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bstract

assivation behavior, corrosion kinetics and film formation mechanism of Ti3AlC2 in 1 M NaOH and 1 M H2SO4 solutions were investigated by
inear potential scan, electrochemical impedance spectroscopy, cyclic voltammetry, SEM and XPS. The corrosion resistance mainly depended on

he formation of passivating films on Ti3AlC2 in 1 M NaOH and 1 M H2SO4, which led to different corrosion processes. Ti3AlC2 displayed good
orrosion resistance in NaOH due to the formation of dense and protective Ti oxides as the passivating film. However, it exhibited poor corrosion
esistance in H2SO4 which attributed to the formation of permeable Ti sub-oxides as the pseudo-passivating film.

2010 Elsevier Ltd. All rights reserved.
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. Introduction

The layered ternary carbides and nitrides, also called MAX
hases (where M is an early transition metal; A is an A group
lement; X is C or N) have attracted attentions of material scien-
ists, physicists and chemists due to their unique properties.1–3 A
ignificant number of papers concerning the structural, thermal,
lectrical and mechanical properties of MAX phases have been
ublished up to now. However, only a few works have been done
o discuss their electrochemical behaviors. Corrosion resistance
f a material is very important for its potential applications in
he chemical industry. For instance, Jovic and Barsoum discov-

red that Ti3SiC2 was highly stable in concentrated hydrochloric
cid solution due to its low corrosion rate. Ti3SiC2 also exhib-
ted the catalytic activity for hydrogen evolution.4 Therefore,
i3SiC2 can be used as anodes and/or cathodes for chlor-alkali
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lectrolysis. The corrosion behavior of Ti3SiC2 has been exten-
ively studied.5–9 In HCl and H2SO4, Ti atoms were leached
ut and Si atoms were in situ oxidized to form a SiO2-based
rotective layer on the surface of Ti3SiC2 resulting in good cor-
osion resistance. Similarly, Ti3GeC2 exhibited good corrosion
esistance due to the formation of passivating layer consist-
ng of mainly GeO2.10 Polarization method has been used to
tudy the electrochemical corrosion behavior of a series of MAX
hases in H2SO4, HCl and NaOH.5 The results showed that Ti-
ontaining MAX phases were quite stable in all of the above
olutions, except for Ti2AlC which dissolved in 1 M HCl solu-
ion.

Ti3AlC2, an isotype of Ti3SiC2 and Ti3GeC2, is an important
ember of the Ti-containing MAX phases. Ti3AlC2 shows excel-

ent oxidation resistance at high temperatures in air.11–13 Table 1
ists the physical and mechanical properties of Ti3AlC2.13 How-
ver, its corrosion behavior in acidic and basic solutions has not
een explored.

In this work, the corrosion and passivating behaviors of
i3AlC2 in 1 M NaOH and 1 M H2SO4 solutions were eval-
ated by linear potential scan, electrochemical impedance
pectroscopy and cyclic voltammetry. The surface microstruc-

ures and chemical compositions after immersion in the solutions
nd anodic polarizations were characterized using scanning elec-
ron microscopy (SEM) and X-ray photoelectron spectroscopy
XPS).

dx.doi.org/10.1016/j.jeurceramsoc.2010.07.002
mailto:yczhou@imr.ac.cn
dx.doi.org/10.1016/j.jeurceramsoc.2010.07.002
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Table 1
Typical properties of Ti3AlC2.11.

Properties Values

Theoretical density 4.25 g/cm3

Coefficient of thermal expansion 9.0 × 10−6 K−1

Electrical conductivity 2.9 × 106 �−1 m−1

Temperature coefficient of resistivity 0.0031 K−1

Vickers hardness 3.5 GPa
Young’s modulus 297 GPa
Shear modulus 124 GPa
Compressive strength at room temperature 570 MPa
Brittle-to-ductile transition temperature
under compression 1050 ◦C
Shear strength 138 MPa
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to the steady state. In H2SO4, the corrosion potential decreases
initially from ca. −0.17 V to −0.29 V and then increases gradu-
ally in the following ca. 20 h. Afterwards the corrosion potential
starts to oscillate.
lexural strength 375 MPa
racture toughness 7.2 MPa m1/2

