
Corrosion Science 78 (2014) 287–292
Contents lists available at ScienceDirect

Corrosion Science

journal homepage: www.elsevier .com/ locate /corsc i
Passive film-induced stress and mechanical properties of a-Ti
in methanol solution
0010-938X/$ - see front matter � 2013 Elsevier Ltd. All rights reserved.
http://dx.doi.org/10.1016/j.corsci.2013.10.011

⇑ Corresponding author. Address: Corrosion and Protection Center, Key Labora-
tory for Environmental Fracture (MOE), University of Science and Technology
Beijing, Beijing 100083, People’s Republic of China. Tel.: +86 10 6233 4499; fax: +86
10 6233 2345.

E-mail addresses: lqiao@ustb.edu.cn (L. Qiao), volinsky@usf.edu (A.A. Volinsky).
Zhi Qin a, Xiaolu Pang a, Yu Yan a, Lijie Qiao a,⇑, Hai T. Tran b, Alex A. Volinsky b,a

a Corrosion and Protection Center, Key Laboratory for Environmental Fracture (MOE), University of Science and Technology Beijing, Beijing 100083, People’s
Republic of China
b Department of Mechanical Engineering, University of South Florida, Tampa, FL 33620, United States

a r t i c l e i n f o
Article history:
Received 31 May 2013
Accepted 7 October 2013
Available online 14 October 2013

Keywords:
A. Titanium
C. Passive films
C. Stress corrosion
C. Effects of strain
C. Interfaces
a b s t r a c t

Passive films play an important role in corrosion and stress corrosion cracking of titanium. Correlation
between passive film-induced stress and film mechanical properties on a-Ti in methanol solution with
varying water content was investigated. Film-induced stress in the methanol solution was measured
by the flow stress differential method, and thin film fracture properties were determined by nanoinden-
tation. For small amounts of water (60.15%), both film-induced tensile stress and film fracture load were
higher. However, the film-induced tensile stress and fracture load decreased significantly in more dilute
solutions. Thus, water reduces Ti SCC susceptibility in methanol solution.

� 2013 Elsevier Ltd. All rights reserved.
1. Introduction

Stress corrosion cracking (SCC) of a-Ti occurs under anodic dis-
solution in a methanol solution, and a passive film forms during
SCC, or natural corrosion [1,2]. However, adding more water into
the solution decreased or ceased altogether a-Ti susceptibility to
SCC. SCC of titanium and its alloys in methanol solution had been
widely studied for a long time [3–6]. Some additions to the solu-
tion could influence the SCC susceptibility [7–9]. A large tensile
stress, induced by the passive film, is a necessary condition for
SCC of a-Ti in the methanol solution [10]. The film-induced stress
variation with electrical potential is consistent with a-Ti suscepti-
bility to SCC in the methanol solution. Both film-induced stress and
SCC susceptibility in the methanol solution are reduced by increas-
ing water content [11]. Similar experimental results are found in
brass, where the variation of SCC susceptibility of brass in the
ammonia solution under various applied potentials is consistent
with that of the corrosion-induced stress for the same experimen-
tal conditions [12]. The pH value dependence of the susceptibility
to SCC of brass in the ammonia solution also agrees with that of the
corrosion-induced stress [13]. Corrosion-induced or film-induced
stresses act as additional mechanisms for the corrosion-enhanced
dislocation emission and motion, in addition to the divacancies-en-
hanced dislocation climb. Transmission electron microscopy shows
that the corrosion process can facilitate dislocation emission and
motion during stress corrosion cracking of brass, 310 stainless
steel, a-Ti and Ti3Al + Nb [11,14–16]. SCC cracks will nucleate in
a dislocation-free zone only when the corresponding stress level
reaches the critical value. Moreover, the surface film provides an
additional driving force, which can facilitate dislocation emission
and motion during SCC.

Toshio [17] made a reasonable assumption that the initiation of
a crack nucleation starts at a defect in the passive film on stainless
steel. Sanderson confirmed that methanol can cause breakdown of
the passive film on stressed Ti specimens [18]. Many experiments
demonstrated that SCC of most metals started with the breakdown
of the surface film [17–24]. It is obvious that surface film plays an
important role in protecting metal from being attacked by the
external environment during SCC. During SCC of a-Ti in methanol
solution passive film forms and plays the following roles. First, pas-
sive film provides additional stress, and second, the intact passive
film can protect Ti from the methanol solution. These two roles are
mainly determined by the mechanical properties of the passive
film, so they need to be studied to further reveal the SCC mecha-
nism of a-Ti in the methanol solution.

Quantitative evaluations of the surface films’ role did not flour-
ish until the ultra-low load indentation systems (nanoindentation)
have been developed. Nanoindentation can be used to probe the
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Fig. 1. Stress–strain curves before and after immersion in methanol solution. The
stress–strain curves for 1% water are offset horizontally for clarity.
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mechanical response of a surface layer by sensing displacements as
low as 0.2 nm [25]. In general, most coated systems show a mix-
ture of deformation comprising of both film and substrate effects
[26]. Nanoindentation has been successfully used to measure
mechanical properties of passive films on metals [27,28]. Two
kinds of displacement discontinuity (excursion, or pop-in) were
observed in load–displacement curves during load–controlled nan-
oindentation. The first type of excursion was found during nanoin-
dentation of electropolished tungsten [29], single crystal Fe–3%Si
[30], single crystal stainless steel [31], nickel [32], and austenitic
stainless steel [33]. Prior to the excursion, indentation was fully
recoverable, with no difference between the loading and the
unloading. After the excursion, materials deformed plastically
[29,34,35], thus, displacement excursion was associated with the
beginning of plasticity in the oxide film on tungsten and Fe–3%Si
single crystals [29,30]. The second type of indentation displace-
ment excursion at low loads had also been observed in electropo-
lished nickel [27], aluminum films [36], passive film on titanium
[37] and air-formed film on single crystal Fe–3%Si [38]. These
excursions were ascribed to film fracture, since the sample had al-
ready plastically deformed before the displacement excursion.

