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A B S T R A C T

Nanosized TiC and TiB2 particles (TiCp, TiB2p) can increase the mechanical properties of Al alloys. However,
their effects on the corrosion performance of Al alloys are relatively less understood. The corrosion behavior of
Al-Mg-Si alloys is improved by adding TiCp and worsened by adding TiB2p. These changes result from i. TiCp

refining the grain structure by acting as nucleants and reducing the number of grain boundary phases and ii.
TiB2p segregating at grain boundaries and accelerating the corrosion. This provides a selection criterion that can
be utilized for reinforcement nanoparticles for wrought Al alloys that are applied in corrosive environments.

1. Introduction

Inoculants such as Al-Ti-C and Al-Ti-B have been widely applied in
the industrial production of Al alloys to obtain the grain refinement
[1,2]. Generally, micron-sized TiC and TiB2 can act as heterogeneous
nucleation sites during solidification, leading to the grain refinement of
Al alloys [3]. Grain refinement could improve the mechanical proper-
ties of Al alloys based on the well-known Hall-Petch relation. When the
TiC and TiB2 are added as reinforcement nanoparticles, they can also
improve the mechanical properties based on the Orowan mechanism.
Nanoparticles can refine grains more efficiently and simultaneously
increase the strength and ductility in contrast with the micron-sized
particles [4]. Recently, nanosized TiCp were introduced into an Al-Mg-
Si alloy as reinforcement particles, and the tensile strength increased
significantly [5]. It also has been proved that nanoparticles can improve
the creep properties and the wear resistance of Al alloys [6–9]. It has
been reported that an increasing content of the micron-sized Al2O3

particles can cause decreased corrosion resistance [10]. In corrosive
environments, the corrosion behavior becomes important, especially for
Al-Mg-Si alloys used as structural materials in the marine and auto-
motive industries. They are generally resistant to corrosion, but the
presence of Mg2Si and excess Si at grain boundaries introduce sus-
ceptibility to intergranular corrosion (IGC) [11]. Susceptibility to IGC
relates to the formation of micro galvanic couplings by grain boundary
phases [12,13]. The thermomechanical treatment and alloying, which
are the usual ways to improve the mechanical properties, may increase

the number of grain boundary phases [11,14]. The alloying process is
usually performed to improve the strength of Al-Mg-Si alloys by adding
Cu [15–17]. However, the IGC susceptibility of Al-Mg-Si alloys in-
creases with the Cu content and excessive Si. In general, the improved
mechanical properties of aluminum alloys obtained by alloying may
cause decreased corrosion resistance because of the grain boundary
phases. The simultaneous improvement of mechanical properties and
corrosion resistance of Al-Mg-Si alloys is a challenge.

The addition of nanoparticles can effectively refine the grain
structure during solidification and refine recrystallized grains during
the heat treatment, leading to a more uniform grain structure [5,18].
Ralston and Birbilis reviewed the impact of grain size on corrosion
performance [19]. It has been proposed that alloys can show an in-
crease or decrease in corrosion resistance with grain refinement, de-
pending on the ability of the environment to passivate. In an active
environment, the grain refinement shows a negative effect on corrosion
resistance while in an environment encouraging passivity, the grain
refinement shows a positive effect on corrosion resistance. For Al alloys,
many studies have proposed that a refined grain size could reduce the
corrosion susceptibility [20–22]. In addition, if the same Al alloys
possess the same average grain size, a narrow grain size distribution
will be more corrosion resistant than a broader grain size distribution in
a passive environment [23]. Therefore, the improved grain structure
caused by nanoparticles is expected to improve the corrosion behavior
of the Al-Mg-Si alloys. However, the corrosion properties of Al alloys
after the addition of nanoparticles are relatively less well understood.
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In this work, Al-Mg-Si alloys (AA6061) containing nanosized TiCp

and nanosized TiB2p were evaluated by immersing into an accelerated
corrosion solution and a 3.5 wt% NaCl solution, aiming to investigate
the different corrosion behaviors after the addition of different nano-
particles. Furthermore, scanning electron microscopy (SEM) and
transmission electron microscopy (TEM) were adopted to characterize
the corrosion surfaces of samples and the grain boundary phases.
Electrochemical and XPS measurements were taken to understand the
corrosion behavior during the corrosion process. This paper aims to
reveal the effects of nanosized TiCp and TiB2p on the corrosion behavior
of Al-Mg-Si alloys to provide a selection criterion for reinforcement
nanoparticles in wrought Al alloys.