. Experimental procedure

.1. Sample preparation

Bulk polycrystalline Ti3AlC2 samples used in this work
ere prepared by the solid–liquid reaction and simultaneous

n situ hot pressing process which was detailed elsewhere.11

est coupons of 15 mm × 15 mm × 1 mm in size were cut from
he as-prepared bulk Ti3AlC2 samples using electrical discharge

ethod (EDM). To obtain reproducible surfaces, Ti3AlC2
oupons were wet-ground successively with SiC emery papers
o 2000 grit. All of the coupons were ultrasonically cleaned
ith acetone, and then rinsed with distilled water before drying.
inally, the coupons were mounted in a PTFE electrochemical
ell with 1.0 cm2 in circular surface area of Ti3AlC2 contacting
he corrosive solutions. The corrosive solutions, 1 M NaOH and
M H2SO4, were made from analytical grade chemicals and
istilled water.

.2. Electrochemical measurements

Electrochemical tests were performed in a CHI 660A electro-
hemical workstation (Chenhua Instrument Co. Ltd., Shanghai,
hina) with a conventional three-electrode electrochemical cell
t room temperature. The platinum mesh counter electrode and
he reference electrode, a saturated calomel electrode (SCE, all
otentials were given vs. SCE except indicated), were placed
n the settled position. A Luggin capillary was set between the
orking electrode and the reference electrode to minimize errors
ue to the IR drop in the electrolytes.

The open circuit potential (OCP), corresponding to the corro-
ion potential (Ecorr) of Ti3AlC2, was recorded as a function of
ime for 24 h. Prior to electrochemical experiments on Ti3AlC2,
uch as linear potential scan, electrochemical impedance spec-
roscopy (EIS) and cyclic voltammetry (CV), the electrodes were
tabilized in the solutions for 1 h. The linear potential scans were

onducted from −0.25 V to 3.0 V (vs. OCP) at 1 and 0.167 mV/s.
he impedance spectra were recorded from 10−2 Hz to 10 kHz
ith an applied potential at OCP. Cyclic voltammetry (CV) in
aOH was carried out at 50 mV/s, starting from OCP towards

F
1
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1.0 V (the first segment), then reversing to 1.0 V (the second
egment) and finally going back to −1.0 V (the third segment).
nly the second and the third segments were used for a whole

ycle.

.3. Microstructure observation of corrosion products

The microstructures and chemical compositions of the
i3AlC2 coupons were characterized by SEM (LEO SUPRA
5, Oberkochen, Germany). XPS (VG ESCLAB 250, UK) was
lso used to determine the chemical compositions of Ti3AlC2
oupons after anodic polarization in 1 M NaOH and 1 M H2SO4
olutions. Peak fitting to decompose the XPS spectra, corre-
ponding to different surface species, was performed using a
hirley background with Gauss:Lorentz of 80:20. The binding
nergies (BE) were calibrated with respect to the hydrocarbon
ontamination C 1s signal at 284.6 eV. In order to collect data
bout elemental composition on the surface and subsurface of
he coupons, the surface of Ti3AlC2 was sputtered by Ar ion
eam with a film removal rate of 0.2 nm/s for 10 s (sputter away
he contamination on the surface) and 30 s, respectively.

. Results

.1. Open circuit potential

The OCP of Ti3AlC2 was recorded in 1 M NaOH and 1 M
2SO4 solutions (Fig. 1). In NaOH, the initial corrosion poten-

ial is observed around −0.64 V and rapidly positive-shifts to
a. −0.30 V. Then the corrosion potential changes slowly and
emains almost constant with slight fluctuations. However, after
a. 20 h, the corrosion potential suddenly drops and then recovers
ig. 1. Evolution of the corrosion potential of Ti3AlC2 as a function of time in
M NaOH and 1 M H2SO4 solutions.
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ig. 2. Polarization curves of Ti3AlC2 in 1 M NaOH and 1 M H2SO4 solutions
t the scanning rate of 1 and 0.167 mV/s, respectively.