According to the literature reports, passive films are the key in
protecting titanium from corrosion and stress corrosion cracking.
The present work contributes to the understanding of the mechan-
ical behavior of the passive film formed on Ti in methanol solutions
by studying the role of water. In this paper, the film-induced stress
and the film breakdown load of commercially pure titanium im-
mersed in methanol were investigated as functions of water con-
tent using the flow stress differential method and nanoindentation.
2. Experiment

All experiments were conducted with commercially pure tita-
nium with the following composition: 99.9 wt.% Ti, 0.1% Fe,
0.008% N, and 0.006% H. The specimens were obtained from rod
for tensile tests and nanoindentation measurements, respectively,
as described in detail below. Before testing, the specimens were
heat treated at 720 �C for 1 h in a vacuum furnace (less than 5 Pa
pressure) and then furnace cooled. Solutions of pure methanol
without water and with varying water content from 0.1% to 1%
were used.
2.1. Film-induced stress

The flow stress differential method was used to measure the
film-induced stress [12,13] at room temperature controlled by
the air conditioning, about 25 �C. The foil specimens with dimen-
sions of 0.3 mm � 3 mm � 20 mm were polished down to 1000 grit
finish, and cleaned in deionized water and acetone. The flat tensile
specimens were subjected to plastic strain above 1% in air with a
displacement rate of 10�6 mm s�1. After unloading, the specimens
were immersed in the 1% HF+2% HNO3 solution for 1 min to re-
move the oxide (the cross-sectional area dimensions of the tensile
specimens were not changed by this operation) and then placed in
the methanol solution with different water content for 3 h to form
passive films. After that, the specimens with the passive film were
again subjected to yield in air. The yield stress of a reloaded spec-
imen without passive film must be equal to the flow stress of the
specimen before unloading. The yield stress of the specimen with
passive film, rf, is different than the flow stress of the specimen be-
fore unloading, r�s . The difference between these two stresses,
rf � r�s , is defined as the film-induced stress, i.e. rp ¼ rf � r�s , as
indicated in Fig. 1.
2.2. Nanoindentation test

The sectioned sample was vacuum annealed to achieve a pri-
marily a hexagonal close packed phase structure, and then electro-
polished in a mixture of 60 vol.% H2SO4, 25 vol.% HF, and 15 vol.%
glycerin at approximately 30 V with a titanium cathode to remove
the mechanically deformed layer. Nanoindentation of the polished
sample was carried out in ambient conditions after immersion in
the methanol solution with different water content for 3 h, and
the resulting passive film formation on the surface. Nanoindenta-
tion tests were performed right after passivation using the Hysi-
tron Triboindenter with a Berkovich indenter tip at 35 lN/s
loading rate.

3. Results

Film-induced stress, measured by the flow stress differential
method, which is the average stress in the film along the thinness
direction of the film, is listed in Table 1. The breaking load of the
passive film, Pb, with the corresponding varied water content is
listed in Table 2 (measured by nanoindentation). In the case of a
small amount of water (60.15%), both film-induced tensile stress
and the film fracture load are the highest. The film-induced tensile
stress and the film fracture load, however, decreased when more
water was added to methanol. Therefore, the variation of film-in-
duced stress with water content was consistent with that of the
film fracture load, as shown in Fig. 2.

4. Discussion

4.1. Passivation mechanism

Ti oxidation reaction Ti + O2 ? TiO2 is thermodynamically
favorable (G0 = �212.6 kcal/mol), yielding a native oxide film
[39]. The XPS results of titanium after immersion in methanol
are consistent with this reaction, as seen in Fig. 3. The passive films
formed in pure methanol without water, and in methanol with
water consist mainly of TiO2. The Ti 2p3/2, 2p1/2 doublets are shown
in Fig. 3. At the same time, in water and anhydrous alcohol solu-
tions of electrolytes, the Ti surface undergoes unstable passivation.

Traces of metallic titanium can be dissolved in water. Water
undergoes auto-dissociation following equilibrium:

2H2O$ H2OHþ þ OH� ð1Þ



Table 1
Film-induced stress, rp, in the sample immerged in methanol solution containing various amounts of water.

Methanol Methanol + 0.15% H2O Methanol + 0.2% H2O Methanol + 0.5% H2O Methanol + 1% H2O

rp (MPa) 50 50.5 MPa 41.9 MPa 40.2 MPa 40 MPa

Table 2
Average values of the passive film breaking load, Pb, with the corresponding varied
water content.

Water content (%) 0 0.05 0.1 0.15 0.2 0.5 1

Pb (lN) 69 70 67 70 51 50 51
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Fig. 2. Film fracture load and the film-induced stress vs. water content.
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Fig. 3. XPS spectra recorded from titanium after immersion in methanol with and
without water.
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At the very beginning, polar water molecule undergoes adsorption
on the metal surface and, after that, undergoes thermal decomposi-
tion. OH� groups are adsorbed on the metal surface.

MMðOH�adÞ !MðMOHÞad þ e� ð2Þ

Metal ions dissolve in water as the reaction continues:

MðMOHÞad !MðOHÞad þM2þ
sol þ 2e� ð3Þ

The main product of Ti passivation in water is TiO2, and the overall
reaction is:

Tiþ 2H2O! TiO2 þ 4Hþ þ 4e� ð4Þ
Methanol belongs to protogenic solvents and undergoes auto-disso-
ciation, according to equilibrium:

2CH3OH$ CH3OHþ2 þ CH3O� ð5Þ

The electrochemical behavior of metals in this medium should be
analogous to the behavior in aqueous environments, since the sol-
vent exhibits similar dissolution properties as water. However, con-
trary to water, decomposition of methanol is a complicated process
and can provide different surface adsorbed intermediates, depend-
ing on water content in methanol (CH3Oad, CH2Oad and COad) [40–
44].

