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Abstract

The mechanism of AgCl-induced stress corrosion cracking of Ti-6246 was examined at 500 MPa and 380 °C for 24 h exposures.
SEM and STEM-EDX examination of a FIB-sectioned blister and crack showed that metallic Ag was formed and migrated along
the crack. TEM analysis also revealed the presence of SnO2 and Al2O3 corrosion products mixed into TiO2. The fracture surface
has a transgranular nature with a brittle appearance in the primary α phase. Long, straight and non-interacting dislocations were
observed in a brittle appearance fractured primary α grain, with basal and pyramidal traces. This is consistent with a dislocation
emission view of the the cracking mechanism.
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1. Introduction

Titanium alloys generally exhibit good corrosion resistance
owing to the formation of a well-adhered and protective nano-
metric TiO2 layer [1]. Combined with the benefits of low den-
sity and good intermediate-temperature mechanical properties,
Ti-based alloys are found to be outstanding structural materi-
als for weight-critical fatigue limited aerospace applications at
elevated temperatures (300 °C-600 °C) [2]. Approximately one
third of the structural weight of modern turbofan engines are
composed of titanium components, mostly in the fan and com-
pressor sections, as both blades and discs [3]. Ti-6Al-2Sn-4Zr-
6Mo (wt.%, Ti-6246), is a relatively heavily β-stabilised α + β
alloy used in high temperature compressor discs/rotors due to
its good elevated temperature strength [2].

However, since the 1960s there has been a recurring concern
around hot salt stress corrosion cracking (HSSCC) susceptibil-
ity in Ti alloys when exposed to halides, particularly chlorides
[4, 5, 6, 7, 8]. Bauer first reported the failure of a Ti-6Al-4V
turbine blade due to HSSCC attack by NaCl residues from fin-
gerprints during laboratory creep testing at 220 °C [9]. Subse-
quent investigations found that other chloride-containing metal
salts, such as MgCl2, CaCl2 and KCl, found in seawater could
cause a similar effect [4, 5]. Molten salts can also cause liquid
metal embrittlement (LME) and have more deleterious effects
on mechanical properties [10]. In addition, the susceptibility to
HSSCC in titanium alloys can be influenced by test conditions,
alloy composition and alloy heat treatment condition [6, 7]. The
threshold stress intensity for SCC, KlSCC, is well below both
the conventional fatigue cracking threshold stress intensity and
fracture toughness. KlSCC is dramatically reduced by increasing
the exposure time and temperature according to a Larson-Miller
type relationship [5].

A number of reaction models or mechanisms have been pro-

posed and it is widely agreed that the presence of moisture
and/or oxygen is critical for cracking [4, 9, 11]. Initially the
protective oxide layer can be ruptured mechanically or con-
sumed through its reactions with salts in the presence of mois-
ture and/or oxygen, subsequently forming HCl or Cl2. Then
the underlying alloy can be attacked by HCl or Cl2, generating
titanium chlorides and atomic hydrogen at elevated tempera-
tures, > 300 °C. Other alloy chlorides have also been observed,
such as Al, Sn and Zr. Pyrohydrolysis reactions of such chlo-
rides can provide further HCl which can then continue to at-
tack the base alloy. Titanium hydrides have been observed by
X-ray diffraction (XRD) and transmission electron microscopy
(TEM) [12]. Consequently, hydrogen embrittlement is gener-
ally considered to be the mechanism by which corrosion results
in cracking, with crack/pit initiation being assisted by localized
anodic dissolution. Often, hydrides are not directly observed,
but dissolved solute hydrogen is presumed to be present as a
result of formation of corrosion products, such as various al-
loy chlorides. Hydrogen enhanced localized plasticity (HELP),
the proposal that elevated solute hydrogen could promote dis-
location motion in the vicinity of crack tips [13, 14], has been
suggested as the mechanism by which crack advance occurs,
with a characteristic transgranular fracture appearance in Ti-
6246 after NaCl HSSCC attack [15]. Alternatively or in addi-
tion to this, others suggest that adsorption induced dislocation
emission (AIDE) could be also operating during stress corro-
sion cracking (SCC) [16], which refers that the adsorption of
hydrogen atoms into subsurface can facilitate dislocation emis-
sion ahead of crack tip by weakening the interatomic bonds.
This proposal is supported by TEM observations of high dislo-
cation density below primary α SCC facets in Ti-8Al-1Mo-1V
[17].

Unlike fingerprint or seawater-associated chloride cracking,
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HSSCC associated with AgCl has been examined relatively
rarely. It was first reported in 1966 where a Ti-7Al-4Mo com-
pressor disc crack was found in a region in intimate contact
with silver-plated bolts, leading to failure of the disc in a spin
test [18]. X-ray diffraction identified the presence of AgCl at
the crack origin. Silver is often used as an anti-galling coating
on fixtures such as nuts and bolts. It was believed that AgCl
can be generated by the reaction of Ag with trace, ppm-level
amounts of chlorine present in the atmosphere, e.g. in solvents,
triggering HSSCC above 300 °C. It continues to be crucial to
understand these cracking mechanisms to allow the safe design
and operation of gas turbine Ti components. However, the re-
action sequence and mechanism of cracking for the AgCl case
have not been examined in detail, with studies being limited to
trial-and-error testing and fracture observation.

In this paper, the reaction products associated with AgCl
HSSCC in Ti-6246 are analysed. Detailed examination using
XRD, SEM and TEM is made of the composition analysis for
corrosion products generated both on the surface and within
the crack, in order to establish the sequence of reactions in the
mechanism chains that gives rise to cracking. This work gives
further insight into which alloying effects are most detrimental,
and also temperature and thermodynamic effects. These find-
ings will assist in future alloy selection and development, un-
derstanding of the interaction with the operating environment
(e.g. temperature), and also anti-galling coating selection to
avoid occurrence of the problem.