.2. Polarization curves

Fig. 2 presents the polarization curves of Ti3AlC2 in 1 M
aOH and 1 M H2SO4 solutions obtained by linear potential

cans at 1 mV/s and 0.167 mV/s for corrosion dynamic analyses
nd steady state analyses, respectively. Electrochemical parame-
ers such as corrosion potential (Ecorr), corrosion current density
icorr), Tafel constants (ba and bc), critical current density (ic) and
assivating current density (ip) derived from the polarization
urves are given in Table 2.

In NaOH, a short and activating region appears at the initial
tage of anodic polarization as shown in Fig. 2. Then, Ti3AlC2
xhibits an activating-to-passivating behavior and remains in the
assivating state until the end of the potential scan to 3.0 V. The
assivating current density ip at the steady state is lower than
.00 �A cm−2 (Table 2), while the cathodic Tafel slope bc is
ore than 400 mV/dec.
In H2SO4, the anodic part of the polarization curve (Fig. 2)

learly reveals an inflexion at ca. −0.20 V, after that the current
ensity increases slowly along with the anodic scan. The current
ensity increases relatively fast from ca. −0.30 V to ca. 0.51 V,
here an anodic current peak is observed. Then the current den-

ity is relative stable at 100 �A cm−2 in the following potential
can to 3.0 V. The anodic Tafel region is not well defined, so
he corrosion current density was gotten from the Tafel region

f the cathodic polarization curve. Ti3AlC2 exhibits different
ehaviors in the potential range of ca. −0.2 V to 0.3 V and ca.
.3–0.51 V, indicating different ion-transfer reactions at these
wo potential regions. An inconspicuous anodic oxidation peak

a
l
N
i

able 2
lectrochemical parameters obtained from the polarization curves of Ti3AlC2 in 1 M

olution (1 M) Scan rate (mV/s) Ecorr (V) icorr (�A cm−2)

aOH 1.00 −0.442 5.25
aOH 0.167 −0.459 4.96

2SO4 1.00 −0.343 4.51

2SO4 0.167 −0.376 2.16
ig. 3. Nyquist plots (a) and Bode phase angle plots (b) of Ti3AlC2 after 1 h
mmersion in 1 M NaOH (�) and 1 M H2SO4 (�) solutions.

lso appears at ca. 1.3 V, which possibly corresponds to oxygen
volution.

.3. Electrochemical impedance spectroscopy (EIS)

To further investigate the corrosion process and kinetics, EIS
lots of Ti3AlC2 were recorded in 1 M NaOH and 1 M H2SO4
olutions at OCP (Fig. 3). In NaOH, the Nyquist plot consists of

capacitive loop at high- and medium-frequency and an oblique

ine at relative low-frequency (Fig. 3(a)). The oblique line of the
yquist plot is a typical feature of Warburg impedance, which

s generally related to a Nernst diffusion of ions from the elec-

NaOH and 1 M H2SO4 solutions.

bc (mV/dec) ba (mV/dec) ic (�A cm−2) ip (�A cm−2)

400 112 203 25.0–30.0
410 175 49.1 4.00–5.00
139 246 80.0–120
154 139 40.0–85.0
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Table 3
Surface compositions of Ti3AlC2 after immersion in 1 M NaOH and 1 M H2SO4

solutions for 25 days by EDS analysis.

Element C O Al Ti Ti:Al:C

Atomic %
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ig. 4. Equivalent circuit of EIS for Ti3AlC2 after 1 h immersion in 1 M NaOH
a) and 1 M H2SO4 (b) solutions.

rode to the bulk solution. It is thus concluded that the corrosion
rocess of Ti3AlC2 in NaOH is controlled by ion diffusion.14

lthough the high- and medium-frequency region shows one
epression arc, it actually contains two time constants.15 This
an be clearly seen from the Bode phase angle plot (Fig. 3(b)) on
hich a broad peak appears in the high- and medium-frequency

ange. An equivalent circuit as shown in Fig. 4(a) can be pro-
osed for the EIS of Ti3AlC2 in NaOH, where Rs represents
he solution resistance, R1 the resistance of the passivating film,
PE1 the capacitance of the passivating film, W the Warburg

esistance, while R2 and CPE2 reflect charge-transfer resistance
nd double layer capacitance related to the interface of the pas-
ivating film and the solution.