The –OCH3 group plays a very important role in the reactions of
anodic dissolution and cathodic deposition (similarly to the OH
group). The presence of adsorbed oxygen or the surface oxide film
promotes the surface methoxylation according to the reaction
[40,41]:

O2� þHOCH3 ! OH�ad þ OCH�3ad ð6Þ

It seems that the surface of active metals is rapidly covered with –
OCH3 and the anodic oxidation in methanol proceeds according to
the reaction:

MMðOCH3Þ�ad $MðMOCH3Þad þ e� ð7Þ

Oxidation of (MOCH3)ad and activation of metal surface in methanol
solution proceed according to the reaction:

MðMOCH3Þad !MðOCH3Þad þM2þ
sol þ 2e� ð8Þ

Things change when water is added to methanol. Methoxides can
be hydrolysed by water, following the hydrolysis reaction

MðOCH3Þx þH2O ¼ MðOHÞðOCH3Þx�1 þ CH3OH; ð9Þ

which continues until M(OH)x is formed. It is clear that the reaction
of Ti in the methanol solution with water is more likely to occur,
and the passivation products are more stable, compared to the reac-
tion in pure methanol. Water affects passive film in two possible
ways: it reacts with titanium surface directly and changes methanol
dissolution properties.

As seen in Fig. 2, there is 0.2% critical water content, past which
both the breaking load and the film-induced stress are substan-
tially reduced. When water content is below 0.2%, titanium reacts
with methanol. More water prevents the reaction continuation,
according to reaction (9), and the formed more stable film has
lover pop-in load and induces less stress.

4.2. Film-induced stress reduction mechanism

The origin of the film-induced stress should be discussed.
Breafly speaking, there are two modes for film formation, which
are inward or outward growth. In corrosion of metals, the
Pilling–Bedworth ratio (RPB) is the ratio of the volume of the
elementary cell of a metal oxide to the volume of the elementary
cell of the corresponding metal (from which the oxide is created)
[45]:

RPB ¼
Voxide

Vmetal
ð10Þ

The evidence is compelling that the tensile stress is generated at
or near the metal/passive film interface by corrosion, i.e. metal
ionization process. The passive film is an oxide, and its formation
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involves either the inward diffusion of anions or outward migra-
tion of cations [46]. The anion transport number in the oxide rules
the volume of the oxide formed at the metal/oxide interface. If
only the anions move, as shown schematically in Fig. 4a, the anion
transport number, b, is equal to 1, and a new passive film is gen-
erated at the metal/passive fim interface, i.e. the passive film
grows inward. Since the volume of the oxide (passive film) is
greater than the volume available for ionization, i.e. RPB > 1, the
lattice of the surface layer expands. The metal matrix of the sam-
ple hinders the surface layer consisting of the passive film to elon-
gate, resulting in compressive stress. If only cations move
outward, as shown schematically in Fig. 4b, the anion transport
number b is equal to 0, and a new passive film is generated only
at the passive film-solution interface, and there are many free
spaces (vacancies) left at the metal side of the inner interface pro-
duced by the oxidation of a-Ti. The other part of the sample hin-
ders the ability of the metal layer containing vacancies to contract,
resulting in a tensile stress at the inner interface.

If the transport number of the anion, b, is equal to a critical va-
lue bc, the reciprocal of the Pilling–Bedworth Ratio is:

bc ¼
1

RPB
; ð11Þ

and no stress would be generated due to volume conservation. Dur-
ing corrosion of a-Ti in the methanol solution without water, b < bc,
so a tensile stress is generated. However, in the presence of water in
the solution, the transport number after adding water, bw,
Metal Film Solution 

Fig. 4a. Schematic of the anions inward diffusion.

Metal Film Solution

Fig. 4b. Schematic of the cations outward movement.
decreases. When the moisture content reaches 1 vol.%, bw is still less
than bc. Since b < bw < bc, water reduces film-induced tensile stress.

4.3. Film residual stress and fracture load

Residual stress in a film is a key characteristic related to its
mechanical properties. Yuan et al. [47] examined the novel method
to measure the residual stress in the film formed on a metallic sub-
strate using tensile tests, and pointed a way to calculate the resid-
ual stress in the surface film. During the loading, unloading and
reloading process of metallic materials, the yield stress for the
reloading process is equal to the flow stress prior to unloading.
When a film is deposited on an unloaded metallic substrate, an
additional stress, rsub

b will be generated in the substrate to balance
the residual stress in the film, rfilm

r . According to the force balance
(assuming that the stresses are uniformly distributed), the deriva-
tion process is simplified as follows [47]:

rsub
b ¼ � drfilm

r

t
ð12Þ

where d and t are the thicknesses of the film and the substrate,
respectively. The reduced Young’s modulus of the substrate with
the surface film, Et, is:

Et ¼
d

dþ t
Efilm þ

t
dþ t

Esub; ð13Þ

where Efilm and Esub are the Young’s modulus of the film and the
substrate, respectively. The residual stress in the surface film can
be derived through a series of transformations, as:

rfilm
r ¼ � t

d
rsub

Y �
Esub

Et
r�sub

Y

� �
; ð14Þ

where rsub
Y is the yield stress of the substrate, r�sub

Y is the measured
yield stress of the substrate with the surface film.