2. Experimental Description

Ti-6246 in a service-representative condition was provided by
Rolls-Royce plc. 60 mm×1.5 mm×3.5 mm strip specimens for
bend testing were obtained by electrical discharge machining
(EDM) and then polished using an OPS colloidal silica solu-
tion (1:4). A two-point bending rig was used to apply uniform
load across the strip surface, as illustrated in Figure 1. The
rig is manufactured from titanium alloys to avoid effects of dif-
ferential thermal expansion at elevated temperatures on the ap-
plied load. 3 mg AgCl powder (max. particle size 150 µm) was
placed on the centre of the strip. A drop of distilled water was
added to disperse the AgCl particles before evaporation. Two-
point bending tests were then conducted at 380 °C and 500 MPa
for 24 h in an air-circulating laboratory oven. These are the
same conditions as in our previous work, where we examined
the sample surface [19]. The applied stress σwas calculated ac-
cording to ASTM-G41[20], as described in following equation

H =
KtE(T )
σ

sin
Lσ

KtE(T )
(1)

where H is the distance between two ends of the bending spec-
imen, K = 1.28 is a constant, t and L are the thickness and
length of the specimen, and E(T ) is the Young’s modulus of
Ti-6246 at temperature T . The dimensions of the specimen and
span length H were measured with a digital caliper (±0.1mm).

The initial microstructure of as-received Ti-6246 was ex-
amined by backscattered electron imaging (BEI) and electron

backscatter diffraction (EBSD) in a Zeiss Sigma 300 field emis-
sion gun scanning electron microscope (FEG-SEM) with an ac-
celerating voltage of 20 kV and a working distance of 15 mm,
as shown in Figure 2. The specimen surface after corrosion
tests was characterised by optical microscopy and with a Zeiss
Auriga FEG-SEM under an accelerating voltage of 5 kV. The
cross section underneath the corrosion products was revealed
by focused-ion beam (FIB) milling with a Ga+ source at 30
kV and the chemical composition was analysed by energy dis-
persive X-ray spectroscopy (EDX) equipped in the same SEM.
The accelerating voltage was 10 kV and the aperture size was
60 µm for this analysis. A cracked sample was characterised by
transmission electron microscopy (TEM) and scanning TEM
(STEM) in a JEOL-2100F at 200 kV. A TEM foil containing a
crack was lifted out from the top surface with a dual beam FEI
Helios Nanolab 600. A platinum protective layer was deposited
on the surface to minimise damage from ion milling. The foil
was made electron transparent with a thickness around 150 nm.
Chemical analysis was then carried out using STEM-EDX with
a 1 nm spot size. X-ray diffraction(XRD) was also conducted
on the sample top surface to investigate the phases formed after
corrosion testing, using a Cu Kα 1.54 Å source with step size
0.03°/s.

3. Results

3.1. Surface observations for tested samples
The macroscopic appearance of the sample surface after

exposure to AgCl stress corrosion testing at 380 °C under a
stress of 500 MPa for 24 h is shown in Figure 3. It can
be observed that an uneven colouration appeared on the sur-
face, corresponding to light interference with the oxide film
formed during testing. Thus the colour relates to the oxide
thickness[21, 22], which is dependent on the α orientation and
local oxidation/corrosion conditions. Such heat tinting is of-
ten used in weld qualification, anodization or as a diagnostic
tool for thermal exposures. A straw-yellow colouration was
observed in regions far from AgCl salt exposure, often with
thicker (blue) oxide scales closer to the salt exposure. The
underlying microstructure also affected the colours observed,

.

H

(b)

(a)

Figure 1: (a) Two-point bend rig used in this work; (b) schematic diagram of
the sample and bend rig configuration.
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Figure 2: Micrographs showing the microstructure of as-received Ti-6246.
(a) band contrast image formed from EBSD; (b) backscattered electron im-
age demonstrating primary α laths and fine secondary α precipitates embedded
in transformed β phase; inverse pole figure (IPF) maps of the (c) α and (d) β
phases, coloured according to the loading direction (hoop direction in the parent
disc forging).

.

highlighting different prior beta grains. A small crack was
found, indicated by a white arrow in Figure 3, on top of which
reaction products could be found.

In Figure 3, the prior β grains are visible through variations
in colour, most likely reflecting the oxide film thickness on the
primary α laths and their orientations. Turning to Figure 4, it
appears that the primary α laths are depressed relative to the
transformed β regions, i.e. that the α phase corrodes more.
However, FIB sectioning (Figures 5 and 6) does not completely
bear this out. From a fundamental perspective, the α phase con-
tains more Al, which easily forms volatile chlorides, but the β
phase has far higher solubility for hydrogen.

3.2. SEM-EDX

The SEM image in Figure 4 illustrates a small surface crack
adjacent to some clusters of AgCl. Unlike the granular and
lenticular AgCl crystals as indicated by the bottom two white
arrows in Figure 4(a), the salt clusters near the crack were com-
posed of many nodular globular particles embedded in larger
ones. EDX analysis on the area labeled in Figure 4(b) indicated
the presence of more than 94 at% of Ag, which implied forma-
tion of metallic Ag on the applied AgCl. These features have
been observed in previous work [23] and it is widely agreed that
AgCl can photodecompose into metallic silver and chlorine un-
der UV radiation, causing surface or volume darkening of AgCl
[24, 25], as follows

2 AgCl + hν −−−→ 2 Ag + Cl2 (2)

Blisters and globular corrosion products were then exposed
above the crack after removal of large clusters by ultrasonic
cleaning in a dry beaker without any solvents, as shown in Fig-
ure 4(b). A region of a blister was protected by platinum coating
then focused-ion beam (FIB) milled, as indicated by the black

Figure 3: Optical micrograph of the top surface of sample tested under
500 MPa/380 °C after isothermal heat exposure for 24 h (image from our pre-
vious paper [19], taken in normal light. A small crack observed is highlighted
with a white arrow, as are the AgCl particle clusters on the surface.

rectangular box, to reveal the cross section and conduct chem-
ical analysis shown in Figure 5(a). It can be seen that layered
and porous corrosion products were generated inside the blister.
They were found to accumulate into a shallow pit, also filling
the crack propagating below. This crack began by propagating
through a primary α grain exposed at the surface.