2. Materials and methods

2.1. Materials and processing

In this paper, nanosized TiCp and TiB2p were fabricated by the self-
propagation high-temperature synthesis (SHS) reactions of the Al-Ti-C
system and Al-Ti-B systems, respectively. Thus, two kinds of powder
mixtures were prepared to produce the TiCp-Al and TiB2p-Al master
alloys: i. 70Al-Ti-carbon nanotubes (in wt%) with a Ti/C molar ratio of
1/1and ii. 80Al-Ti-B (in wt%) with a Ti/B molar ratio of 1/2. The
powder mixtures were ball milled for 48 h at 50 rpm and then cold-
pressed into cylindrical compacts with the same size: 40mm×28mm
(diameter× height). Finally, the compacts were heated to 1173 K in a
vacuum thermal explosion furnace to ignite the SHS reactions and then
cooled to room temperature. The nanosized TiCp and TiB2p were ex-
tracted from the master alloy using an 18 vol% HCl aqueous solution.
The morphologies and the size statistics of TiCp and TiB2p are shown in

Fig. 1. The TiCp showed a spherical morphology with a mean diameter
of 88 nm. The TiB2p showed a prismatic morphology with a mean
diameter of 140 nm.

The nominal compositions of the matrix 6061 Al alloy are as follows
(in wt%): 0.87 % Mg, 0.55 % Si, 0.59 % Fe, 0.36 % Cu, 0.15 % Mn, 0.17
% Cr, 0.23 % Zn, 0.16 % Ti and balanced Al. The TiCp-Al and TiB2p-Al
master alloys were introduced into the molten 6061 Al alloy at 1173 K.
Mechanical stirring was carried out for 2min after adding the master
alloys to disperse the nanoparticles. The additions of the nanosized TiCp

and nanosized TiB2p were both 0.5 wt%. Finally, the melts were cooled
to 1073 K and poured into a preheated steel mold (200× 50×20
mm3). Homogenization was performed with the as-cast samples of the
matrix alloy, the 0.5 wt% TiCp/6061 Al composite (0.5-TiCp) and the
0.5 wt% TiB2p/6061 Al composite (0.5-TiB2p) at 570 °C for 7 h.

The rolling samples were cut from the bottom of the homogeniza-
tion treated castings using a wire-cut electrical discharge machine. The
rolling samples were cold rolled from 6mm to 1.8mm with 5 rolling
passes (four 1mm passes and one 0.2mm pass) followed by T6 heat
treatment (holding the solution at 525 °C for 1 h and then aging at
180 °C for 5 h).

2.2. Accelerated corrosion test

Corrosion testing was performed according to the accelerated cor-
rosion standard [14,24,25]. The standard involves the following steps:
degreasing in ethanol, 5 min of etching in a 10wt% NaOH solution at
room temperature, 2 min of desmutting in a 30wt% HNO3 solution, and
24 h of immersion in an acidified sodium chloride solution (30 g of NaCl
and 10mL of HCl per liter). The test samples were
10mm×10mm×2mm (Fig. 2) pieces cut from the rolling samples.

Fig. 1. Images of the nanosized (a) TiCp and (b) TiB2p extracted from the master alloy, and the size distribution diagrams of the (c) TiCp and (d) TiB2p.
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Three specimens were prepared for each alloy. Before the corrosion
test, the surfaces of the samples, except for the investigated surface,
were covered by an epoxy resin. The solution volumes were adjusted to
obtain a constant surface/solution ratio of 1 cm2:12.5 ml. After im-
mersion, the samples were washed in distilled water and then in
ethanol. The morphology and corrosion depth were assessed by ex-
amining the entire (short-transverse) cross-sections using a scanning
electron microscope (SEM) (Tescan vega3 XM, Czech Republic).