For a thin foil sample, two surfaces on both sides contribute to
the residual stress, ignoring the lateral edge, since the side edge is
very small compared to the surface. To obtain the residual stress of
a single side passive film, the formula in equation 14 needs to be
multiplied by 1/2. For the passive film on the a-Ti surface im-
mersed in the methanol solution with different water content,
the residual stress, rfilm

r , is approximately at the 1 GPa level, as
shown in Table 3.

To minimize the substrate effect on the measurements, the
indentation depth is often limited to less than 10% of the film
thickness [48]. Thus, the hardness and modulus of the passive film
of titanium immersed in methanol solution cannot be obtained
exactly. The indentation of a hard film on a deforming subtrate
material [49] can be approximated by the spherical loading of a
hard elastic plate on a soft yielding foundation. Under contact
pressure, the plate undergoes elastic deformation until brittle
fracture happens. The nanoindentation has been successfully used
previously to study passivation film fracture [50]. The titanium
oxide/titanium system can be modeled as a hard elastic plate on
a soft yielding substrate under contact, as it has a thin stiff ceramic
coating on a more compliant and ductile metal substrate [25]. The
Table 3
Values of the passive film residual stress, rfilm

r , breaking stress, rb, with the
corresponding varied water content.

H2O (%) rfilm
r (GPa) rb (GPa)

0 1 0.82
0.15 1 0.8
0.2 0.85 1.1
0.5 0.8 1.13
1 0.8 1.11
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plate is assumed to undergo elastic deformation until brittle frac-
ture. Both bending and membrane streching cause nonlinear defor-
mation of the plate. Therefore, the load actually carried by the plate
can be approximated as the sum of the partial loads resisted by the
bending and the menbrane stretching actions. The applied load
during the surface film breakdown can be related to the tensile
stress in the membrane as [51]:

rb ¼ 0:357Ef
d2

c2 þ 2:198Ef
dhf

c2 ; ð15Þ

where d (nm) is the displacement at the beginning of the pop-in
excursion, Ef (GPa) is the elastic modulus of the film, hf (nm) is
the film thickness, and c is the plastic zone in the underlying metal.
The behavior of the film and the substrate in this model is reported
in reference [25]. The mechanical reaction of the substrate is as-
sumed to be Hertzian-like [25], based on the previous study, which
found that the actual pressure distribution for a bilayer system is
quite similar to the Hertzian distribution for the film and the sub-
strate elastic modulus ratio less than 4 [52] (Eoxide = 300 GPa [53],
mf = 0.3, ETi = 110 GPa).

To simplify the model, the following assumptions are also
proposed:

1. Due to the bluntness of the Berkovich tip used in the current
study, a spherical tip is assumed in the contact regime.

2. The oxide/metal interface is perfectly bonded. No frictional
stresses are involved.

3. As a first order approximation, the size of the plastic zone
developed in the substrate is given by [54]:

c ¼
ffiffiffiffiffiffiffiffiffiffiffiffi
3Ps

2prf

s
; ð16Þ

where Ps is the load carried by the deformed materials and rf is the
flow stress of the substrate.

The stress in the film is rather difficult to quantify, given the
very thin nature of the passive film (usually in the range of several
nanometers), and it is challenging to directly measure the passive
film thickness. However, the film thickness can be estimated by
electrochemical impedance spectroscopy (EIS). A simple parallel
RC circuit can be used to represent the oxide film, and the capaci-
tance of the film given by:

CP ¼
ee0r

d
; ð17Þ

where CP is the oxide film capacitance, e0 and e are the permittivity
of free space (8.9 � 10�14 F cm�1) and the relative permittivity of
the oxide, r is the oxide film surface and d is the oxide film thick-
ness. Therefore, the thickness of the passive film could be deter-
mined by using EIS to monitor the capacitance:

d ¼ eeor
CP

ð18Þ

With the estimated film thickness (10 nm approximated conserva-
tively), the estimated value of the breaking stress at film fracture is
reasonable (shown in Table 3). The passive film could be fractured
more easily if the residual stress, rfilm

r , is greater than or close to
the breaking stress, rb. Water in the methanol solution could
change the composition and/or the thickness of the passive film,
and make the passive film more difficult to be broken. If the passive
film can be easily broken, the metal would be more susceptible to
SCC [50], while on the contrary, stronger passive film reduces metal
SCC susceptibility.

When metals are anodized to form barrier oxide films, growth
of these films is generally accompanied by a development of
internal stresses in the oxides. These stresses are often quite large
and may exceed the strength of the film, resulting in cracking,
interfacial and delamination. The chemical reactions that are likely
to occur can be simply stated. First, the protective film must be
penetrated and second, the metal must be attacked by the environ-
ment [18]. There is a general notion that the water molecule plays
an important role in passivity of the transition metals and alloys in
acid solutions [55]. Small amounts of moisture contained in the
methanol inhibit the SCC of titanium and its alloys [56]. Water
plays an inhibitory effect on SCC by changing the mechanical prop-
erties of the passive film growth on a-Ti immersed in the methanol
solution.
5. Conclusions

From the flow stress differential method and nanoindentation
tests the following conclusions can be drawn:

1. An additional tensile stress can be generated at the metal/pas-
sive film interface during a-Ti corrosion in the methanol
solution.

2. The variation of film-induced stress with water content is con-
sistent with that of the film mechanical properties.

3. Passive film-induced stress and film mechanical properties of
a-Ti in a methanol solution are reduced by water.

Acknowledgements

This work was supported by the National Nature Science Foun-
dation of China (50731003 and 51171024). A.V. acknowledges sup-
port from the National Science Foundation.

References

[1] E.G. Haney, W.R. Wearmouth, Effect of ‘‘pure’’ methanol on the cracking of
titanium, Corrosion 25 (1969) 87–91.