EDX point analysis in Table 1 suggested that the bright
Ag-rich layers with different morphology were surrounded by
(grey) oxide scales enriched in Ti, Al and O, e.g. consisting
of titanium and/or aluminium oxides. This implies that Ti and
Al were likely active and diffused outward during the corro-
sion reactions. The top layer of oxides showed a heterogeneous
appearance with inclusion of Ag-rich particles, moving inward
though the blister. The top oxide/Ag adherence was intimate
whereas oxide spallation was observed deeper in the blister, but
above the base alloy. Cellular and globular Ag-rich structures
were generated on the top, surrounded by a dense oxide layer
around 1 µm in thickness within the blister. Aggregation and
coalescence of Ag-rich particles were also observed at the bot-
tom of the pit. It has been suggested that local chemical po-
tential might control the Ag formation morphology, which was
closely linked to reaction kinetics. It is also well known that Ag
prefers island growth [26] (The mechanism of Ag/oxide alter-
nation is unknown).

Point analysis of this dense Ag-rich layer, Table 1, demon-
strated that it contained approximately 80 at.% Ag with Ti (13-
15 at.%) and small amounts of Al or O. In the binary Ag-Ti
system, Ag has relatively small solubility for Ti(< 5 at.%) at
380 °C such that an intermetallic phase of TiAg is preferably
formed [27]. Such solubility as exists would be increased by
the presence of Al, at least at high temperatures [28]; in contrast
the Ag-Ti-O ternary phase diagram has not yet been assessed.
The backscattered electron image in Fig 5(a) show some fine-
scale speckled contrast below the spatial resolution of SEM-
EDX which may indicate the formation of intermetallic TiAl in
the silver layer, which would be consistent with the Ag-Ti phase
diagram. However, it is difficult to examine composition varia-
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AgCl crystals

10 µm (b)
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FIB trench region

Over 94 at% Ag 
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Figure 4: Secondary electron images of the tested sample surface after exposure
at 500 MPa/380 °C for 24 h, showing a crack near salt clusters. (a) A blister
formed underneath a salt cluster and (b) highlighted region from (a) exposed
after removal of salt overburden by ultrasonic cleaning. The black box indi-
cates the region protected by platinum coating prior to FIB milling to produce
a trench for cross-sectional analysis. A TEM foil was lifted out away from the
blister, as outlined by the orange box in (a).

tions within this layer in more detail without resorting to EPMA
or STEM-EDX, as the resolution of SEM-EDX in these imag-
ing conditions is around 1 µm. It should also be recognised that
the main Sn (Kα 3.44 keV ) and Cl (Kα 2.62 keV) peaks overlap
with the minor Ag Lβ2, Lβ10 and L1 peaks at 3.35, 3.43 and 2.63
keV, respectively. Therefore, as the Sn and Cl maps spatially
match with locations where Ag is present, it is less possible to
definitively conclude that small trace amounts of Sn and Cl are
present using SEM-EDX. Likewise, the compositions of thin
and discontinuous oxide layers could not be accurately exam-
ined by point analysis under this condition due to the limited
spatial resolution.

3.3. STEM-EDX analysis

A TEM foil was lifted out from the top surface of the sample
from the location highlighted in Figure 4(a) after a test where
a crack propagated through the surface, which was covered by
small blister-like corrosion deposits. STEM bright-field (BF)
imaging of the foil, Figure 6(a) revealed that the crack pen-
etrated into the underlying alloy. The crack path propagated

1 µm

Pt
Pt

(a)

Oxide scale

Primary α
Crack 

1
2 3

Pt

Al

Ti Ag Cl

O Sn Mo

1 µm

(b)

Figure 5: (a) Backscattered electron image revealing the underlying layered
structure inside the blister (Figure 4b) after FIB milling; (b) SEM-EDX ele-
mental maps of the red highlighted region

through the α laths, with branching in between, with the crack
itself observed to be partially filled with heterogeneous corro-
sion products. Cracking at the interface between the primary
α and the transformed β, e.g. due to hydride formation at the
interface, was not observed.

Regions of bright contrast in Figure 6(a) but with no cor-
responding intensity in the STEM-EDX maps, Figure 6(b) are
inferred to be empty regions of the crack. Regions of the crack
of low intensity (black) in the BF image were found to be as-
sociated with high contents of Ag. The crack wall itself was
found to be elevated in O content.

In addition, there is found to be a co-occurence of Sn with Ag
in the SEM-EDX maps. Inspection of the X-ray spectra shows
that these peaks are clearly distinct, and the Ag-Sn phase di-
agram [29] suggests that Ag has substanital solubility for Sn.
Sn chlorides have quite low evaporation points and so it is im-
plied that Sn is involved in the corrosion process, generating
e.g. gaseous SnCl4 which then are oxidised to SnO2 and de-
posited on the Ag alloy particles.