2.3. Immersing corrosion test

The samples for this test were the same as the samples in the ac-
celerated corrosion test (10mm×10mm×2mm). Before the corro-
sion test, the surfaces of the samples, except for the investigated sur-
face, were covered by denture acrylic and polished mechanically with
5000-grid SiC emery paper. A 3.5 wt% NaCl solution was used in this
test and changed every 24 h.

2.4. Electrochemical measurements

Electrochemical tests were performed in a 3.5 wt% NaCl solution
(pH 6.8) at 27 °C on an electrochemical workstation (Versa STAT 4,
Princeton Applied Research, USA). The electrolyte was purged with
nitrogen gas for at least 30 min prior to each electrochemical test. A
platinum mesh auxiliary electrode and a saturated calomel electrode
(SCE+ 0.242 V vs. SHE) were used as reference electrodes and were
evaluated with an Electrochemical Analyzer (Versa STAT 4, Princeton
Applied Research, USA). The tested alloys acted as working electrodes,
and the work area was 1.0 cm2. Before testing, all the specimens were
mechanically polished and ultrasonically cleaned in ethanol. The elec-
trochemical impedance spectroscopy (EIS) test parameters were as
follows: the AC signal voltage amplitude was 5mV, and the scan fre-
quency was 0.01−100 kHz at open circuit potential (OCP) value. The
OCP was recorded for ∼ 600 s prior to polarization testing in order to
establish an approximately stable potential. A Potentiodynamic polar-
ization (PDP) test was carried out at a scanning rate of 1mV/s and the

Fig. 2. Schematic drawing of the corrosion test sample.

Fig. 3. Short-transverse sectional images of the samples after the accelerated corrosion test at room temperature: (a) the matrix alloy, (b) the 0.5-TiCp composite, (c)
the 0.5-TiB2p composite.
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Fig. 4. Surface morphologies of the sample surfaces after the accelerated corrosion test: (a)-(c) the matrix alloy, (d)-(f) the 0.5-TiCp composite and (g)-(i) the 0.5-
TiB2p composite.
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potential was ramped from -1.0 V (vs. OCP) to +0.8 V. The corrosion
current density (icorr) and corrosion potentials (Ecorr) were determined
by the Tafel extrapolation method with the aid of the CorrView soft-
ware. EIS measurements were carried out on the same sample after
immersing in the 3.5 wt% NaCl solution for different times.

2.5. X-ray photoelectron spectroscopy measurements

X-ray photoelectron spectroscopy (XPS) measurements for surface
analysis of the specimens immersed in the solution of the accelerated
corrosion test were performed using a Thermo ESCALAB 250 photo-
electron spectrometer with Al Kα excitation. The samples used in the
XPS measurements were the same samples mentioned in Section 2.2,
and all samples were immersed in absolute ethyl alcohol before the XPS
measurements.

2.6. Microstructural analysis

The microstructures were observed using a SEM (Tescan vega3 XM).
Transmission electron microscopy (TEM) (JEM-2100 F) was also used to
characterize the microstructures. TEM thin foils were prepared using
twin-jet electropolishing at −20 °C with a solution of 90 vol.% ethanol
and 10 vol.% perchloric acid at 20 V.

3. Results

3.1. Corrosion behaviors

3.1.1. Accelerated corrosion tests
Fig. 3 shows the cross-sectional accelerated corroded morphologies

of the matrix alloy, the 0.5-TiCp composite and the 0.5-TiB2p composite

at room temperature. These samples were evaluated by the accelerated
IGC test. The maximum corrosion depth (MCD) indicated the IGC sus-
ceptibility of the corroded alloys (Fig. 3). The MCD values of the matrix
alloy, the 0.5-TiCp composite, and the 0.5-TiB2p composite were
324.8 μm, 234.8 μm and 513.8 μm, respectively. The matrix alloy was
susceptible to pitting, as characterized by more localized attacks
(Fig. 3(a)). The pitting was smaller in the 0.5-TiCp composite
(Fig. 3(b)). The 0.5-TiB2p composite possessed a uniform network-
sharped IGC (Fig. 3(c)–(d)).