[2] M.J. Blackburn, J.A. Feeney, T.R. Beck, Stress–corrosion cracking of titanium
alloys, in: M. Fontana, R. Staehle (Eds.), Advances in Corrosion Science and
Technology, Springer, US, 1973, pp. 67–292.

[3] J.R. Ambrose, J. Kruger, The stress–corrosion of Ti and Ti-8Al-1Mo-1V in
methanol vapour, Corros. Sci. 8 (1968) 119–124.

[4] M. Levy, D.W. Seitz Jr, Stress–corrosion of Ti–8Al–1Mo–1V in methanol + HCl
solutions, Corros. Sci. 9 (1969) 341–351.

[5] D.N. Fager, Methanol cracking of Ti-8Al-1Mo-1V, Corros. Sci. 10 (1970) 175–
177.

[6] D.J. Simbi, J.C. Scully, The intergranular stress corrosion cracking of Ti 155 in
methanol/HCl at room temperature, Corros. Sci. 34 (1993) 1743–1750.

[7] R.W. Lycett, J.C. Scully, Stress corrosion crack propagation in Ti–13V–11Cr–3Al
alloy in methanolic solutions, Corros. Sci. 19 (1979) 799–817.

[8] A.C. Hollis, J.C. Scully, The stress corrosion cracking and hydrogen
embrittlement of titanium in methanol–hydrochloric acid solutions, Corros.
Sci. 34 (1993) 821–835.

[9] A.C. Hollis, J.C. Scully, The stress corrosion cracking and hydrogen
embrittlement of titanium in methanol–iodine solutions, Corros. Sci. 34
(1993) 837–850.

[10] X.Z. Guo, K.W. Gao, W.Y. Chu, L.J. Qiao, Correlation between passive film-
induced stress and stress corrosion cracking of a-Ti in a methanol solution at
various potentials, Mater. Sci. Eng., A. 346 (2003) 1–7.

[11] H. Lu, K.W. Gao, L.J. Qiao, Y.B. Wang, W.Y. Chu, Stress corrosion cracking
caused by passive film-induced tensile stress, Corrosion 56 (2000) 1112–1118.

[12] X.Z. Guo, K.W. Gao, L.J. Qiao, W.Y. Chu, Stress corrosion cracking relation with
dezincification layer-induced stress, Metall. Mater. Trans. A. 32 (2001) 1309–
1312.

[13] X.Z. Guo, K.W. Gao, L.J. Qiao, W.Y. Chu, The correspondence between
susceptibility to SCC of brass and corrosion-induced tensile stress with
various pH values, Corros. Sci. 44 (2002) 2367–2378.

[14] B. Gu, J.W. Zhang, F.R. Wang, W.Y. Chu, The in-situ TEM observation of
corrosion facilitating dislocation emission, multiplication and motion for
brass, Scripta Metall. Mater. 32 (1995) 637–640.

[15] K.W. Gao, W.Y. Chu, Y.B. Wang, C.M. Hsiao, In-situ TEM observation of
dissolution-enhanced dislocation emission, motion and the nucleation of SCC
for Ti-24Al-11Nb alloy in methanol, Scripta Mater. 36 (1997) 259–264.

[16] K.W. Gao, W.Y. Chu, B. Gu, T.C. Zhang, L.J. Qiao, In-situ transmission electron
microscopic observation of corrosion-enhanced dislocation emission and crack
initiation of stress corrosion, Corrosion 56 (2000) 515–522.

http://refhub.elsevier.com/S0010-938X(13)00441-1/h0005
http://refhub.elsevier.com/S0010-938X(13)00441-1/h0005
http://refhub.elsevier.com/S0010-938X(13)00441-1/h0280
http://refhub.elsevier.com/S0010-938X(13)00441-1/h0280
http://refhub.elsevier.com/S0010-938X(13)00441-1/h0280
http://refhub.elsevier.com/S0010-938X(13)00441-1/h0280
http://refhub.elsevier.com/S0010-938X(13)00441-1/h0280
http://refhub.elsevier.com/S0010-938X(13)00441-1/h0280
http://refhub.elsevier.com/S0010-938X(13)00441-1/h0010
http://refhub.elsevier.com/S0010-938X(13)00441-1/h0010
http://refhub.elsevier.com/S0010-938X(13)00441-1/h0015
http://refhub.elsevier.com/S0010-938X(13)00441-1/h0015
http://refhub.elsevier.com/S0010-938X(13)00441-1/h0015
http://refhub.elsevier.com/S0010-938X(13)00441-1/h0015
http://refhub.elsevier.com/S0010-938X(13)00441-1/h0020
http://refhub.elsevier.com/S0010-938X(13)00441-1/h0020
http://refhub.elsevier.com/S0010-938X(13)00441-1/h0025
http://refhub.elsevier.com/S0010-938X(13)00441-1/h0025
http://refhub.elsevier.com/S0010-938X(13)00441-1/h0030
http://refhub.elsevier.com/S0010-938X(13)00441-1/h0030
http://refhub.elsevier.com/S0010-938X(13)00441-1/h0035
http://refhub.elsevier.com/S0010-938X(13)00441-1/h0035
http://refhub.elsevier.com/S0010-938X(13)00441-1/h0035
http://refhub.elsevier.com/S0010-938X(13)00441-1/h0040
http://refhub.elsevier.com/S0010-938X(13)00441-1/h0040
http://refhub.elsevier.com/S0010-938X(13)00441-1/h0040
http://refhub.elsevier.com/S0010-938X(13)00441-1/h0045
http://refhub.elsevier.com/S0010-938X(13)00441-1/h0045
http://refhub.elsevier.com/S0010-938X(13)00441-1/h0045
http://refhub.elsevier.com/S0010-938X(13)00441-1/h0050
http://refhub.elsevier.com/S0010-938X(13)00441-1/h0050
http://refhub.elsevier.com/S0010-938X(13)00441-1/h0055
http://refhub.elsevier.com/S0010-938X(13)00441-1/h0055
http://refhub.elsevier.com/S0010-938X(13)00441-1/h0055
http://refhub.elsevier.com/S0010-938X(13)00441-1/h0060
http://refhub.elsevier.com/S0010-938X(13)00441-1/h0060
http://refhub.elsevier.com/S0010-938X(13)00441-1/h0060
http://refhub.elsevier.com/S0010-938X(13)00441-1/h0065
http://refhub.elsevier.com/S0010-938X(13)00441-1/h0065
http://refhub.elsevier.com/S0010-938X(13)00441-1/h0065
http://refhub.elsevier.com/S0010-938X(13)00441-1/h0070
http://refhub.elsevier.com/S0010-938X(13)00441-1/h0070
http://refhub.elsevier.com/S0010-938X(13)00441-1/h0070
http://refhub.elsevier.com/S0010-938X(13)00441-1/h0075
http://refhub.elsevier.com/S0010-938X(13)00441-1/h0075
http://refhub.elsevier.com/S0010-938X(13)00441-1/h0075


