and (3) Y2O3 nanoparticles (29 nm average size,
supplied by Nanostructured & Amorphous Materials
Inc., Texas, USA). Monolithic Mg, AZ31 and ZK60A
(turnings and pieces) as well as related nanocompos-
ites were cast using the DMD method [21]. Ingots of
40 mm diameter were obtained and sectioned into bil-
lets. This was followed by hot extrusion at 250◦C or
350◦C into 7 mm or 8mm rod for further characteriz-
ation.

2.2. Microstructural characterization

XRD studies were conducted using Cu Kα radi-
ation (λ = 1.5406 Å) with a scan speed of 2◦/min
in an automated Shimadzu LAB-X XRD-6000 dif-
fractometer to determine the dominant textures in the
transverse and longitudinal (extrusion) directions, for
selected nanocomposites and relevant monolithic ma-
terial.

2.3. Tensile testing

Smooth bar tensile properties were determined
based on ASTM E8M-05, where axial extensometer
was used and crosshead speed was set at 0.254mm
min−1. For each composite system including cor-
responding monolithic material, round tension test
samples of 5 mm diameter and 25mm gauge length
were tested using an MTS 810 machine or Instron 8516
machine. Fractography was performed on the tensile-
-fracture surfaces using scanning electron microscopy
(JEOL JSM-5800 LV SEM and Hitachi S4300 Field
Emission SEM).

2.4. Dry oxidation testing

Dry oxidation characteristics of selected nanocom-
posites and relevant monolithic material were determ-
ined using thermogravimetry. Samples having 1 mm
× 3mm × 3mm dimensions were cut from the ex-
truded rods. The samples were initially mechanic-
ally ground on 2000-grit silicon carbide impregnated
emery paper, washed ultrasonically in acetone, and
then dried in ambient air (25◦C). The DTA-TG ap-
paratus (Shimadzu DTG-60H), with an accuracy of
1 µg, was used to investigate the oxidation behaviour.
The specimens were inserted into the DTA-TG ma-
chine at room temperature and heated at a ramping
rate of 50◦Cmin−1. The kinetics of weight change was
calculated and compared in the laboratory air environ-
ment under isothermal conditions in the temperature
range of 300–470◦C and for time intervals up to 7 h.
The samples that were oxidized were then character-
ized with the purpose of investigating the morpholo-
gical characteristics of the oxide layer and interfacial
integrity between the matrix and the oxide layer. To
provide a meaningful insight into the oxidation beha-
viour of the monolithic material and its nanocompos-
ites, the test samples were mounted in resin, ground,
polished and etched with the purpose of revealing the
oxide layer and the grain boundaries for purpose of
microstructural examination [22]. A light optical mi-
croscope and a scanning electron microscope (Model:
FESEM-S4300) equipped with EDS were used to char-
acterize the microstructure.

2.5. Salt water corrosion testing

Salt water corrosion characteristics of selected
nanocomposites and relevant monolithic material were
determined using potentiostatic electrochemical test-
ing (PET) and electrochemical impedance spectro-
scopy (EIS). Cylindrical discs were cut from the ex-
truded rods and embedded in epoxy after soldering
a copper wire on the sample. Experiments were per-
formed in freely aerated 3.5 wt.% NaCl solution at
ambient temperature (25◦C). All experiments were
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Ta b l e 1. Results of tensile testing of magnesium nanocomposites

Material 0.2 % YS UTS Failure strain/ductility WOF Reference
(MPa) (MPa) (%) (MJ m−3)a

Significant enhancement of ductility compared to monolithic material:
Mg 126 ± 7 192 ± 5 8.0 ± 1.6 – [49]
Mg/0.23vol.%CNT 128 ± 6 194 ± 9 12.7 ± 2.0 – [49]
Mg/1.01vol.%CNT 140 ± 2 210 ± 4 13.5 ± 2.7 – [49]
Mg/1.24vol.%CNT 121 ± 5 200 ± 3 12.2 ± 1.7 – [49]

AZ31B 201 ± 7 270 ± 6 5.6 ± 1.4 15 ± 3 [22]
AZ31B/0.66vol.%Al2O3 (NI)b 149 ± 7 215 ± 15 14.6 ± 1.1 31 ± 4 [22]
AZ31B/1.11vol.%Al2O3 (NI)b 148 ± 11 214 ± 16 25.5 ± 2.2 52 ± 2 [22]
AZ31B/1.50vol.%Al2O3 (NI)b 144 ± 9 214 ± 16 29.5 ± 1.9 60 ± 3 [22, 36]