Fig. 4 shows the accelerated corrosion surfaces of the matrix alloy,
the 0.5-TiCp composite, and the 0.5-TiB2p composite. The corrosion pits
and IGC were observed in the matrix alloy (Fig. 4(a–c)). Despite the
presence of corrosion pits, the length of the IGC creak was reduced in
the 0.5-TiCp composite, compared to the matrix alloy (Fig. 4(d–f)).
However, the 0.5-TiB2p composite showed deep corrosion holes and
severe IGC, compared to the matrix alloy and the 0.5-TiCp composite
(Fig. 4(g–i)). Thus, the 0.5-TiCp composite showed the best corrosion
behavior in the accelerated corrosion test.

3.1.2. Electrochemical measurements
The potentiodynamic polarization curves, tested in the 3.5 wt%

NaCl solution, are shown in Fig. 5. The values of the corrosion potential
(Ecorr), pitting potential (Epit) and corrosion current density (icorr) can
be derived from the potentiodynamic polarization curves, as summar-
ized in Table 1. The Ecorr values of the matrix alloy, the 0.5-TiCp

composite, and the 0.5-TiB2p composite were -1.027 V, -0.927 V and
-1.080 V, respectively, indicating that the corrosion tendency was re-
duced after adding the nanosized TiCp and increased after adding the
TiB2p. All the curves showed a distinct pitting potential (Epit), at which
the current sharply increased. The Epit values of the matrix alloy, the
0.5-TiCp composite, and the 0.5-TiB2p composite were -0.662 V,
-0.612 V and -0.750 V, respectively, indicating that the pitting re-
sistance of the 0.5-TiCp composite improved, and that of the 0.5-TiB2p

composite became worse. The icorr values of the matrix alloy, the 0.5-
TiCp composite, and the 0.5-TiB2p composite were 8.26 μA/cm2,
2.60 μA/cm2 and 9.06 μA/cm2, respectively. This indicated that the icorr
was decreased by the addition of TiCp. Though the icorr increased
slightly after adding TiB2p, the values of icorr in the matrix alloy and the
0.5-TiB2p composite were close.

To further investigate the corrosion process, EIS plots were recorded
in the 3.5 wt% NaCl solution after immersing in the tested solution for
different times (Fig. 6). The shape and size of the respective plots are
different (Fig. 6). The larger diameter of the capacitive semicircle im-
plies a better corrosion resistance [26]. As shown in Fig. 6(a), The
decreasing diameters of capacitive loops indicated that the corrosion
resistance decreased with time in the matrix alloy. The diameters of the
capacitive loops in the 0.5-TiCp composite increased after immersing
for 6 h and subsequently decreased (Fig. 6(b)). This indicated that the
corrosion resistance of the 0.5-TiCp composite was increased firstly,
then decreasing with time. The diameters of the capacitive loops in the
0.5-TiB2p composite showed a similar decreasing trend with those of the
matrix alloy (Fig. 6(c)). The decreasing diameters of capacitive loops
indicated that the corrosion resistance decreased with time in the 0.5-
TiB2p composite. Meanwhile, the corrosion resistance of the matrix
alloy and the 0.5-TiB2p composite decreased a lot after immersing for
6 h. Thus, the 0.5-TiCp composite showed an improved corrosion re-
sistance, compared to the matrix alloy and the 0.5-TiB2p composite,
which corresponds to the result of icorr.

3.1.3. XPS measurements
Figs. 7 and 8 show the spectrums of Al 2p and O 1s in these ma-

terials, respectively. The Al 2p spectrum of these materials can be de-
convoluted into two characteristic peaks of Al metal (∼ 72.6 eV) and Al
oxide (∼ 74.6 eV) [27]. The O 1s spectrum of these materials can be
deconvoluted into two characteristic peaks of surface-adsorbed oxygen
(∼ 532.6 eV, O1) and oxygen in Al2O3 (∼ 531.1 eV, O2) [28]. Thus, all

Fig. 5. The potentiodynamic polarization curves of the three investigated ma-
terials in the 3.5 wt% NaCl solution at room temperature.