292 Z. Qin et al. / Corrosion Science 78 (2014) 287–292
[17] S. Toshio, Passivity breakdown and stress corrosion cracking of stainless steel,
Corros. Sci. 49 (2007) 20–30.

[18] G. Sanderson, J.C. Scully, The stress corrosion of ti alloys in methanolic
solutions, Corros. Sci. 8 (1968) 541–548.

[19] S.A. Fernández, M.G. Alvarez, Passivity breakdown and stress corrosion
cracking of a-brass in sodium nitrate solutions, Corros. Sci. 53 (2011) 82–88.

[20] M.G. Alvarez, P. Lapitz, S.A. Fernández, J.R. Galvele, Passivity breakdown and
stress corrosion cracking of a-brass in sodium nitrite solutions, Corros. Sci. 47
(2005) 1643–1652.

[21] X.Y. Lou, D. Yang, P.M. Singh, Film breakdown and anodic dissolution during
stress corrosion cracking of carbon steel in bioethanol, J. Electrochem. Soc. 157
(2010) 86–94.

[22] Q. Yang, J.L. Luo, Effects of hydrogen and tensile stress on the breakdown of
passive films on type 304 stainless steel, Electrochim. Acta 46 (2001) 851–859.

[23] Z. Szklarska-Smialowska, Mechanism of pit nucleation by electrical
breakdown of the passive film, Corros. Sci. 44 (2002) 1143–1149.

[24] X.S. Du, Y.J. Su, C. Zhang, J.X. Li, L.J. Qiao, W.Y. Chu, W.G. Chen, Q.S. Zhang, D.X.
Liu, Pre-strain enhances film rupture to promote SCC of brass in Mattsson’s
solution – a proposal for a film-rupture-induced SCC mechanism, Corros. Sci.
69 (2013) 302–310.

[25] M. Pang, D.F. Bahr, Thin-film fracture during nanoindentation of a titanium
oxide film–titanium system, J. Mater. Res. 16 (2001) 2634–2643.

[26] T.F. Page, S.V. Hainsworth, Using nanoindentation techniques for the
characterization of coated systems: a critique, Surf. Coat. Technol. 61 (1993)
201–208.

[27] J.B. Pethicai, R. Hutchings, W.C. Oliver, Hardness measurement at penetration
depths as small as 20 nm, Philos. Mag. A 48 (1983) 593–606.

[28] E. Lilleodden, W. Bonin, J. Nelson, J. Wyrobek, W. Gerberich, In situ imaging of
LiN load indents into GaAs, J. Mater. Res. 10 (1995) 2163.

[29] D.F. Bahr, D.E. Kramer, W.W. Gerberich, Non-linear deformation mechanisms
during nanoindentation, Acta Mater. 46 (1998) 3605–3617.

[30] S.K. Venkataraman, D.L. Kohlstedt, W.W. Gerberich, Continuous
microindentation of passivating surfaces, J. Mater Res. 8 (1993) 685–688.

[31] X. Gao, Displacement burst and hydrogen effect during loading and holding in
nanoindentation of an iron single crystal, Scripta Mater. 53 (2005) 1315–1320.

[32] M.J. Cordill, N.R. Moody, W.W. Gerberich, The role of dislocation walls for
nanoindentation to shallow depths, Int. J. Plast. 25 (2009) 281–301.

[33] K.A. Nibur, D.F. Bahr, B.P. Somerday, Hydrogen effects on dislocation activity in
austenitic stainless steel, Acta Mater. 54 (2006) 2677–2684.

[34] A. Barnoush, H. Vehoff, Recent developments in the study of hydrogen
embrittlement: hydrogen effect on dislocation nucleation, Acta Mater. 58
(2010) 5274–5285.

[35] W.C. Oliver, G.M. Pharr, Improved technique for determining hardness and
elastic modulus using load and displacement sensing indentation
experiments, J. Mater. Res. 7 (1992) 1564–1583.

[36] M. Doerner, D. Gardner, W. Nix, Plastic properties of thin films on substrates as
measured by submicron indentation hardness and substrate curvature
techniques, J. Mater. Res. 1 (1986) 845–851.
[37] M. Pang, D.E. Eakins, M.G. Norton, D.F. Bahr, Structural and mechanical
characteristics of anodic oxide films on titanium, Corrosion 57 (2001) 523–
531.

[38] W.W. Gerberich, S.K. Venkataraman, H. Huang, S.E. Harvey, D.L. Kohlstedt, The
injection of plasticity by millinewton contacts, Acta Metall. Mater. 43 (1995)
1569–1576.

