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ABSTRACT
In the pursuit of more efficient gas turbine engines, components are required to operate for 
longer times at elevated temperatures. This increased time in service, together with a complex 
loading regime, can expose the material to environmental attack. This work has demonstrated 
that the interaction of stress, NaCl and a sulphur-containing environment is critical to cause 
crack initiation in the early stages of the exposure and accelerated corrosion rates in CMSX-4 at 
550°C. The effect of having small concentrations of moisture in the gaseous environment or as 
water crystallisation in the salt is still to be investigated. A working hypothesis is that the 
interaction of alkali chlorides with a sulphur-containing atmosphere is the trigger to a self- 
sustaining cycle where metal chloride formation, vaporisation and oxidation lead to high 
amounts of hydrogen injection in a rapid manner and, therefore, hydrogen embrittlement.
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Introduction

The aviation industry has continued to increase the 
efficiency of gas turbine engines. The increase in effi-
ciency has generally been achieved by increasing the 
temperature of fuel burning, whilst at the same time 
reducing the engine core size, and this has led to 
a complex degradation mechanism being identified 
in the region under the platform of single crystal 
turbine blades. In these regions of the blade, the syner-
gistic effect of stress and high temperature aggressive 
environments plays a crucial role in its structural 
integrity; hence, a fundamental understanding of 
crack initiation mechanisms is key to developing the 
next generation of high-temperature materials and 
protection methods.

Mechanisms of hot corrosion have been widely 
studied and can be categorised into high temperature 
hot corrosion (800–950°C) and low temperature hot 
corrosion (650–750°C) [1]. Both types of hot corro-
sion require the formation of a liquid phase, which 
significantly enhances the rate of corrosion degrada-
tion (Na2SO4-NiSO4) = 671°C, T (Na2SO4-CoSO4) =  
565°C [2]. However, the temperatures present in the 
lower shank region of the under-platform of the tur-
bine blade tend to range between 450°C and 600°C. At 
these moderate temperatures, the mechanisms asso-
ciated with type I and type II hot corrosion are not 
expected to occur; therefore, research is ongoing into 

identifying new low temperature cracking mechan-
isms at these intermediate temperatures.

Duarte et al. [3] highlighted that sea salt caused 
cracking in CMSX-4 within 400 h, when exposed to 
a 50 ppm SO2-air environment at 550°C. The findings 
in the study showed that Al, Cr and Ti are selectively 
attacked by chlorine, and accelerated corrosion rate of 
the alloy was observed. The corrosion attack poten-
tially occurred due to an active oxidation mechanism. 
However, given the complexity of sea salt constituents, 
further questions were raised such as the role of NaCl 
and sulphur in the corrosion and crack initiation 
mechanisms. This study aims to examine the effect 
of NaCl and SO2 to determine their role on the stress 
corrosion cracking susceptibility of CMSX-4 at mod-
erate temperatures.

Methodology

Materials

The C-ring test specimens were produced from 
CMSX-4 bars in the fully solutioned and aged heat- 
treated condition as per Rolls Royce Plc. specification 
with a [001] crystallographic orientation aligned with 
the cylinder axis, following ISO 7539–5 guidelines. 
A schematic of the C-ring specimen is shown in 
Figure 1, and the composition of CMSX-4 is listed in 
Table 1.
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C-ring specimens were loaded to a maximum 
predicted stress of 700 MPa, according to the meth-
odology outlined in Duarte et al. [3]. During the 
deposit recoating method, the C-ring specimens are 
heated on a hot plate and subsequently sprayed 
with a dilute concentration of salt dissolved in 
deionised water. The high temperature of the 

specimen caused the water to evaporate almost 
immediately. The specimens were then weighed, 
and more salt would be applied until the required 
salt load on the surface was reached. The specimens 
were salted with NaCl and a flux of 1.2 µg/cm2/hr, 
which translates to a 0.18 ± 0.05 mg deposit recoat 
on each specimen.

Figure 1. Dimensions of the C-ring specimen.

Table 1. Wt% composition of CMSX-4.
Element Al Ti Ta Hf Mo Cr Co W Re Ni

Wt% 5.6 1 6.5 0.1 0.6. 6.5 9.6 6.4 3 Bal.

Figure 2. Schematic representation of the high temperature furnace used for the environmental exposure.
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The C-rings were then exposed to a high- 
temperature atmosphere containing 50 ppm SO2 - 
air for 50 h in a horizontal furnace as shown in 
Figure 2 and, subsequently, inspected for cracking.

Characterisation

SEM/EDS characterisation
Once the 50-h exposure was completed, the sam-
ples were examined with SEM and EDS using 
a Tescan S8000. A focused ion beam assessment 
(FIB) was undertaken in selective areas. For the 
FIB assessment, a platinum strip was first deposited 
using a beam current of 150 pA, followed by 
milling a trench at a beam current of 10 nA, and 
ultimately the section was polished using a beam 
current of 1 nA.