Table 1
Polarization characteristics of the matrix alloy and the composites with dif-
ferent nanoparticles in the 3.5 wt.% NaCl solution.

Corrosion
potential

Pitting
potential

Corrosion current
density

Ecorr vs.SCE (V) Epit vs.SCE (V) icorr (μA/cm2)

6061 Al −1.027 −0.662 8.26
0.5 wt% TiCp/6061 −0.927 −0.612 2.60
0.5 wt% TiB2p/

6061
−1.080 −0.750 9.06
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Fig. 6. EIS plots of (a) 6061, (b) 0.5-TiCp and (c) 0.5-TiB2p in 3.5 wt% NaCl solution (19.6 ± 0.2 °C, pH 7.3 ± 0.5).

Fig. 7. Al 2p XPS peaks of the sample surfaces before the corrosion test: (a) the matrix alloy, (b) the 0.5-TiCp composite and (c) the 0.5-TiB2p composite; Peaks
obtained after the accelerated corrosion test: (d) the matrix alloy, (e) the 0.5-TiCp composite and (f) the 0.5-TiB2p composite.
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of these materials possessed a similar content of Al2O3 before the ac-
celerated corrosion test (∼ 70 %). The remaining Al2O3 was a key
factor in ensuring corrosion resistance. For the samples after the ac-
celerated corrosion test, the contents of the Al2O3 were 38 %, 24 % and
10 % in the 0.5-TiCp composite, the matrix alloy, and the 0.5-TiB2p

composite, respectively. This result is consistent with the MCD result in
the accelerated corrosion test (Fig. 3). The XPS results indicated that the
uniformity of the passivation was the best in the 0.5-TiCp composite and
the worst in the 0.5-TiB2p composite.

3.1.4. Immersing corrosion tests
These materials were immersed in the 3.5 wt% NaCl solution to

investigate the corrosion process. The average corrosion weight losses
of the matrix alloy and the composites with different nanoparticles are
shown in Fig. 9. The average corrosion weight loss of these materials
increased with time until 168 h and then decreased until 355 h. Fig. 10
shows the photographs of the matrix alloy, the 0.5-TiCp composite and
the 0.5-TiB2p composite before and after immersing for 402 h in the
3.5 wt% NaCl solution. In the 3.5 wt% NaCl solution, some deeper
corrosion holes with a larger area indicated a severe IGC compared with
uniform corrosion occurrence (Fig. 4) [29]. The area fraction of the
severe corrosion regions was the largest in the 0.5-TiB2p composite and
the smallest in the 0.5-TiCp composite, indicating that the corrosion
behavior of 0.5-TiCp composite improved as compared to the matrix
alloy and the 0.5-TiB2p composite. This was in accordance with the
accelerating corrosion results (Fig. 4). The corrosion holes were shallow
and the corrosion area decreases in the 0.5-TiCp composite.

The entire corrosion process can be divided into two stages. Stage I
is from the beginning of the test to 168 h, and stage II is from 168 h to
355 h. Stages I and II together can be seen as a corrosion cycle. The
Al2O3 film generated on the surface is a key factor to improve the
corrosion resistance. However, the Al2O3 film is generally non-uniform,
thin and no-coherent. The grain boundary phases can cause the IGC
cracks, further resulting in the weight losses during the immersing
corrosion test [30]. In stage I, the Al2O3 film was generated and con-
sumed with the occurrence of pitting corrosion and IGC (Fig. 4). During
the corrosion process, the IGC cracks can cause the exfoliation corro-
sion, leading to severe weight losses at the peak of stage I, as shown in
Fig. 9. In stage II, the new Al2O3 film was regenerated, and thus, the
slope of weight loss decreased. This was the beginning of the next
corrosion cycle after 355 h. The decrease in stage II of the 0.5-TiCp

composite was the least, indicating that the exfoliation corrosion in the
0.5-TiCp composite was the weakest.