ZK60Ac 139 ± 4 246 ± 4 20.2 ± 2.0 46 ± 4 [38]
ZK60A/1.50vol.%Al2Oc

3 147 ± 8 252 ± 5 25.5 ± 1.0 61 ± 2 [38]

Simultaneous significant enhancement of strength and ductility compared to monolithic material:
Mg 97 ± 2 173 ± 1 7.4 ± 0.2 11.1 ± 0.3 [30]
Mg/0.22vol.%Y2O3 218 ± 2 277 ± 5 12.7 ± 1.3 29.6 ± 3.5 [30]

Mg 97 ± 2 173 ± 1 7.4 ± 0.2 11.1 ± 0.3 [31, 50]
Mg/0.66vol.%Al2O3 170 ± 4 229 ± 2 12.4 ± 2.1 30.0 ± 3.2 [31, 50]
Mg/1.11vol.%Al2O3 175 ± 3 246 ± 3 14.0 ± 2.4 31.7 ± 6.3 [31, 50]

AZ31 172 ± 15 263 ± 12 10.4 ± 3.9 26 ± 9 [32, 36]
AZ31/1.50vol.%Al2O3 (I)d 204 ± 8 317 ± 5 22.2 ± 2.4 68 ± 7 [32, 36]

AZ31 172 ± 15 263 ± 12 10.4 ± 3.9 26 ± 9 [35]
AZ31/1.00vol.%CNT 190 ± 13 307 ± 10 17.5 ± 2.6 50 ± 8 [35]

a Obtained from engineering stress-strain diagram using EXCEL software
b (NI) refers to non-isolated nature of reinforcement from matrix prior to melting
c Heat treated at 150◦C for 1 h
d (I) refers to isolated nature of reinforcement from matrix prior to melting

performed in a round bottom cell using a potentio-
stat PARSTAT 2263 (Princeton Applied Research,
IL, USA). The reference electrode used was satur-
ated calomel electrode (SCE, + 241mV versus stand-
ard hydrogen electrode). Two graphite rods were used
as counter electrodes. The free corrosion potential of
the samples was stabilized before commencement of
experiments. In PET, experiments were conducted
between ± 250mV from the free corrosion potential
using a scan rate of 0.166mV s−1. The corrosion rates
were determined by the Tafel extrapolation method.
In EIS, measurement was performed by applying a
sinusoidal potential perturbation of 10 mV at open
circuit potential in the frequency range of 100 kHz –
10mHz.

3. Results and discussion

3.1. Tensile behaviour

Results of mechanical testing are listed in Table 1.
Depending on the matrix-reinforcement combination
and processing route used, either: (a) ductility or
(b) strength and ductility simultaneously were sig-

nificantly enhanced compared to monolithic mater-
ial. All cases of strength increase can be attributed
to well known factors (pertaining to reinforcement)
such as: (a) dislocation generation due to elastic mod-
ulus mismatch and coefficient of thermal expansion
mismatch between the matrix and reinforcement [5,
6, 23, 24, 26, 27], (b) Orowan strengthening mechan-
ism (inclusive of reduction in diameter of intermetal-
lic particles) [23–27] and (c) load transfer from mat-
rix to reinforcement [5, 23, 26, 27]. In the case of
AZ31/1.50vol.%Al2O3 (I), the enhancement of tensile
strength can be first attributed to crystallographic
texture difference between the nanocomposite matrix
and monolithic material. In comparison of crystallo-
graphic texture, monolithic AZ31 exhibited (0 0 0 2)
dominant texture in the longitudinal direction un-
like AZ31/1.50vol.%Al2O3 (I) as listed in Table 2 and
shown in Fig. 1. For this (0 0 0 2) basal plane texture,
basal slip is made most difficult due to the high critical
resolved shear stress (CRSS) for slip based on the 0◦

angle between the (0 0 0 2) basal plane and the vertical
axis [25, 28]. However, non-basal slip was activated
during deformation at room temperature due to basal
plane alignment along the vertical (force) axis [29]. In
the case of AZ31/1.00vol.%CNT, the enhancement of
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Ta b l e 2. Texture results of AZ31, ZK60A and selected derived nanocomposites based on X-ray diffraction

Material Sectiona Plane Average I/Imaxb Reference

1 0 –1 0 prism 1.00
T 0 0 0 2 basal 0.16

1 0 –1 1 pyramidal 0.81
AZ31 [32, 35]

1 0 –1 0 prism 0.27
L 0 0 0 2 basal 0.93

1 0 –1 1 pyramidal 1.00

1 0 –1 0 prism 1.00
T 0 0 0 2 basal 0.18

1 0 –1 1 pyramidal 0.72
AZ31/1.50vol.%Al2O3 (I)c [32]