The small particles inside the crack were often found bound
together into clusters over 200 nm in size. These large particles

Table 1: SEM-EDX point analysis of location in the Ag-rich layer in Figure
5(a).

at.% Point 1 Point 2 Point 3
Ag 83.9 79.2 82.4
Ti 13.6 15.5 13.3
O 0 5.4 4.3
Al 2.5 0 0

4



were examined by point analysis in STEM-EDX, smaller than
the particle size, as shown in Table 2. Here, much higher O
contents were found, in the region of 35-45 at.%, along with
Ag, Ti and the other metals in Ti-6246, i.e. Al, Mo, Sn and
Zr. Since Ag does not form stable oxides at the test temperature
of 380 °C [30], it is suggested that the regions of the particles
sampled by STEM-EDX are composed of mixtures of silver
and Ti-based metal oxides. However, the O:Ti ratios do not
clearly indicate the presence of a particular oxide stoichiome-
try, such as TiO2. In addition, quite significant amounts of Cl
were found, with the amount increasing to nearly 6 at.% with
depth along the crack, which might suggest the increasing dif-
ficulty of evaporation of chlorides with distance from the crack
mouth. In general, the amounts of Al relative to Ti are higher
than the alloy content, possibly reflecting the higher stability of
Al chlorides formed than Ti chlorides, whereas the converse is
true for Sn [31]. Those chlorides can then react to form oxides.
Figure 7(a) shows the crack mouth region highlighted in Fig-
ure 6 in more detail. The underlying α/β Ti microstructure con-
tains a high defect density caused by Ga damage from sample
preparation. A thin layer of corrosion deposits was found above
the crack mouth, which is enriched with oxygen according to
the STEM-EDX mapping results in Figure 6(b). Above these
the Pt deposition layer is observed, which is incomplete due to
FIB damage. Point analyses of the corrosion deposits were un-
dertaken (1-5), Figure 7(b) and Table 3. The precision quoted
is 1 at.% for concentrations >10 at.% and 0.1 at.% for con-
centrations <10 at.%. It is inferred that the corrosion deposits
are most likely predominantly based on TiO2, but that diffrac-
tion based analyses are required to provide confidence as to the
phase assignment. The Al:Ti content, at around 1:10, reflects
the approximate alloy composition (10.8:83 in at.%), whilst the
Sn content is substantially elevated relative to the content in
base alloy (0.8 at.%). Therefore it seems likely that this reflects
the ease of forming tin chlorides with high volatility [32]. As
anticipated, unlike in the SEM-EDX measurements, Ag was not
observed in these corrosion deposits. It might be attributed to its
location far from salt particles with absence of initial reactions
with AgCl.

3.4. X-ray diffraction analysis

To complement the EDX results, bulk powder X-ray diffrac-
tion was conducted on an as-corroded sample surface that had

Table 2: STEM-EDX point analyses (at.%) at the points denoted in the Ag-rich
layer within the crack in Figure 6 (Cu removed, e.g. from the sample holder).

Point 1 2 3 4 5 6
Ag 44.0 30.5 23.7 36.3 21.4 29.1
O 39.5 34.2 46.7 31.3 44.6 36.3
Ti 13.2 29.8 21.2 24.2 24.1 22.8
Al 1.4 3.6 6.7 3.6 4.5 4.9
Cl 0.7 0.9 1.1 2.3 4.3 5.8
Mo 0.4 0.6 0.5 2.1 1.0 1.0
Sn 0.6 0.2 0 0 0 0
Zr 0.1 0.2 0.1 0.2 0.2 0.1

1 μm

STEM-BF

EDX-Mapping

(a)

1

2

3

4

5

6

Pt

αp grain

Figure 6: (a) Bright-field STEM image (spot size=1nm) of the TEM foil lifted
out from the crack in Figure 4(a), showing a transgranular crack propagation
path; (b) STEM-EDX elemental maps of the region highlighted in (a), and (c)
STEM-EDX line scan analysis showing intensity variations of O and Cl along
the line identified in (b). Elevated levels of Cl are present at the metal/oxide
interface.

been tested at 380 °C for 24 h, Figure 8. The primary α and
β phase peaks can be readily identified by comparison to an
uncorroded sample. A number of very small peaks (e.g. at
29.0°, 42.9° and 47.2°) in the as-received sample correspond to
background from the sample holder. In the corroded sample,
additional peaks indicated by the black arrows were observed,
which match well to AgCl. There are indications of the pres-
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Sn
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O

Cu

(b)
Cu

Ti
Cu

Figure 7: (a) BF TEM image of the corrosion deposit formed above the crack
mouth; (b) EDX element spectrum obtained from point analysis (location #1)
of the corrosion deposits;

Table 3: STEM-EDX point analysis on the corrosion deposits above crack (Cu
was removed).

Element in at.% 1 2 3 4 5
O 70 79 69 69 70
Ti 22 16 26 26 26
Al 2.8 1.9 2.6 2.3 2.6
Sn 3.7 2.4 1.9 2.1 1.6
Cl 1.0 0.6 0.5 0.6 0.5

ence of Ag (e.g. the increase in intensity of the peaks at 77°),
as distinct from TiO2 (the peak at 44° which could be either
Ag or TiO2). However, the TiO2 films observed using elec-
tron microscopy were very thin, so it is perhaps unsurprising
the TiO2 is difficult to unambiguously observe. Therefore bulk
X-ray diffraction analysis provided only limited additional in-
formation, so instead we turn to TEM-based diffraction phase
analysis.