Fig. 8. O 1s XPS peaks of the sample surfaces before the corrosion test: (a) the matrix alloy, (b) the 0.5-TiCp composite and (c) the 0.5-TiB2p composite; Peaks
obtained after the accelerated corrosion test: (d) the matrix alloy, (e) the 0.5-TiCp composite and (f) the 0.5-TiB2p composite. Two characteristic peaks of surface-
adsorbed oxygen (O1) and oxygen in Al2O3 (O2).

Fig. 9. Average weight loss of the matrix alloy and the composites with dif-
ferent nanoparticles in the 3.5 wt% NaCl solution.
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3.2. Microstructures

3.2.1. Grain microstructures
Fig. 11(a–c) show the grain microstructures of the matrix alloy, the

0.5-TiCp composite, and the 0.5-TiB2p composite. The mean grain sizes
in the 0.5-TiCp and 0.5-TiB2p composites were refined from 69 μm to
20 μm, and the refined grain structures were beneficial for improving
the corrosion behaviors [19]. The matrix alloy possessed a broader
grain size distribution as compared to the 0.5-TiCp composite and the
0.5-TiB2p composite (Fig. 11(d–f)), with 80 % of the grain sizes dis-
tributed below 105 μm, 25 μm and 25 μm in the matrix alloy, the 0.5-
TiCp composite, and the 0.5-TiB2p composite, respectively.

3.2.2. TEM
The grain boundary phases distributed discontinuously in the matrix

alloy (Fig. 12 (a)). Few grain boundary phases were found in the 0.5-
TiC composite (Fig. 12(b)). The grain boundary phases were distributed
densely in the 0.5-TiB2p composite (Fig. 12(c)). Fig. 12(d–f) show the
statistical results of the dispersion distance (Dd) between the adjacent
grain boundary second phases in these samples. The Dd and the number
of the grain boundary second phases were measured via TEM images.
The results were obtained by observing 20 pictures with the same
magnification of the grain boundary regions in each material. The
numbers of the grain boundary second phases in the matrix alloy, the
0.5-TiCp composite, and the 0.5-TiB2p composite were 193, 103 and
226, respectively. The average dispersion distances (D̄d ) between the
adjacent grain boundary second phases in the matrix alloy, the 0.5-TiCp

composite, and the 0.5-TiB2p composite were 396 nm, 780 nm, and
382 nm, respectively. As shown in Fig. 13(a), the main phases at the
grain boundaries were AlFeSi dispersoids, Mg2Si and excess Si in the
0.5-TiCp composite. Except for the AlFeSi dispersoids, the Mg2Si and
the excess Si, there was some TiB2p at the grain boundaries in the 0.5-

TiB2p composite (Fig. 13(b)). This indicated that the extra grain
boundary phases in the 0.5-TiB2p composite were caused by the seg-
regation of TiB2p at the grain boundaries, compared to the matrix alloy
and the 0.5-TiCp composite. Thus, the IGC susceptibilities of these
materials related to the different number of grain boundary phases.

4. Discussion

As shown in Fig. 14(a), the TiC possesses a fcc crystal structure. The
shape of TiCp is spherical in this work, and the (111) and (100) surfaces
are obtained as mentioned in our previous work [31]. Based on the
cube to cube orientation relation, (111)TiC//(111)Al and (100)TiC//
(100)Al possess a low mismatch (6.9 %). Thus, the TiCp can act as
heterogeneous nucleation sites of ɑ-Al during solidification to refine the
grain structure and distribute inside the grains (Fig. 15(a)). As shown in
Fig. 14(b), the TiB2 possesses an hcp crystal structure, and the shape of
TiB2p is a hexahedron that possesses many surfaces in this work. Only
(0001)TiB2//(111)Al has a low mismatch (5.8 %). although TiB2p can act
as the heterogeneous nucleation sites of ɑ-Al, most of them were dis-
tributed at grain boundaries (Fig. 15(b)). Some of the TiB2p can act as
the heterogeneous nucleation cores of α-Al during solidification to re-
fine the grain structure. However, the TiB2p that distributed at the grain
boundaries could resist the movement of the grain boundaries and
impede grain growth during the recrystallization process [6]. As a re-
sult, the average grain sizes in the 0.5-TiCp composite and the 0.5-TiB2p