Xrd
Given the thin scales that form at the moderate tem-
peratures tested, high-resolution x-ray diffraction was 
required for accurate identification of the phases 
formed. The C-ring specimens were examined for 
phase identification using synchrotron X-ray diffrac-
tion (SXRD) at the Diamond Light Source synchro-
tron, Oxfordshire, UK.

Results

50 ppm SO2 - air atmosphere at 550°C

As shown in the optical images of Figure 3, the speci-
men was exposed to a 50 ppm SO2–air environment 
for a 50-h period showed cracks initiating in regions 
where salt was deposited, however no cracks were 
observed in the C-ring exposed to air only. Shorter 

)b()a(

Cracks 

Figure 3. Optical image of salted C-ring exposed for 50 hours in (a) Air, and (b) 50 ppm SO2 – Air.

Figure 4. (a) Secondary electron (SE) image of the salt morphology before the exposure, (b) and (c) back scattered electron images 
of the top surface of the C-ring after 10 minutes of exposure.
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exposures were undertaken in 50 ppm SO2, and it was 
observed that cracks initiated in exposure times as low 
as 10 min, as shown in Figure 4. After 10 min of 
exposure, a halo was observed surrounding the salt 
ridge, and this halo was rich in Na, Cl, S and O, 
potentially a mix of Na2SO4 and NaCl. The composi-
tion of this halo is a result of NaCl rapidly reacting 
with the SO2 containing environment to form Na2SO4 

and release HCl and Cl2. Currently, no explanation 
exists for the observed spreading of salt post testing. It 
is possible that low melting point chloride eutectics 
were formed during the test, facilitating the lateral 
spread of the salt; however, this needs to be further 
understood. Nevertheless, the images in Figure 4 show 
that cracks initiate below the salt ridge and extend to 
the boundary of the diffused salt.

The secondary electron (SE) images in Figure 5, 
show significant differences in the scale morphology 

between the C-ring exposed to air only and the C-ring 
exposed to 50 ppm SO2 – air after 50 h of exposure. 
Apart from cracks being present in the C-ring exposed 
to the sulphur-containing environment, a porous scale 
is formed surrounding the salt, whereas no accelerated 
attack was observed in the air exposure.

Figure 6 shows secondary electron images of the 
top surface after 50 h of exposure for the C-ring 
exposed to a 50 ppm SO2 - air environment. The 
halo surrounding the salt particles has developed 
a porous scale morphology, whereas regions further 
away have a denser morphology. Spallation was 
observed across the sample, but it was highly localised 
in regions where salt was applied. It is thought that the 
spallation may be a result of metal chlorides being 
present at the scale/alloy interface, which ultimately 
may reduce the adhesion between the scale and the 
alloy as reported by Elliott and Marsh [4]. Ultimately, 

Figure 5. SE image of salted C-ring exposed for 50 hours in (a) Air, and (b) 50 ppm SO2 - Air.

(a) (b)

(c)
(c) 

Remnant of salt particle 

Spallation

Porous scale

Spallation 

Figure 6. SE images of the top surface of salted C-ring exposed for 50 hours in 50 ppm SO2.
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the porous scale and spallation sites that form lead to 
accelerated corrosion attack, as they are fast diffusion 
paths for the ingress of S, O and Cl.

Based on the EDS maps and the XRD analysis 
shown in Figures 7, 8 and 9, within the salt deposit, 
an external scale rich in NiO, NiSO4, CoO and CoSO4 

was observed along with Na2SO4 salt. The inner scale 
was composed of a mix of chlorides, oxides and sul-
phides, involving Al, Cr, Ti and a subsurface region 
depleted of Ni and Co was observed. A region of 
approximately 3 µm of internal attack was observed, 
where both the γ and the γ’ phases are attacked. 
Overall, the corrosion attack was highly localised 
within the halo region surrounding each salt ridge.

It is thought that the reaction of SO2/SO3, O2 and 
H2O with NaCl leads to the release and inward diffu-
sion of HCl and Cl2 through defects in the scale. As Cl2 

and HCl reach the alloy/scale interface, the formation 
of metal chlorides occurs given their stability at low 
partial pressures of oxygen in that region. Within the 
halo (and away from the salt ridge), the formation and 
outward diffusion of NiCl2 and CoCl2 leave holes in 

the scale, as similarly reported in [5], and this explains 
the porous morphology of the scale surrounding the 
salt ridge. Regions away from the halo formed more 
protective oxide and did not show concentrations of 
NiO, CoO or metal chloride formation at the alloy/ 
scale interface. This highlights that the attack is highly 
localised to the NaCl salt depositions.