3.5. HRTEM and dislocation analysis

The different phases present in the corrosion products shown
in Figure 7 were further analysed by high resolution TEM
(HRTEM). STEM-EDX results showed that this region con-
tained elevated concentrations of O, Ti, Al and Sn, suggesting
the formation of mixed oxides. Selected area diffraction (SAD)

Figure 8: X-ray diffraction pattern obtained (Cu Kα radiation) from the as-
polished sample surface and after stress corrosion cracking testing.

patterns from this region were then matched with the crystal
structures of TiO2, SnO2 and Al2O3. In this case, anatase was
determined as the form of TiO2 occurring, which is thermody-
namically unexpected [33, 34]. However, it has previously been
suggested that the formation of nanocrystalline anatase parti-
cles can be favoured owing to its lower surface free energy and
rapid crystallization [35, 36]. Besides, the d spacing measure-
ment of the most intensive diffraction ring was 3.7 Å, slightly
larger than d spacing of (011) planes for anatase. It was postu-
lated that doping of other elements in anatase might expand the
lattice structure [36].

STEM-BF imaging, Figure 10, of the large primary α grain
in Figure 6(a), was performed to highlight the dislocation struc-
tures associated with cracking. Long, straight dislocations of
basal and pyramidal trace were observed.

4. Discussion

4.1. AgCl formation in engines
The susceptibility of HSSCC induced by AgCl in titanium al-

loys was firstly reported by Duttweiler on 1966 after failure of a
Ti-7Al-4Mo compressor disk during spin testing [18]. Cracking
was found at the bolt hole regions in contact with sliver-plated
bolts with presence of AgCl deposits. It was suggested that only
0.02 ppm Cl2 in the atmosphere was enough to corrode metallic
Ag to produce AgCl salts above 400 °C as explained in equation
(3), which was estimated by the Van’t-Hoff reaction. Sources
of chlorine can occur in the field under variations in local con-
ditions. Formation of AgCl has been shown to be energetically
favoured over any silver oxides when the bare Ag surface was
exposed to Cl2 and OH radicals [37, 38], according to

Cl2 + Ag→ 2AgCl (3)

Duttweiler’s results showed that the rupture lives of Ti-5Al-
2.5Sn and Ti-7Al-4Mo coated by AgCl were dramatically re-
duced compared to the bare metal above 370 °C. The frac-
ture surfaces exhibited brittle features with crack progression
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5 1/nm

Anatase (011) 
SnO2 (011) 

Al2O3 (113) 
Anatase (020) 
Al2O3 (116) 

Anatase (024) 

Anatase (004);SnO2 (020)

(a)

3.347 Å

3.538 Å     

SnO2(110)

Anatase(011)

(b)

Figure 9: (a) Selected area diffraction (SAD) patterns and (b) high resolution
TEM (HRTEM) image of the corrosion products formed above the crack mouth
as illustrated in Figure 7(a).

through α phase. The author also examined the effect of solid
state Ag-Ti interactions through metallic coupling. It was found
that Ag-plated titanium specimens under vacuum also showed
reduced rupture lives, and that the rupture lives of AgCl coated
Ti-5Al-2.5Sn specimens can be up to 100 times shorter than
that of Ag-plated samples, under higher temperature condi-
tions, 470 °C and 345 MPa [18]. Given the age of that re-
port, modern electron microscopy techniques were not avail-
able and therefore the mechanism of AgCl-associated embrit-
tlement could only be established by A/B hypothesis testing and
fractographic appearance. For example, the possibility of solid
metal embrittlement (SME) has not been excluded, and Stoltz
and Stuben [39] have reported SME of Ti-6Al-6V-2Sn by inti-
mate contact with silver above 203 °C. The likelihood of AgCl
formation in engines was considered by Duttweiler to be high
and it has previously been established that hot salt attack can
have a more deleterious effect than SME in titanium and other
metals, and therefore stress corrosion was preferred over solid
metal embrittlement as a hypothesized cracking mechanism.

4.2. Main experimental observations
In this work, AgCl-induced HSSCC was studied and a

Ti-6246 specimen tested under 500 MPa/380 °C for 24 h was
meticulously investigated. An uneven colouration appeared on

1µm

αp grain

FIB damage

Crack

[2110]

Figure 10: STEM-BF image showing high dislocation density in a primary
alpha grain near the crack.

the surface after corrosion testing. This phenomenon is also
commonly seen when anodizing titanium or after welding or
heat treatment [21]. It is inferred that an oxide film of increas-
ing thickness was generated by oxidation enhanced by AgCl-
induced corrosion. The oxide film ‘halo’ around each salt parti-
cle increased in thickness with proximity to the chloride par-
ticle. Multiple surface cracks were found to initiate under-
neath salt clusters. Crack propagation followed a transgran-
ular path. SEM-EDX analysis on the cross-section of a blister
formed above the crack mouth revealed the presence of metallic
Ag phase and titanium oxides. Significant amounts of Ag-rich
phase is observed within the crack, suggesting the occurrence
of Ag migration. STEM-EDX examination of the Ag-rich par-
ticles within a crack showed that these particles also contained
mixtures of different Ti and alloying element metal oxides.

XRD analysis on the sample surface verified the presence of
Ag and AgCl, whilst other corrosion products were below the
detection limits of XRD, or shielded by the Ag / AgCl on the
surface. TEM study confirmed the presence of TiO2 (in the
form of anatase), SnO2 and Al2O3, generated as nanoprecipi-
tates blocking the crack mouth. Moreover, Cl was also observed
all the way along the length of the crack and concentrated at the
oxide/metal interface, implying the formation of metal chlo-
rides at the testing temperature, 380 °C. This observation is
consistent with findings in previous studies [12, 15], which
proposed that gaseous HCl could be produced as a byproduct
from the reaction of chloride salts with the base metal and at-
mospheric moisture, and then in turn react with the exposed
bare metal at the crack tip, promoting hydrogen charging of the
crack tip. Hydrogen embrittlement is hence postulated as the
responsible cracking mechanism.