In H2SO4, two time constants can be seen in both Nyquist plot
Fig. 3(a)) and Bode phase angle plot (Fig. 3(b)). The time con-
tant of high-frequency region is related to the charge transfer
nd the second one at low-frequency range accounts for the cor-
osion process. The corresponding equivalent circuit is shown
n Fig. 4(b), where Rs represents the solution resistance, R1 the
orrosion resistance of the pseudo-passivating film and CPE1
he pseudocapacitance, while CPE2 can be explained as double
ayer capacitance and R2 refers to the charge-transfer resistance.

The capacitance here is replaced by the constant phase
ngle element (CPE) and described by an empirical impedance
unction16:

CPE = [Y (jω)n]−1 (1)

here ZCPE is the impedance of the constant phase element
� cm2), jω is the complex variable for sinusoidal perturbations
ith

= 2πf (2)

nd n is the exponent of CPE with values between −1 and 1 (n
or an ideal capacitance is 1, for a pure resistance is 0 and for

n inductance is −1), Y is a proportional factor that combines
he properties related to both the surface and the electroactive
pecies.17 The presence of CPE in both NaOH and H2SO4 refers
o the frequency dispersion of interfacial impedance, which is

o
f
o
c

H2SO4 17.06 16.42 66.52 3:0.74:0.77
NaOH 8.24 43.36 9.74 38.65 3:0.76:0.64

ttributed to the roughness and inhomogeneity of the Ti3AlC2
urface.18

.4. Surface morphology and composition of the anodic
xidation products

To intuitively investigate the corrosion and passivating behav-
ors of Ti3AlC2 in 1 M NaOH and 1 M H2SO4 solutions, the
urface morphologies of Ti3AlC2 after anodic polarization and
mmersion for 1 day and 25 days in the solutions were observed
y SEM.

After immersion in NaOH for 1 day (Fig. 5(a)), the surface
f Ti3AlC2 is covered by a new layer which is obviously dif-
erent from the substrate (inset in Fig. 5(a)). After immersion
or 25 days (Fig. 5(b)), the surface morphology is similar to
hat of immersion for 1 day though the surface becomes slightly
ougher. These results indicate that a stable passivating film is
ormed on the surface of Ti3AlC2 after 1 day immersion and
hen changes little during the following days. Anodic polariza-
ion has similar effects on the surface morphology of Ti3AlC2
Fig. 5(c)).

In H2SO4, there is no obvious change on the surface mor-
hology of Ti3AlC2 after 1 day immersion (Fig. 6(a)). However,
ntergranular attack occurs after 25 days immersion (Fig. 6(b))
nd anodic polarization (Fig. 6(c)). Non-uniform serious corro-
ion on grain boundaries can be clearly seen on Fig. 6(b) and
c).

The surface compositions of Ti3AlC2 after immersion for
5 days obtained by EDS analysis are presented in Table 3. It is
hown that after immersion in both solutions, the atomic ratios of
and Al elements decrease from those of the Ti3AlC2 substrate.
is also detected on the EDS spectrum of the coupons immersed

n NaOH, suggesting that the corrosion products in NaOH and
2SO4 are different.
In order to precisely determine the surface compositions of

i3AlC2, XPS analysis is conducted for coupons after anodic
olarization in NaOH and H2SO4. XPS spectra of Ti 2p3/2, Al
p3/2 and O 1s were analyzed and the results are summarized in
ables 4 and 5, respectively.

The oxide film formed in 1 M NaOH solution consists of two
ayers. The outer layer consists of mainly TiO2 (or TiO(OH)2)
ith a small amount of Ti2O3 (or TiOOH), while the inner layer

onsists of TiO2, Ti2O3 with a small amount of TiO. It is worth
oting that Al is not detected in the passivating film. The anodic

xidation products formed on Ti3AlC2 in H2SO4 are quite dif-
erent from those formed in NaOH. Ti sub-oxides and a few Al
xides were observed. At the same time, Al in Ti3AlC2 substrate
an also be detected, which indicates that the anodic oxidation
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Fig. 5. Surface morphologies of Ti3AlC2: (a) after 1 day immersion in 1 M
N
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Fig. 6. Surface morphologies of Ti3AlC2: (a) after 1 day immersion in 1 M
H
a
1

i
t
c
(
p
s

aOH solution, (a1) a typical enlarge view as the inset, (b) after 25 days immer-
ion in 1 M NaOH solution, (c) after anodic polarization from OCP to 3.0 V at
he scanning rate of 0.1 mV/s in 1 M NaOH solution.

roducts are quite porous. Herein, no O 1s peak is detected for
iO or other oxides due to the small content.