[39] I. Dugdale, J.B. Cotton, The anodic polarization of titanium in halide solutions,
Corros. Sci. 4 (1964) 397–411.

[40] C. Sendner, S. Sakong, A. Groß, Kinetic Monte Carlo simulations of the partial
oxidation of methanol on oxygen-covered Cu(110), Surf. Sci. 600 (2006) 3258–
3265.

[41] H.E. Sanders, P. Gardner, D.A. King, The adsorption of methanol on NiOx/
Ni{110}, Chem. Phys. Lett. 231 (1994) 481–486.

[42] G. Belanger, Anodic oxidation of anhydrous methanol, J. Electrochem. Soc. 123
(1976) 818–823.

[43] G. Kokkinidis, G. Papanastasiou, Some specific features of the catalytic role of
UPD foreign metal adatoms and water on the anodic oxidation of absolute
methanol on Pt, J. Electroanal. Chem. Interface Electrochem. 221 (1987) 172–
186.

[44] C. Iwakura, T. Hayashi, S. Kikkawa, H. Tamura, Electrolytic behaviour of non-
aqueous systems in methanol, Electrochim. Acta 17 (1972) 1085–1093.

[45] N.B. Pilling, R.E. Bedwoth, The oxidation of metals at high temperatures, J. Inst.
Met. 29 (1923) 529–591.

[46] J.C. Nelson, R.A. Oriani, Stress generation during anodic oxidation of titanium
and aluminum, Corros. Sci. 34 (1993) 307–326.

[47] W.J. Yuan, Z.L. Zhang, Y.J. Su, L.J. Qiao, W.Y. Chu, A novel method to measure
the residual stress in a corrosion film formed on metallic substrates, Corros.
Sci. 68 (2013) 128–133.

[48] G. Pharr, W. Oliver, Measurement of thin film mechanical properties using
nanoindentation, MRS Bull. 17 (1992) 28–33.

[49] D. Bahr, C. Woodcock, M. Pang, K. Weaver, N. Moody, Indentation induced film
fracture in hard film–soft substrate systems, Int. J. Fract. 119 (2003) 339–349.

[50] Y. Yao, L.J. Qiao, A.A. Volinsky, Hydrogen effects on stainless steel passive film
fracture studied by nanoindentation, Corros. Sci. 53 (2011) 2679–2683.

[51] D. Rodriguez-Marek, D.F. Bahr, M. Pang, Mechanical measurements of passive
film fracture on an austenitic stainless steel, Metall. Mater. Trans. A 34 (2003)
1291–1296.

[52] P.K. Gupta, J. Walowit, Contact stresses between an elastic cylinder and a
layered elastic solid, J. Lubr. Technol. 96 (1974) 250–257.

[53] M. Barsoum, Fundam. Ceram. (2003).
[54] D. Kramer, H. Huang, M. Kriese, J. Robach, J. Nelson, A. Wright, D. Bahr, W.W.

Gerberich, Yield strength predictions from the plastic zone around
nanocontacts, Acta Mater. 47 (1998) 333–343.

[55] F. Mansfeld, The effect of water on passivity and pitting of titanium in
solutions of methanol and hydrogen chloride, J. Electrochem. Soc. 118 (1971)
1412–1415.

[56] R.L. Johnston, Stress–corrosion cracking of Ti-6A1-4V alloy in methanol, Nat.
Aeronaut. Space Admin. (1967).