TEM investigation on a brittle-appearance primary α grain
displayed a large amount of long and straight dislocation seg-
ments on basal and pyramidal planes. This high dislocation
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density across the whole grain was not observed in previous
study on NaCl HSSCC of Ti-6246, especially not adjacent to
the fracture surface within 1 µm distance [40]. Also, less dislo-
cation entanglements were seen in this case, which could imply
a change of the embrittlement mechanism ahead of crack tips
for AgCl HSSCC.

4.3. Mechanisms

4.3.1. Crack initiation
A layer of self-healing and adhesive oxide is usually formed

on the top of Ti due to its high affinity with O, mainly forming
rutile TiO2, which can give rise to good corrosion resistance in
most circumstances [1, 36]. When the passive oxide film is bro-
ken down, this exposes the underlying alloy to the salt, which
always competes with a repassivation process if oxygen is ac-
cessible. In the case of NaCl-associated HSSCC, it has been
proposed [9, 12, 41] that TiO2 can be consumed through the re-
action with NaCl and moisture at elevated temperature, forming
sodium titanates and gaseous HCl. A localized HCl-rich envi-
ronment can retard oxide repassivation [42], especially at lower
oxygen concentrations underneath the salt deposits, which can
enable attack of the base alloy and thence to crack initiation un-
der applied stress. However, the reaction of AgCl with TiO2
either in the presence of H2O or in dry air are not energetically
favoured according to equilibrium thermodynamic calculations
using the Factsage database.

Supplementary corrosion experiments performed without ap-
plied stress result in enhanced oxidation across the sample sur-
face with the formation of oxide blisters (see Appendix), but
with no cracks growing into the underlying metal surface. It
is well understood that a compressive stress could be generated
in the convex side of growing oxide film on a metal substrate
due to the Pilling-Bedworth volume differences, although the
net stress after cool-down in the oxide could be either tensile or
compressive, depending on the oxide thickness [43]. This can
give rise to mechanical damage of the oxide film, such as flak-
ing, blisters or cracks. Therefore it is inferred that stress corro-
sion cracking in the present case occurs by the formation of a
thick oxide caused by corrosion that is then ruptured mechan-
ically. Such considerations may give rise to an additional ten-
sile stress (over and above the applied stress) at the metal/oxide
interface, which may facilitate crack initiation underneath the
blister.

Once the protective oxide film is disrupted, it is proposed that
AgCl can react with the underlying Ti in the presence of mois-
ture and generate metallic Ag, TiO2 and gaseous HCl at 380 °C,
reaction (4). The standard formation enthalpy for proposed re-
actions is present in Table 4.

4AgCl(s)+Ti(s)+2H2O(g)→ 4Ag(s)+TiO2(s)+4HCl(g) (4)

It is commonly suggested that the source of moisture may
be from water vapour in the atmosphere, adsorption on TiO2
[44] or hydrous salt particles [4]. Thermodynamically, forming
silver titanates or oxides is not favoured. SEM-EDX point anal-
ysis (Table 1) supports this view; the Ag-rich layers observed

consisted mostly of metallic phase with very limited concen-
trations of oxygen. Moreover, the porosity in both the oxide
blister and in the crack mouth both indicate that gas release has
occurred, such as of volatile metal chlorides as discussed in the
following sections.

HCl then attacks the bare Ti alloy at the crack tip, producing
titanium chlorides and atomic hydrogen, reaction (5).

Ti(s) + 4HCl(g)→ TiCl4(g) + 4H (5)

The stability of the TiCl2 and TiCl4 phases has been
examined[15]; TiCl2 is a solid phase at 380 °C, while TiCl4 is
quite volatile, with a lower formation energy. Volatile TiCl4
can be hydrolysed or oxidised and release gaseous HCl or Cl2,
reactions (6) and (7).

TiCl4(g) + 2H2O(g)→ TiO2(s) + 4HCl(g) (6)

TiCl4(g) + O2(g)→ TiO2(s) + 2Cl2(g) (7)

Chloride ions (in HCl) are aggressive and able to re-attack the
base alloy.

Excess corrosion products are found to deposit into a shallow
pit-like region, as observed in Figure 5(a). The brittle oxide is
found to crack under the tensile stress, while the ductile Ag-
rich layers above it remain continuous, which may slow down
the evaporation of HCl or Cl2. Since the ratio between penetra-
tion and the lateral corrosion depth is less than 1, pit formation
is not considered in this case [45]. Crack initiation is thought
to be due to the slip-dissolution process under tensile stress. It
is proposed [8] that slip promoted by hydrogen adsorption into
the metal can expose material on the slip line to the corrosive
environment, resulting in localized anodic dissolution. A cor-
rosion tunnel can then be formed, which can then act as the
crack initiation site. The fractographic appearance is one of
microstructure-sensitive cracking, implying a role for the mor-
phological and/or crystallographic orientations of the underly-
ing α and β phases.

4.3.2. Crack propagation
Once a short crack initiates, the cracking or embrittlement

mechanism greatly depend on the crack tip chemistry. As dis-
cussed in the preceding section, equations (5)-(7) continually
react and expose Ti at the crack tip, regenerate gaseous HCl or
Cl2 and supply H into the metal. The competition between the
hydrolysis reaction (6) and oxidation reaction (7) is suggested
to be dominated by pressure according to Chevrot’s study on
pressure effects on the lives of IMI834 specimens undergoing
NaCl HSSCC [46]. He found that the specimen life was re-
markably increased at higher pressure; it was speculated that
high pressure suppressed the hydrolysis of metal chlorides and
furthermore restrained hydrogen charging. So for laboratory
fatigue testing under relatively low pressures, it has been sug-
gested that pyrohydrolysis reactions are favoured over oxida-
tion, giving rise to HCl formation [15, 47]. Nevertheless, re-
action (8) with chlorine gas is in principle thermodynamically
favoured, especially at higher temperatures [48, 49];

Ti(s) + 2Cl2(g)→ TiCl4(g) (8)
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Table 4: Calculations of standard formation enthalpy for proposed reactions at 380 °C, using Factsage 6.3 with FT oxid and SGPS databases.