. Discussions

.1. OCP
The OCP increases rapidly in NaOH indicates that instant
assivation of Ti3AlC2 surface occurs after immersion (Fig. 1).
hen Ti3AlC2 becomes more and more stable due to the increase

d
m
p
s

2SO4 solution, (b) after 25 days immersion in 1 M H2SO4 solution, (c) after
nodic polarization from OCP up to 3.0 V at the scanning rate of 0.1 mV/s in
M H2SO4 solution.

n the thickness of the passivating film, indicated by the rela-
ive stable OCP. The critical current density of the polarization
urve (steady state) which is lower than 100 �A cm−2 in NaOH
Table 2) further demonstrates that Ti3AlC2 has excellent self-
assivation ability.19 So there is no significant difference in
urface morphologies of Ti3AlC2 coupons for 1 day and 25

ays immersion in NaOH. The fluctuations of the OCP curve
ay result from the competition between film formation and

artial dissolution of corrosion products. Some unstable corro-
ion products also assemble on the surface of Ti3AlC2 so that
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Table 4
Binding energies (BE) correspond to each component in the XPS spectra of the passivating layers formed on Ti3AlC2 electrode after anodic polarization from OCP
to 3.0 V in 1 M NaOH solution, the surface was sputtered (outer layer) 10 s and (inner layer) 30 s by Ar ion beam.

Spectrum Binding energy (eV) FWHM (eV) Binder energy (corresponding O 1s)

Ti2p 3/2
Outer layer species

Ti2O3/TiOOH 455.7 1.99 531.1

TiO(OH)2/TiO2

457.0 1.79 530.3
458.1 1.21
458.7 1.19 529.7

Inner layer species
TiO 454.8 1.5
Ti2O3 456.4 1.96 531.2

457.9 1.37 530.3

s
o
c
s
t

f
r
t
r
b
o
T
s
A
f
o

4

4

N
p
a
fi
b

a

O

i
s
i
c
b

2

H
c

4

f
s
o
T
e
i
t

T
B
t

S

T

A
A

TiO2 458.6

evere partial dissolution also occurs. Thereafter, selective attack
f the passivating film happens, which leads to the drop of the
orrosion potential. Finally, the OCP recovers back to a relative
table value due to the accumulation of new corrosion products
hat repair the local-failure area.

It is known that a thin layer of oxides can be immediately
ormed on Ti3AlC2 when exposed to air. However, the natu-
ally formed layer is insufficient to prevent corrosion in H2SO4,
herefore the initial drop of OCP has been observed. As the cor-
osion potential of crystalline grain is higher than that of the grain
oundary in H2SO4, preferential dissolution of grain boundaries
ccurs, resulting in the increase of content of crystalline grains.
his intergranular corrosion should be the reason of the positive-
hifts of OCP as the mixed corrosion potential is more positive.
long with this non-uniform intergranular corrosion, the sur-

ace of Ti3AlC2 become inhomogeneous and the OCP begins to
scillate.

.2. Corrosion kinetics

.2.1. Cathodic process
Based on the high cathodic Tafel constant (Table 2) in 1 M

aOH solution, it is reasonable to conclude that oxygen is trans-

orted from NaOH bulk solution to the Ti3AlC2 surface by
diffusion process and then diffuses through the passivating

lm. Thus, the cathodic process in NaOH is partially controlled
y a diffusion process. The possible cathodic reaction (oxygen

fi
r
d
a

able 5
inding energies (BE) correspond to each component in the XPS spectra of the corros

o 3.0 V in 1 M H2SO4 solution, the surface was sputtered (outer layer) 10 s by Ar ion

pectrum Species Binding energy (eV)

i 2p 3/2 TiO 454.2
Tin+ (2 < n < 3) 455.1
Ti2O3 456.2

bsorption H2O
l 2p Ti3AlC2 71.9

AlOx 73.5
1.21 529.7

bsorption corrosion) is:

2 + 2H2O + 4e− = 4OH− (3)

The cathodic Tafel constant in 1 M H2SO4 solution (Table 2)
s much lower than that in NaOH. The corrosion in this solution
hould be mainly caused by the aggressive H+, since SO4

2−
ons have very little corrosive effect on the material. The main
athodic reaction (hydrogen evolution corrosion) can be written
y:

H+ + 2e− = H2 (4)

owever, other reactions such as the reduction of oxygen
annot be ruled out.