1 0 –1 0 prism 0.23
L 0 0 0 2 basal 0.64

1 0 –1 1 pyramidal 1.00

1 0 –1 0 prism 1.00
T 0 0 0 2 basal 0.05

1 0 –1 1 pyramidal 0.63
AZ31B/1.50vol.%Al2O3 (NI)d –

1 0 –1 0 prism 0.27
L 0 0 0 2 basal 1.00

1 0 –1 1 pyramidal 0.93

1 0 –1 0 prism 0.51
T 0 0 0 2 basal 0.17

1 0 –1 1 pyramidal 1.00
AZ31/1.00vol.%CNT [35]

1 0 –1 0 prism 0.29
L 0 0 0 2 basal 0.64

1 0 –1 1 pyramidal 1.00

1 0 –1 0 prism 0.07
T 0 0 0 2 basal 0.26

1 0 –1 1 pyramidal 1.00
ZK60Ae [35]

1 0 –1 0 prism 0.21
L 0 0 0 2 basal 0.48

1 0 –1 1 pyramidal 1.00

1 0 –1 0 prism 0.24
T 0 0 0 2 basal 0.14

1 0 –1 1 pyramidal 1.00
ZK60A/1.50vol.%Al2Oe

3 [38]
1 0 –1 0 prism 0.23

L 0 0 0 2 basal 0.53
1 0 –1 1 pyramidal 1.00

a T: transverse, L: longitudinal
b Imax is XRD maximum intensity from either prism, basal, or pyramidal planes
c (I) refers to isolated nature of reinforcement from matrix prior to melting
d (NI) refers to non-isolated nature of reinforcement from matrix prior to melting
e Heat treated at 150◦C for 1 h

tensile strength occurred despite the crystallographic
texture difference between the nanocomposite mat-
rix and monolithic material. In comparison of crys-
tallographic texture, AZ31/1.00vol.%CNT exhibited
(1 0 –1 1) dominant texture in the transverse and lon-
gitudinal directions (or (0 0 0 2) basal plane at about

45◦ angle to vertical axis) unlike monolithic AZ31. For
this (1 0 –1 1) pyramidal plane texture, basal slip is
made least difficult due to the low CRSS for slip based
on the 45◦ angle between the (0 0 0 2) basal plane and
the vertical axis [25, 28].
Considering Mg nanocomposites, the wide range



M. Paramsothy et al. / Kovove Mater. 49 2011 179–187 183

Fig. 1. Schematic diagram showing textures of: (a) monolithic AZ31, AZ31/1.50vol.%Al2O3 (I), AZ31B/1.50vol.%Al2O3
(NI), (b) monolithic AZ31, AZ31B/1.50vol.%Al2O3 (NI) and (c) AZ31/1.00vol.%CNT, monolithic ZK60A, ZK60A/
1.50vol.%Al2O3 based on X-ray diffraction. In each case, vertical axis is parallel to extrusion direction. Each cell is

made up of 2 HCP units having 1 common (0 0 0 2) basal plane.

Fig. 2. Representative fractographs of: (a) pure AZ31B and
(b) AZ31B/1.50vol.%Al2O3 (NI) showing non-parallel or

wavy lines indicating non-basal slip.

of failure strain displayed can be attributed to the
presence and reasonably uniform distribution of nano-
particles [30, 31]. It has been shown in previous stud-
ies that the nanoparticles provide sites where cleav-
age cracks are opened ahead of the advancing crack
front. This: (1) dissipates the stress concentration
which would otherwise exist at the crack front and
(2) alters the local effective stress state from plane
strain to plane stress in the neighbourhood of crack
tip [30, 31]. Considering AZ31 nanocomposites, the
extreme range of ductility displayed can be simil-
arly attributed to crystallographic texture difference
among the nanocomposites. In comparison of crystal-
lographic texture, AZ31/1.50vol.%Al2O3 (NI) exhib-
ited (0 0 0 2) dominant texture in the longitudinal dir-
ection unlike AZ31/1.00vol.%CNT. For this (0 0 0 2)
basal plane texture, basal slip is made most diffi-
cult due to the high CRSS for slip based on the 0◦

angle between the (0 0 0 2) basal plane and the ver-
tical axis. However, non-basal slip was activated dur-
ing deformation at room temperature due to basal
plane alignment along the vertical (force) axis [29,
32]. Here, more slip systems (non-basal ones) become
available during deformation in addition to the exist-
ing basal slip systems, based on basal plane alignment
along the direction of applied force [29, 32–34]. Fig-
ure 2 supports this observation of non-basal slip ac-
tivation up to fracture [22]. Another reason for the
significant increase in ductility was the lower size of
more rounded intermetallic particles in the nanocom-
posites compared to pure AZ31 [22, 35, 36]. Round-
ness is a measure of the sharpness of a particle’s edges
and corners. The rounder the particle, the lower the
extent of stress localization around the particle in
the matrix. Breakdown of the intermetallic particles
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Ta b l e 3. Oxidation rate (mmpy) of monolithic AZ31B and nanocomposite samples calculated following Wagner’s model
[41] at different temperatures [42]