Figure 7 and Figure 8 also show evidence of Cl, Al, 
Ti and Cr in regions where cracks are present, high-
lighting that AlCl3, CrCl3 and TiCl4 formed in these 
regions.

Air atmosphere at 550°C with NaCl salt

To further understand the effect of SO2/SO3, two 
C-rings had NaCl salt applied and were exposed in 
air at 550°C for 50 h. No cracks were observed to 
initiate after 50 h of exposure in air, and based on 
the EDS maps in Figures 10 and 11, no significant 
outward transport of alloy elements was observed. 
However, after unloading and storing the specimens 
in a desiccator for several days, scale spallation was 

Na 

rCoClC

Ti Al 

O S 

Figure 7. EDS map of the top surface of salted C-ring exposed for 50 hours in 50 ppm SO2 - Air.
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Co Cr Ni 

Al lCiT

S O 

Figure 8. EDS map of cross-section through a NaCl salt deposit after 50 hours of exposure.

Figure 9. SXRD of specimen exposed in 50 ppm SO2 – air at 550°C after 50 hours of exposure.
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Cl Co

Al Cr

Co

Cl Co 

Ni Al Cr 

Figure 10. EDS map of the top surface of salted C-ring exposed in air for 50 hours.

Na2CrO4 particles 

O Co Ni 

Na Cr 

Figure 11. Top surface EDS map of C-ring exposed in air for 50 hours.
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observed across the sample. The lateral transport of 
the salt, and the porous-scale microstructure observed 
in the sulphur containing environment is not present 
in the tests undertaken in air. Overall, limited corro-
sion attack was observed just below the salt deposits 
and negligible attacks occurred away from the salt 
deposits.

Based on the EDS map in Figure 10 and Figure 11, 
CoO and NiO formed within the salt deposit. Chlorine 
and sodium are relatively absent (which is further 
confirmed by the cross-sectional analysis). According 
to the high vapour pressure of NaCl at 550°C (2.17 × 
10−7 atm based on FactSage 8.1 calculations), NaCl 
may have vaporised away, or alternatively, in some 
locations, it reacted with the scale.

Figure 11 shows a strong association of Co with the 
salt ridges. Also, nodule-type particles formed adja-
cent to the salt ridges, and according to the EDS map 
in Figure 11, they were rich in Na, Cr and O, which 
suggests that the formation of Na2CrO4 may have 
occurred.

Figure 12 shows a cross section across one of the 
salt particles. One micron of internal attack and neg-
ligible amounts of chlorine are present at the alloy/ 
scale interface. Overall, these EDS maps suggest that 
the accelerated oxidation of alloying elements is not as 
significant as when SO2/SO3 is present. Also, there is 
no evidence of AlCl3, CrCl3 and TiCl4 formation in air 
exposures, but they were present when the exposure 
was undertaken in 50 ppm SO2 - air. A summary of the 
corrosion products in the 50 ppm SO2 – containing 
environment and in air is shown in Figure 13.

Discussion

Corrosion mechanism

The results of this study have shown that NaCl sig-
nificantly accelerates the rate of corrosion attack when 
the test is undertaken in a 50 ppm SO2 – air environ-
ment at 550°C. Cracks are observed to initiate at 
exposure times of only 10 min in the presence of 50 

Al O Cl 

Co Cr Na 

Ta Ni 

Pt layer 

Figure 12. Cross-sectional EDS map of C-ring salted with NaCl and exposed in air for 50 hours.
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ppm SO2 – air, but no cracks initiate in air only after 
50 h of exposure. Whilst the full extent of the mechan-
ism is not yet understood, the following discussion 
represents the current latest theory as to why such 
cracking may arise.

In the presence of SO2/SO3, the initial set of reactions 
starts with the sulphation of NaCl, as shown in the 
equation below, where the water vapour can be pre-
sent in the humid atmosphere or as water crystallisa-
tion in NaCl salt, as reported by Chevrot [6].  

Figure 13. Schematic representation of the corrosion products formed in CMSX-4 when salted with NaCl and exposed to (a) 50 
ppm SO2 – air and (b) air at 550°C.

Figure 14. Predominance diagrams for Ni, Co, Al, Ti and Cr (FactSage 8.1).

MATERIALS AT HIGH TEMPERATURES 9



2NaCl gð Þ þ SO2 gð Þ þ 0:5O2 gð Þ þ H2O gð Þ
¼ Na2SO4 sð Þ þ 2HCl ΔG ¼ � 299202:2 J

(1) 

2NaCl gð Þ þ SO2 gð Þ þ 0:5O2 gð Þ
¼ Na2SO4 sð Þ þ Cl2 ΔG ¼ � 302252:8 J (2) 

The HCl released diffuses through defects in the scale 
until it reaches the alloy/scale interface. At the alloy/ 
scale interface, there is a low partial pressure of O2, 
and according to the predominance diagrams in 
Figure 14, this low partial pressure of O2 favours the 
formation of metal chlorides and releases H2 gas in the 
process, according to the reactions shown in Table 2.