Equation No. Equilibrium equations ∆G0
653.15K (kJ/mol)

(4) 4AgCl(s) + Ti(s) + 2H2O(g)→ 4Ag(s) + TiO2(s) + 4HCl(g) -430.29
(6) TiCl4(g) + H2O(g)→ TiO2(s) + 4HCl(g) -111.53
(7) TiCl4(g) + O2(g)→ TiO2(s) + 2Cl2(g) -140.57
(8) Ti(s) + 2Cl2(g)→ TiCl4(g) -683.99
(11) Sn(s) + 2Cl2(g)→ SnCl4(g) -391.68
(12) Sn(s) + Cl2(g)→ SnCl2(l) -246.51
(13) SnCl4(g) + 2H2O(g)→ SnO2(s) + 4HCl(g) -20.23
(14) SnCl4(g) + O2(g)→ SnO2(s) + 2Cl2(g) -49.26
(16) Al(s) + 3

2 Cl2(g)→ AlCl3(g) -558.201
(17) AlCl3(g) + 3

2 H2O(g)→ Al2O3(s) + 3HCl(g) -155.4
(18) AlCl3(g) + 3

2 O2(g)→ Al2O3(s) + 3
2 Cl2(g) -354.36

This reaction will provide an intermediate corrosion product for
reaction (6) and (7), furthermore driving the process of HSSCC.

Although repassivation can occur within the crack rapidly
if a threshold oxygen partial pressure is reached, the newly
formed oxide film can be ruptured again at the crack tip un-
der applied stress, exposing the bare metal through the loop-
ing reactions mentioned above [15]. Localized anodic dissolu-
tion then assists crack advance. Meanwhile, the constant sup-
ply of HCl leads to hydrogen charging at the crack tip. Hy-
drogen is suggested to concentrate at the crack tip owing to
the stress field and/or the existence of dislocation traps in the
crack tip plastic zone [11], retarding the diffusion of H into the
bulk. However, the amount must still be lower than the solubil-
ity for H in the β at room temperature, as hydrides are not ob-
served (see, e.g. [50]). Hydrogen embrittlement is widely pro-
posed as the cracking mechanism in chloride-induced HSSCC
[4, 9, 12, 17, 44]. As mentioned before, the rationale of the
HELP theory is that solute hydrogen atoms can interact with the
elastic stress field around dislocations and increase dislocation
mobility through shielding dislocation interactions [14, 51]. In
contrast, the mechanism of AIDE suggests that the absorption
of hydrogen atoms ahead of crack tip can weaken the inter-
atomic bonds for a few atomic layers and then facilitate the
formation of dislocation cores and surface steps, leading to dis-
location emission ahead of the crack tip and thus, embrittle-
ment [16, 40, 52]. These mechanisms of non-hydride formation
are likely to dominant at this temperature of 380 °C rather than
precipitating hydrides owing to the increased solubility of hy-
drogen. It is believed that the β phase can accommodate more
hydrogen than the α phase according to the Ti-H phase dia-
gram and previous study on measurements of solute hydrogen
in Ti-6246 by atom probe tomography (APT) [53, 50]. Brit-
tle titanium hydrides were also detected by XRD and TEM in
a previous study on HSSCC of Ti-6246 induced by NaCl [12],
which suggested precipitation of titanium hydrides occurs dur-
ing cooling owing to the decreasing hydrogen solubility in the
bulk.

The brittle crack appearance in the α phase was observed in
this work, which is similar to the previous findings on NaCl
HSSCC of Ti-6246 [12, 15]. It has been proposed that both
HELP and AIDE could lead to a transgranular fracture appear-

ance [13, 17, 40]. However, dense dislocation structures were
normally found a few µm below the α facets in previous TEM
studies [17, 40], in comparison with the observation of high dis-
location density near the fracture surface (< 1 µm) in this case.
Thus the higher dislocation emission ahead of crack tip is ex-
pected during crack propagation on AgCl HSSCC. The under-
lying reasons might relate to the flow or migration of corrosion
products within the crack, and rapid dissolution rate at the crack
tip, which will contribute to facilitate dislocation emission to-
gether with the effects of hydrogen. Conversely, Liu et al. [54]
also suggested that enhanced emission and mobility of dislo-
cations could affect the local anodic dissolution by generating
an additional negative potential based on the local additional
potential (LAP) model.

In this work, we have observed the presence of metallic Ag
along the crack walls, generated by the corrosion reactions.
Stoltz and Stulen [39] observed that Ag can cause solid metal-
induced embrittlement on Ti-6Al-6V-2Sn above 232 °C. The
mechanism of solid metal embrittlement (SME) is not yet fully
understood, but it has been hypothesised that the embrittler
could be adsorbed at crack tips and weaken the interatomic
bonds of the base metal, which then promote brittle fracture
through enhancing dislocation emission or decohesion ahead
of crack tips [55, 56, 57]. Gordon [58] pointed out that surface
self-diffusion was likely to be the transport mechanism of em-
brittlers on solid metals. The crack propagation rate would then
be limited by the rate of diffusion of Ag to crack tips. Since the
repassivation on crack walls can happen rapidly, Ag is expected
to diffuse along the top surface of the oxide film and form is-
lands according to STEM-EDX mapping results in Figure 7(b).
The rate of diffusion of Ag on smooth and uniform TiO2 sur-
faces has been found to be 10−18–10−21m2/s at 400 °C, based
on measurements in previous work [26, 59]. However, vapor
transport of HCl and Cl2 to the crack tip is thought to be faster
than the solid-state diffusion of Ag, and the presence of Cl has
be found to enhance SCC susceptibility. In the present case,
we speculate that crack extension precedes the surface diffu-
sion of Ag along the oxide films formed at crack walls, based
on a simplified hypothesis that there is no formation of any liq-
uid phase mixtures containing Ag. However, intimate contact
between Ag and the underlying metal could take place locally
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during crack incubation under at an oxygen partial pressure be-
low some threshold value, enabling adsorption-induced solid
metal embrittlement. Metal coupling interactions can be com-
plex and remain unknown, possibly involving potential-driven
electron and ion transport. Lynch [57] also suggested that SME
could produce small cracks followed by extensive cracking as-
sisted by other modes, such as hydrogen embrittlement, stress
corrosion cracking or fatigue. Consequently, our observations
cannot definitively exclude a role for solid metal embrittlement.