Temperature 300◦C 350◦C 400◦C 450◦C 470◦C
Materials

AZ31B 1.32 1.89 2.27 4.20 10.03
AZ31B/0.66vol.%Al2O3 (NI) 0.65 1.10 1.71 3.51 9.54
AZ31B/1.11vol.%Al2O3 (NI) 0.35 0.70 1.28 2.98 7.82
AZ31B/1.50vol.%Al2O3 (NI) 0.26 0.46 1.01 2.77 7.58

Fig. 3. Cross-sectional images showing MgO oxide layer after 7 h exposure in air at 450◦C in the cases of: (a) monolithic
AZ31B and (b) AZ31B/1.50vol.%Al2O3 (NI) nanocomposite [42].

located at grain boundaries and the change in their
distribution from a predominantly aggregated type
to dispersed type can assist in improving ductility
[32, 37]. The more the intermetallic particles are dis-
persed, the lower the presence of voids between the
particles (aggregates are generally void-filled in com-
parison). In the case of AZ31/1.00vol.%CNT, the
(0 0 0 2) basal plane was tilted 45◦ from the force
axis and this enabled basal slip activation very eas-
ily during tensile deformation. The case in terms of
texture for ZK60A/1.50vol.%Al2O3 was similar. How-
ever, ductility increase in this nanocomposite can also
be attributed to overall ZK60A-Al2O3 matrix-particle
interfacial relaxation [38]. It has been shown in pre-
vious studies that reducing the stress built up at the
matrix-particle interface leads to enhanced ductility
[39, 40].

3.2. Dry oxidation characteristics

The oxidation rate was calculated using the expres-
sion initially put forth by Wagner [41]:

mmpy = 87.6W/DAT, (1)

where mmpy is the oxidation rate in mm per year,W is
weight loss in mg, D is density of specimen in g cm−3,

A is area of specimen in cm2 and T is the exposure
time in h. Oxidation rates of monolithic AZ31B and
its nanocomposites were calculated using Eq. (1) and
summarized in Table 3. The results revealed that the
oxidation rate of monolithic AZ31B was significantly
reduced with a progressive increase in Al2O3 nano-
particle content. The results also revealed that the ox-
idation rate of the nanocomposite containing 1.5 vol.%
Al2O3 was well within the acceptable range up to a
temperature of 400◦C [41]. The observed reduction
in the oxidation rate of alloy AZ31B as a result of
the presence of Al2O3 nanoparticles can be attributed
to the mutually interactive influences of the follow-
ing: (a) fairly uniform distribution of the Al2O3 nano-
particle in the magnesium alloy [22, 43], (b) good in-
terfacial integrity between the reinforcing Al2O3 nano-
particle and the magnesium alloy AZ31B metal mat-
rix in terms of debonded region [22, 43], (c) redistri-
bution of smaller second-phase particles (Mg17Al12)
within the AZ31B metal matrix [44] and (d) increase
in the amount of aluminium in the magnesium solu-
tion [44, 45]. A fairly uniform distribution of Al2O3
nanoparticles in AZ31B matrix can assist in minimiz-
ing the migration of ions to the metal/oxygen inter-
face and thus reducing the oxidation rate. The res-
ults of earlier investigations [22, 42] have shown that
the addition of Al2O3 nanoparticles led to an observ-
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Ta b l e 4. Results from polarization plots using Tafel extrapolation method for AZ31B and AZ31B/1.50vol.%Al2O3 (NI)
nanocomposite in NaCl solution

Materials ZCP βa βc icorr Corrosion rate
(V vs SCE) (mV/decade) (mV/decade) (µA cm−2) (mmpy)

AZ31B –1.52 ± 0.03 26 ± 10 205 ± 27 157 ± 68 27 ± 12
AZ31B/ 1.50vol.%Al2O3 (NI) –1.46 ± 0.00 8 ± 3 191 ± 3 47 ± 8 9 ± 2