composite were similar, but the distributions of TiCp and TiB2p are
different. The TiB2p at grain boundaries led to an increasing number of
the grain boundary second phases (grain boundary particles) in the 0.5-
TiB2p composite. These grain boundary particles would form micro
galvanic couplings to accelerate the IGC.

The segregation of Mg and Si would form some Mg2Si and excess Si
at the grain boundaries (Fig. 13). However, the refined grain structures

Fig. 10. Photographs of (a) the matrix alloy, (b) the 0.5-TiCp composite and (c) the 0.5-TiB2p composite after polishing; (d)-(f) are the photographs of the matrix
alloy, the 0.5-TiCp composite, and the 0.5-TiB2p composite after immersing in 3.5 wt% NaCl solution for 402 h.
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of the 0.5-TiCp composite could increase the total area of the grain
boundaries and reduce the diffusion distance of the solid solution ele-
ments during the solution treatment. As a result, the refined grain
structure promoted a better solution effect, leading to the reduction of
the grain boundary (Mg2Si and excess Si) [9]. The refined grain struc-
ture provided a relatively discrete distribution of these dispersoids at
the grain boundaries, thus reducing the number of corrosion channels,

compared to the matrix alloy. Thus, the number density of grain
boundary second phases was reduced, and the refined and uniform
grains could cause a more obvious passivity effect in the 0.5-TiCp

composite, compared to the matrix alloy.
The refined grain structure of the 0.5-TiB2p composite was also

beneficial for the reduction of Mg2Si, AlFeSi dispersoids and excess Si at
the grain boundaries, compared to the matrix alloy. As discussed above,

Fig. 11. EBSD images of (a) the matrix alloy, (b) the 0.5-TiCp composite and (c) the 0.5-TiB2p composite, and (d–f) the corresponding grain size distribution.
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most of the TiB2p segregated at the grain boundaries, leading to an
increased number of grain boundary particles, compared to the 0.5-TiCp

composite. As a result, the passivity was weakened, and the corrosion
rate increased in the 0.5-TiB2p composite.

In a passivating environment, the passive film (the Al2O3 film in this
paper) on the corrosion surfaces will be more uniform if the grain size
distribution is more narrow [23]. However, the denser grain boundary
second phases in the 0.5-TiB2p composite increased the IGC rate and
caused the worse corrosion performance, compared to the matrix alloy
and the 0.5-TiCp composite.

In general, the refined and uniformed grain structures caused by the
addition of the nanoparticles had a significant passivity effect [19].
However, the micro galvanic couplings formed by the grain boundary
second phases led to severe IGC. At the beginning of stage I, the Al2O3

film formed in these alloys impeded the pitting corrosion and IGC.
During stage I, the exfoliation corrosion was resulted by the IGC cracks.
However, the IGC rate and the uniformity of the Al2O3 film in these
alloys were different. The Al2O3 film of the matrix alloy was not uni-
form because of the coarse and uneven grain structure [23]. During the
immersion in NaCl solution, there were no continuous and compact

Fig. 12. TEM micrographs of (a) the matrix alloy, (b) the 0.5-TiCp composite and (c) the 0.5-TiB2p composite. The statistical results of the dispersion distance (Dd) of
the second phase at the grain boundaries are shown for (d) the matrix alloy, (e) the 0.5-TiCp composite and (f) the 0.5-TiB2p composite.
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protective Al2O3 around its grain boundaries. Hence, severe IGC hap-
pened with the degradation of corrosion resistance (Fig. 6(a)), further
leading to the exfoliation corrosion and the severe weight losses during
stage I. The 0.5-TiCp composite contained less grain boundary second
phases, and the refined and uniform grains could cause a more obvious
passivity effect. The reduced number of grain boundary second phases
slowed the IGC rate, compared to the matrix alloy. Thus, the 0.5-TiCp