.2.2. Anodic process
As concluded from the EIS analysis, Ti3AlC2 undergoes dif-

erent processes in NaOH and H2SO4 solutions. In 1 M NaOH
olution, there are three stages for the formation and dissolution
f the passivating film on Ti3AlC2

20: (1) ions leach out from
i3AlC2 to the passivating film, which is not generally consid-
red as a speed-controlled step; (2) mass transfer process of the
ons which occurs inside the passivating film; (3) the charge-
ransfer process which occurs at the interface of the passivating

lm and the solution. In 1 M H2SO4 solution, however, the cor-
osion products are permeable. There are possibly two steps
uring the corrosion process: (1) the dissolution of Ti3AlC2 that
ccounts for the corrosion process; (2) the charge-transfer pro-

ion products formed on Ti3AlC2 electrode after anodic polarization from OCP
beam.

FWHM (eV) Binding energy (corresponding O 1s)

1.25
1.46
1.46 531.2

532.4
2.0
2.0 530.2
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those of other related materials, the polarization curves of
Ti3AlC2, Ti, Ti2AlC and Ti3SiC2 in 1 M NaOH solution are
presented in Fig. 8. The electrochemical corrosion parameters
obtained from the polarization curves are given in Table 6.
ig. 7. Cyclic voltammogram of Ti3AlC2 in 1 M NaOH solution at the scanning
ate of 50 mV/s.

ess that occurs at the interface of corrosion products/Ti3AlC2
ubstrate and the solution.

.3. Film formation mechanism

In 1 M NaOH solution, the unstable anodic oxidation prod-
cts such as titanium sub-oxides are partly dissolved and the
table anodic oxides such as TiO2 accumulate as the passivating
lm. Titanium sub-oxides are stable at lower potentials, while
iO2 is stable at relatively higher potentials. During the anodic
otential scans starting from lower potential, the inner layer
omposed of compounds in lower oxidation states forms first
nd then the outer layer forms when scans to higher potential.
n order to further shed light on the corrosion mechanism of
i3AlC2 in NaOH, cyclic voltammetric scan is conducted at
0 mV/s (Fig. 7). During the scan towards the positive direc-
ion, an anodic current occurs at ca. −0.9 V, which corresponds
o the formation of titanium sub-oxides, TiOOH and Ti2O3.21

he current peak at ca. 0 V indicates the composition changes
rom Ti (III) oxide to the most stable Ti (IV) oxide.21 Refer-
ing to the corrosion mechanism of Ti3SiC2,6 anodic oxidation
roducts of Ti3AlC2 in NaOH may be formed by the following
eactions:

Ti3AlC2 + 1.5O2 = 6Ti (sol.) + 4C (sol.) + Al2O3 (5)

l2O3 + 2OH− = 2AlO2
− + H2O (6)

4Ti (sol.) + 3OH− + 2O2

= TiOOH + Ti2O3 + TiO + H2O + 3e− (7)

i2O3 + 4OH− = 2TiO(OH)2 + H2O + 4e− (8)
iO(OH)2 = TiO2 + H2O (9)

In 1 M H2SO4 solution, the anodic oxidation products formed
n Ti3AlC2 are quite different from those in 1 M NaOH solution.