Fig. 4. Oxide thickness of monolithic AZ31B and AZ31B/
1.50vol.%Al2O3 (NI) nanocomposite after exposure for 7 h
at different temperatures in ambient atmosphere [42].

able reduction in the volume fraction coupled with a
redistribution of the second phase in the metal mat-
rix. This suggests the presence of more aluminium in
solid solution resulting in a progressive increase in the
oxidation resistance of magnesium alloy AZ31B [44,
45].
A cross-section of the AZ31B and AZ31B/1.50

vol.%Al2O3 (NI) nanocomposite after exposure at
450◦C is shown in Fig. 3. The presence of an oxide film
on both monolithic AZ31B and its nanocomposite can
be readily noticed. In both cases, the film shows good
integrity with the base metal and the thickness of the
film was marginally lower for the case of the nano-
composite sample. The results shown in Fig. 4 clearly
indicate the variation in thickness of the oxide layer for
both AZ31B and AZ31B/1.50vol.%Al2O3 (NI) nano-
composite. At all temperatures, the thickness of the
oxide layer was lower for the composite samples. How-
ever, at temperatures over 400◦C, the thickness of
the oxide layer for both monolithic and the composite
samples increased rapidly suggesting a transition from
the protective oxide to a non-protective oxide. The
test results clearly indicate that the presence of Al2O3
nanoparticles in magnesium alloy AZ31B retards the
oxidation rate at all temperatures investigated in this
study but could not prevent the transition of the ox-

Fig. 5. Typical Tafel plots for monolithic AZ31B and
AZ31B/1.50vol.%Al2O3 (NI) nanocomposite in 3.5 wt.%

NaCl solution [48].

ide from protective to non-protective at temperatures
above 400◦C.

3.3. Salt water corrosion characteristics

Typical polarisation plots are presented in Fig. 5
for monolithic and nanocomposite materials. Para-
meters derived from the Tafel extrapolation exper-
iments, namely: (a) zero current potential (ZCP),
(b) corrosion current density (icorr), (c) anodic and
cathodic Tafel slopes βa and βc, and (d) corro-
sion rate (in mm/year) are shown in Table 4. The
cathodic Tafel slopes were in the range of 180–230
mV/decade while the anodic Tafel slopes were in
the range of 5–35 mV/decade. This indicated that
the polarisation behaviour was significantly influenced
by the nature of the Mg alloy matrix phase. The
low values of anodic slopes indicated extensive pit-
ting tendency in the given medium [46]. The cath-
odic slopes were used to determine the corrosion
rate by extrapolating them to meet the horizontal
drawn at the zero current potential. The corrosion
current density icorr was lower in the case of nano-
composite material. The corrosion rate of the nano-
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Fig. 6. Bode magnitude plots for monolithic AZ31B and
AZ31B/1.50vol.%Al2O3 (NI) nanocomposite in 3.5 wt.%

NaCl solution [48].

composite was a third that of the monolithic al-
loy.
The Tafel extrapolation method may not be ap-

propriate for estimating the corrosion rate of Mg and
its alloys because of the negative difference effect [47].
Here, deviation of anodic oxidation of Mg alloy away
from linear behaviour towards higher anodic current
values plays a significant role [47]. Also, hydrogen gas
evolution on the Mg alloy surface via: (a) electro-
chemical means and/or (b) MgH2 decomposition is be-
lieved to play a significant role in this effect [47]. Elec-
trochemical impedance spectroscopy (EIS) was used
to independently confirm the superior corrosion res-
istance of the composite material. The Bode mag-
nitude plots for AZ31B and AZ31B/1.50vol.%Al2O3
(NI) nanocomposite in 3.5 wt.% NaCl solution are
shown in Fig. 6. The higher polarization resistance of
the nanocomposite material is very evident. The po-
larization resistance is almost twice in the case of the
nanocomposite and this confirms its improved corro-
sion resistance compared to the monolithic alloy. The
improved corrosion resistance of the nanocomposite
can be attributed to the lower fraction of deleterious
Mg17Al12 intermetallic phase in the microstructure of
the nanocomposite [48].

4. Conclusions

1. The addition of nanoparticles to magnesium is
capable of simultaneously and significantly increasing
strength and ductility of magnesium. This is signific-
antly more beneficial compared to microparticle ad-

dition where typically either strength or ductility of
magnesium is increased.
2. The addition of nanoparticles to magnesium al-

loy AZ31B is capable of significantly increasing the:
(a) dry oxidation resistance and (b) salt water corro-
sion resistance of AZ31B. This is significantly more
beneficial compared to microparticle addition where
typically wet corrosion resistance of magnesium alloy
is decreased.
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