composite showed improved corrosion resistance in stage I, compared
to the matrix alloy (Fig. 6(b)). The refined and uniform grain structure
of the 0.5-TiB2p composite could also cause a passivity effect as shown
in Fig. 5, compared to the matrix alloy. However, the TiB2p distributed
at the grain boundaries, leading to a higher IGC rate. As a result, the
corrosion rate increased in 0.5-TiB2p composite (Fig. 6(c)). The denser
grain boundary second phases in the 0.5-TiB2p composite broke up the
uniformity of the Al2O3 film during formation, leading to the dis-
continuity of the generated Al2O3 film. The grain boundary second
phases were distributed sparsely in the 0.5-TiCp composite, causing the
uniformity of the passive film to be retained and decreasing the IGC
rate. As a result, the degradation of corrosion resistance and higher IGC

rate together caused the higher slope of the weight-loss curves in the
matrix alloy and the 0.5-TiB2p composite, compared to the 0.5-TiCp

composite. In stage II, the new generation of Al2O3 film impeded the
corrosion process, further leading to the decreasing slope of weight loss.
However, the corrosion surface became larger during the exfoliation
corrosion, and the 0.5-TiB2p composite showed the most severe ex-
foliation corrosion because of the higher IGC rate as mentioned above
(Fig. 3). The 0.5-TiB2p composite showed a deep network-sharped IGC
with severe exfoliation corrosion, while the IGC was impeded in the
0.5-TiCp composite (Fig. 3). Thus, the weight loss of the 0.5-TiB2p

composite in stage II was the highest (Figs. 3(c) and 9). The contents of
the Al2O3 detected by the XPS measurements were 24 %, 37 % and 10
% in the matrix alloy, the 0.5-TiCp composite, and the 0.5-TiB2p com-
posite, respectively. The protective effect of the Al2O3 film improved
the pitting corrosion and the reduced number of grain boundary second
phases improved the IGC. Therefore, the improved corrosion behaviors
were observed in the 0.5-TiCp composite.

Fig. 13. TEM micrographs and corresponding EDS results of the grain boundaries in (a) the 0.5-TiCp composite and (b) the 0.5-TiB2p composite.
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Fig. 14. The crystal structure diagrams and morphologies of the (a) TiC and (b) TiB2.

Fig. 15. (a) The TiCp inside the grain and (b) the TiB2p distributed at the grain boundary.
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5. Conclusions

In this work, the corrosion behavior of an Al-Mg-Si alloy was in-
vestigated after the addition of different nanoparticles. The following
conclusions are drawn:

I The corrosion behavior of the Al-Mg-Si alloy was improved by
adding nanosized TiCp, while it worsened after adding nanosized
TiB2p in both the accelerated corrosion solution and the 3.5 wt%
NaCl solution.

II The nanosized TiCp and TiB2p can both refine the grain structure of
the matrix Al alloy. The nanosized TiCp distributed mostly inside the
grains refined the grain structure by acting as nucleants. The na-
nosized TiB2p distributed mostly at the grain boundaries and in-
creased grain boundary particles. The refined grain structure was
beneficial for the diffusion of the solution elements (Mg/Si) during
the solution treatment, thus reducing the amount of Mg2Si and ex-
cess Si at grain boundaries after the aging process. The nanosized
TiCp reduced the number of grain boundary second phases, leading
to a reduced corrosion rate. The nanosized TiB2p caused denser
grain boundary second phases, increasing the corrosion rate.

III A criterion for the selection of reinforcement nanoparticles in
wrought aluminum alloys was also proposed. The segregation of
nanoparticles on grain boundaries decreases the corrosion resistance
of wrought aluminum alloys. The distribution of particles depends
on the crystal structure of the nanoparticles and the interface mis-
match. Nanosized TiCp are more capable of distributing inside the Al
grains as compared to nanosized TiB2p, because the nanosized TiCp

have more low-mismatch interfaces with α-Al.
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