F
s
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he corrosion reactions of Ti3AlC2 in H2SO4 can be described
y:

Ti3AlC2 + 2xH+ + 2xe−

= 3Ti (sol.) + 2C (sol.) + Al (sol.) + xH2 (g) (10)

4Ti (sol.) + (x + 4)H2O

= Ti2O3 + TiOx + TiO + (8 + 2x)H+ + (8 + 2x)e− (11)

l (sol.) + xH2O = AlOx + 2xH+ + 2xe− (12)

.4. Comparison with other MAX phases

As an isotype of Ti3SiC2 and Ti3GeC2, Ti atoms should
e similarly leached out from Ti3AlC2 in NaOH and H2SO4,
ollowed by the formation of alumina-based films due to the
xidation of Al atoms. However, it is found in the present work
hat the formation of Ti oxides is responsible for the corrosion
esistance of Ti3AlC2 in NaOH. Though Ti can be leached out
rom Ti3AlC2, it can immediately react with OH− and oxygen to
orm Ti oxides which are tightly adsorbed on the surface of the
lectrode to protect Ti3AlC2 in NaOH. The absence of Al oxide
ere can be reasonably explained by the fact that Al oxide can be
issolved in NaOH to form [Al(OH)6]3− or AlO2

− ions, which
greed well with the result from the literature.22 On the other
and, the corrosion products in H2SO4 that are mainly composed
f Ti sub-oxides fail to protect Ti3AlC2 substrate since there is
ot enough time to form stable oxides due to the attack of H+.

.5. Comparison with other related materials

In order to compare corrosion behaviors of Ti3AlC2 with
ig. 8. Polarization curves of Ti, Ti2AlC, Ti3AlC2 and Ti3SiC2 in 1 M NaOH
olution at the scanning rate of 1 mV/s.



3234 D. Li et al. / Journal of the European Ceramic Society 30 (2010) 3227–3234

Table 6
Electrochemical parameters obtained from the polarization curves of Ti, Ti2AlC, Ti3AlC2 and Ti3SiC2 in 1 M NaOH solution.

Samples Corrosion potential (V) Passivating current density (�A cm−2) Passivating range (V)

Ti −0.644 5–7 −0.24 to 1.8
T 10–20
T 20–30
T 20–30

a
i
t
T
T
l
t
b

o
c
t
d
t
b

h
T
h
p
T
s
t
fi
e
c
1

5

s
s
T
t

i
t
T

R

i2AlC −0.656
i3AlC2 −0.442
i3SiC2 −0.460

It can be seen from Fig. 8 that both Ti3AlC2 and Ti2AlC
re quite stable in NaOH. The corrosion potential of Ti3AlC2
s ca. 0.21 V higher than that of Ti2AlC (Table 6), implying
hat the corrosion tendency of Ti2AlC is higher than that of
i3AlC2. Meanwhile, the passivating range of Ti3AlC2 is larger.
hough the passivating current density of Ti2AlC is slightly

ower, the difference is not significant. It can thus be concluded
hat Ti3AlC2 is more stable than Ti2AlC due to the stronger Ti–C
onds in the former.5

The passivating range of Ti3SiC2 is much smaller than that
f Ti3AlC2. In addition, there is an anodic oxidation peak at
a. 1.5 V on this polarization curve, which is possibly attributed
o the oxygen evolution reaction. Moreover, its anodic current
ensity is much higher than that of Ti3AlC2 at potentials higher
han ca. 0.6 V. As a result, Ti3AlC2 exhibits better corrosion
ehavior than Ti3SiC2 at relative higher potential.

The corrosion potential of Ti3AlC2 is also found ca. 0.20 V
igher than that of Ti, indicating that the former is more stable.
hough the passivating current density of Ti3AlC2 is slightly
igher than that of Ti, the current increases at ca. 1.8 V on the
olarization curve of Ti which corresponds to oxygen evolution.
his implies that the oxygen evolution is inhibited on Ti3AlC2
urface in a wider potential region. Therefore, the changes in
he electrical conductivity and the thickness of the passivating
lm can effectively impede the electron tunneling for the oxygen
volution reaction on Ti3AlC2. Based on the above analyses, we
an conclude that Ti3AlC2 shows unique corrosion resistance in
M NaOH solution.

. Conclusions

Ti3AlC2 exhibits excellent corrosion resistance in 1 M NaOH
olution due to the formation of two-layer passivating films con-
isting of mainly titanium oxides. It is further confirmed that
i3AlC2 shows unique virtues in 1 M NaOH solution compared

o some versatile materials.
However, intergranular corrosion occurs when Ti3AlC2 is

mmersed in 1 M H2SO4 solution or after anodic polariza-
ion, which indicates that the long-term corrosion resistance of
i3AlC2 in H2SO4 is unsatisfactory.
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