4.3.3. Activities of alloying elements
In present study, SnO2 and Al2O3 were detected in the oxide

mixture deposited above the crack mouth together with TiO2,
Figure 7(a). A very small amount of Cl (< 1 at%) was also
found in this deposit, implying that the reactive alloying ele-
ments Sn and Al might preferentially form volatile chlorides
during the reactions and then be oxidized, Reactions (9)-(18).
AlCl3, that is quite volatile at the testing temperature, is the
main compound for aluminium chlorides and can react with
H2O and O2 forming Al2O3. Sn can form two chlorides: SnCl2
and SnCl4; SnCl4 is gaseous while SnCl2 is molten at 380 °C.
It was found by Rideout et al. [60] that increasing the Al con-
tent (as an α stabilizer) enhances the susceptibility of Ti alloys
to SCC. Beck [7] and Blackburn [8] observed that adding > 6
at%Al in CP Ti could change the dislocation arrangements by
promoting planar slip in the α phase, potentially owing to for-
mation of ordered Ti3Al α2. Since most titanium alloys contain
these quantities of Al (or more), this may provide a rationale
for the vulnerability of Ti alloys to cracking with a brittle ap-
pearance when subjected to SCC attack.

Sn(s) + 4 HCl(g) −−−→ SnCl4(g) + 4 H (9)
Sn(s) + 2 HCl(g) −−−→ SnCl2(l) + 2 H (10)
Sn(s) + 2 Cl2(g) −−−→ SnCl4(g) (11)

Sn(s) + Cl2(g) −−−→ SnCl2(l) (12)
SnCl4(g) + 2 H2O(g) −−−→ SnO2(s) + 4 HCl(g) (13)

SnCl4(g) + O2(g) −−−→ SnO2(s) + 2 Cl2(g) (14)
Al(s) + 3 HCl(g) −−−→ AlCl3(g) + 3 H (15)

2 Al(s) + 3 Cl2(g) −−−→ 2 AlCl3(g) (16)
2 AlCl3(g) + 3 H2O(g) −−−→ Al2O3(s) + 6 HCl(g) (17)

2 AlCl3(g) + 3 O2(g) −−−→ 2 Al2O3(s) + 3 Cl2(g) (18)

STEM-EDX analysis of the Ag-rich particles, Figure 6(a)
and Table 2, found substantial oxygen contents and small
amounts of Cl alongside elevated amounts of Al, Sn and Mo.
It might be speculated that various volatile chlorides including
TiCl4 could evaporate and condense on the Ag-rich particles,
generating oxides and/or oxychlorides. The increasing content
of Cl with increasing crack depth is considered as an additional
evidence of a role for volatile chlorides. Substantial Sn con-
tents were only found near the crack mouth, which might be
attributed to the high volatility of SnCl4. Although corrosion
products containing zirconium were not identified in this work,

formation of zirconium oxychlorides and oxides were both ob-
served in previous studies on NaCl-induced corrosion [12, 49].
In terms of the activity of Zr and Mo, Ciszak et al. pointed out
that both Zr and Mo can react with Cl2 and form corresponding
chlorides/oxides at 560 °C based on theoretical thermodynamic
modelling. In any case, there does seem to be substantial evi-
dence for alloying effects on the SCC susceptibility of Ti alloys,
due to a combination of reactivity and volatility of the different
chlorides.

5. Conclusions

AgCl-induced stress corrosion cracking of α + β alloy Ti-
6246 used for compressor discs has been examined at 380 °C
and 500 MPa. The following conclusions are addressed.

1. Metallic Ag phase was found on the metal surface after
corrosion through SEM-EDX, and XRD ,which is consistent
with thermodynamic analysis. This Ag contained dissolved Ti,
Al and O. Ag was then observed to migrate along the crack
walls, forming discrete particles containing a mixture of alloy
oxides or chlorides.

2. The protective TiO2 film is suggested to be ruptured be-
cause of mechanical damage, allowing contact between AgCl
and the underlying alloy. Crack initiation can be explained by
a slip-dissolution model, as previously proposed. However, the
effect of solid metal embrittlement on crack initiation could not
be excluded by the present work.

3. TiO2 in the form of anatase, SnO2 and Al2O3 were identi-
fied by TEM study. Volatile chlorides, such as TiCl4, SnCl4 and
AlCl3, are expected to generate as intermediate corrosion prod-
ucts and then form oxides deposited above the crack mouth.

4. The fracture surface has a transgranular nature with a brit-
tle appearance on the primary α laths. The dislocation appear-
ance is distinct from previous studies on NaCl HSSCC, con-
sisting of a larger amount of long and straight dislocation seg-
ments well below the fracture surface. This implies an addi-
tional chemical effect on the plasticity mechanisms at the crack
tip along with the effects of hydrogen embrittlement.
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