http://refhub.elsevier.com/S0010-938X(13)00441-1/h0080
http://refhub.elsevier.com/S0010-938X(13)00441-1/h0080
http://refhub.elsevier.com/S0010-938X(13)00441-1/h0085
http://refhub.elsevier.com/S0010-938X(13)00441-1/h0085
http://refhub.elsevier.com/S0010-938X(13)00441-1/h0090
http://refhub.elsevier.com/S0010-938X(13)00441-1/h0090
http://refhub.elsevier.com/S0010-938X(13)00441-1/h0095
http://refhub.elsevier.com/S0010-938X(13)00441-1/h0095
http://refhub.elsevier.com/S0010-938X(13)00441-1/h0095
http://refhub.elsevier.com/S0010-938X(13)00441-1/h0100
http://refhub.elsevier.com/S0010-938X(13)00441-1/h0100
http://refhub.elsevier.com/S0010-938X(13)00441-1/h0100
http://refhub.elsevier.com/S0010-938X(13)00441-1/h0105
http://refhub.elsevier.com/S0010-938X(13)00441-1/h0105
http://refhub.elsevier.com/S0010-938X(13)00441-1/h0110
http://refhub.elsevier.com/S0010-938X(13)00441-1/h0110
http://refhub.elsevier.com/S0010-938X(13)00441-1/h0115
http://refhub.elsevier.com/S0010-938X(13)00441-1/h0115
http://refhub.elsevier.com/S0010-938X(13)00441-1/h0115
http://refhub.elsevier.com/S0010-938X(13)00441-1/h0115
http://refhub.elsevier.com/S0010-938X(13)00441-1/h0120
http://refhub.elsevier.com/S0010-938X(13)00441-1/h0120
http://refhub.elsevier.com/S0010-938X(13)00441-1/h0125
http://refhub.elsevier.com/S0010-938X(13)00441-1/h0125
http://refhub.elsevier.com/S0010-938X(13)00441-1/h0125
http://refhub.elsevier.com/S0010-938X(13)00441-1/h0130
http://refhub.elsevier.com/S0010-938X(13)00441-1/h0130
http://refhub.elsevier.com/S0010-938X(13)00441-1/h0130
http://refhub.elsevier.com/S0010-938X(13)00441-1/h0135
http://refhub.elsevier.com/S0010-938X(13)00441-1/h0135
http://refhub.elsevier.com/S0010-938X(13)00441-1/h0140
http://refhub.elsevier.com/S0010-938X(13)00441-1/h0140
http://refhub.elsevier.com/S0010-938X(13)00441-1/h0145
http://refhub.elsevier.com/S0010-938X(13)00441-1/h0145
http://refhub.elsevier.com/S0010-938X(13)00441-1/h0150
http://refhub.elsevier.com/S0010-938X(13)00441-1/h0150
http://refhub.elsevier.com/S0010-938X(13)00441-1/h0155
http://refhub.elsevier.com/S0010-938X(13)00441-1/h0155
http://refhub.elsevier.com/S0010-938X(13)00441-1/h0160
http://refhub.elsevier.com/S0010-938X(13)00441-1/h0160
http://refhub.elsevier.com/S0010-938X(13)00441-1/h0165
http://refhub.elsevier.com/S0010-938X(13)00441-1/h0165
http://refhub.elsevier.com/S0010-938X(13)00441-1/h0165
http://refhub.elsevier.com/S0010-938X(13)00441-1/h0170
http://refhub.elsevier.com/S0010-938X(13)00441-1/h0170
http://refhub.elsevier.com/S0010-938X(13)00441-1/h0170
http://refhub.elsevier.com/S0010-938X(13)00441-1/h0175
http://refhub.elsevier.com/S0010-938X(13)00441-1/h0175
http://refhub.elsevier.com/S0010-938X(13)00441-1/h0175
http://refhub.elsevier.com/S0010-938X(13)00441-1/h0180
http://refhub.elsevier.com/S0010-938X(13)00441-1/h0180
http://refhub.elsevier.com/S0010-938X(13)00441-1/h0180
http://refhub.elsevier.com/S0010-938X(13)00441-1/h0185
http://refhub.elsevier.com/S0010-938X(13)00441-1/h0185
http://refhub.elsevier.com/S0010-938X(13)00441-1/h0185
http://refhub.elsevier.com/S0010-938X(13)00441-1/h0190
http://refhub.elsevier.com/S0010-938X(13)00441-1/h0190
http://refhub.elsevier.com/S0010-938X(13)00441-1/h0195
http://refhub.elsevier.com/S0010-938X(13)00441-1/h0195
http://refhub.elsevier.com/S0010-938X(13)00441-1/h0195
http://refhub.elsevier.com/S0010-938X(13)00441-1/h0195
http://refhub.elsevier.com/S0010-938X(13)00441-1/h0195
http://refhub.elsevier.com/S0010-938X(13)00441-1/h0200
http://refhub.elsevier.com/S0010-938X(13)00441-1/h0200
http://refhub.elsevier.com/S0010-938X(13)00441-1/h0200
http://refhub.elsevier.com/S0010-938X(13)00441-1/h0200
http://refhub.elsevier.com/S0010-938X(13)00441-1/h0205
http://refhub.elsevier.com/S0010-938X(13)00441-1/h0205
http://refhub.elsevier.com/S0010-938X(13)00441-1/h0210
http://refhub.elsevier.com/S0010-938X(13)00441-1/h0210
http://refhub.elsevier.com/S0010-938X(13)00441-1/h0210
http://refhub.elsevier.com/S0010-938X(13)00441-1/h0210
http://refhub.elsevier.com/S0010-938X(13)00441-1/h0215
http://refhub.elsevier.com/S0010-938X(13)00441-1/h0215
http://refhub.elsevier.com/S0010-938X(13)00441-1/h0220
http://refhub.elsevier.com/S0010-938X(13)00441-1/h0220
http://refhub.elsevier.com/S0010-938X(13)00441-1/h0225
http://refhub.elsevier.com/S0010-938X(13)00441-1/h0225
http://refhub.elsevier.com/S0010-938X(13)00441-1/h0230
http://refhub.elsevier.com/S0010-938X(13)00441-1/h0230
http://refhub.elsevier.com/S0010-938X(13)00441-1/h0230
http://refhub.elsevier.com/S0010-938X(13)00441-1/h0235
http://refhub.elsevier.com/S0010-938X(13)00441-1/h0235
http://refhub.elsevier.com/S0010-938X(13)00441-1/h0240
http://refhub.elsevier.com/S0010-938X(13)00441-1/h0240
http://refhub.elsevier.com/S0010-938X(13)00441-1/h0245
http://refhub.elsevier.com/S0010-938X(13)00441-1/h0245
http://refhub.elsevier.com/S0010-938X(13)00441-1/h0250
http://refhub.elsevier.com/S0010-938X(13)00441-1/h0250
http://refhub.elsevier.com/S0010-938X(13)00441-1/h0250
http://refhub.elsevier.com/S0010-938X(13)00441-1/h0255
http://refhub.elsevier.com/S0010-938X(13)00441-1/h0255
http://refhub.elsevier.com/S0010-938X(13)00441-1/h0260
http://refhub.elsevier.com/S0010-938X(13)00441-1/h0265
http://refhub.elsevier.com/S0010-938X(13)00441-1/h0265
http://refhub.elsevier.com/S0010-938X(13)00441-1/h0265
http://refhub.elsevier.com/S0010-938X(13)00441-1/h0270
http://refhub.elsevier.com/S0010-938X(13)00441-1/h0270
http://refhub.elsevier.com/S0010-938X(13)00441-1/h0270
http://refhub.elsevier.com/S0010-938X(13)00441-1/h0275
http://refhub.elsevier.com/S0010-938X(13)00441-1/h0275

	Passive film-induced stress and mechanical prope
	1 Introduction
	2 Experiment
	2.1 Film-induced stress
	2.2 Nanoindentation test

	3 Results
	4 Discussion
	4.1 Passivation mechanism
	4.2 Film-induced stress reduction mechanism
	4.3 Film residual stress and fracture load

	5 Conclusions
	Acknowledgements
	References