The metal chlorides formed have a high vapour 
pressure, and therefore favour outward diffusion. 
Upon exposure to higher partial pressures of oxygen 
within the scale they reoxidise. The reoxidation of 
metal chlorides releases Cl2 and HCl again according 
to Table 3, which diffuses inwards to repeat the pro-
cess. This cyclic loop of metal chloride formation, 

vaporisation and reoxidation is known as active oxida-
tion and is responsible for the accelerated corrosion 
rates of metals in chlorine-containing environments.

Based on Figure 8, NiSO4, CoSO4 and Na2SO4 are 
present in the outer deposit, and AlCl3, CrCl3 and 
TiCl4 are present in the alloy/scale interface in the 
presence of SO2/SO3. On the other hand, in air, NiO 
and CoO are observed within the salt ridge, but no 
accelerated oxidation of Cr, Al and Ti is observed. The 
accelerated oxidation of Ni and Co within the deposit 
is suggested to form, as NiCl2 and CoCl2 formed as 
intermediate phases, which then reoxidise within the 
deposit.

The thermodynamic models to support these find-
ings are presented in predominance diagrams and 
Table 4. They show that nickel and cobalt chloride 
require lower partial pressures of chlorine gas to form 
compared to other alloy elements (i.e. Al, Ti and Cr). 
The calculation assumes that the partial pressure of O2 

at the scale/alloy interface is 10−20 atm, and although 
this is a modelled assumption, the trend is similar at 

Table 2. FactSage 8.1 Gibbs free energy change calculations of metal chloride formation.
Metal chloride reaction ΔG (J) at 550°C Vapour pressure (atm) at 550°C

2Al þ 3Cl2 ¼ 2AlCl3 −1087000 4.9x10−1

2Tiþ 3Cl2 ¼ 2TiCl3 −1084300 1.8x10−3

Tiþ 2Cl2 ¼ TiCl4 −663700 1
2Cr þ 3Cl2 ¼ 2CrCl3 −713630 7.1x10−6

Ni þ Cl2 ¼ NiCl2 −106921 1.9x10−5

Coþ Cl2 ¼ CoCl2 −130394.1 3.7x10−5

Coþ 1:5Cl2 ¼ CoCl3 −138669 1.2x10−4

2Al þ 6HCl ¼ 2AlCl3 þ 3H2 −412328.7 4.9x10−1

2Tiþ 6HCl ¼ 2TiCl3 þ 3H2 −486559.5 1.8x10−3

2Tiþ 8HCl ¼ 2TiCl4 þ 4H2 −411911.5 1
2Cr þ 6HCl ¼ 2CrCl3 þ 3H2 −115871.3 7.1x10−6

2Ni þ 4HCl ¼ 2NiCl2 þ 2H2 +35715.1 1.9x10−5

2Coþ 4HCl ¼ 2CoCl2 þ 2H2 −1758.8 3.7x10−5

2Coþ 6HCl ¼ 2CoCl3 þ 3H2 +320422.8 1.2x10−4

Table 3. FactSage 8.1 Gibbs free energy change of metal chlor-
ide oxidation at 550°C.

Metal chloride reaction ΔG (J) at 550°C

NiCl2 þ 0:5O2 ¼ NiOþ Cl2 −57846.2
NiCl2 þ SO2 þ O2 ¼ NiSO4 þ Cl2 −159724.4
CoCl2 þ 0:5O2 ¼ CoOþ Cl2 −45372.6
CoCl2 þ SO2 þ O2 ¼ CoSO4 þ Cl2 −166188.1
AlCl3 þ 0:75O2 ¼ 0:5Al2O3 þ 1:5Cl2 −165260.2
TiCl3 þ O2 ¼ TiO2 þ 1:5Cl2 −295054.2
TiCl4 þ O2 ¼ TiO2 þ 2Cl2 −130433.4
CrCl3 þ 0:75O2 ¼ 0:5Cr2O3 þ 1:5Cl2 −98752.8
NiCl2 þ H2O ¼ NiOþ 2HCl −54795.6
NiCl2 þ H2Oþ SO2 þ 0:5O2 ¼ NiSO4 þ 2HCl −156673.9
CoCl2 þ H2O ¼ CoOþ 2HCl −42322.1
CoCl2 þ H2Oþ SO2 þ 0:5O2 ¼ CoSO4 þ 2HCl −163137.5
2AlCl3 þ 3H2O ¼ Al2O3 þ 6HCl −321368.7
2TiCl3 þ 0:5O2 þ 3H2O ¼ 2TiO2 þ 6HCl −494784.8
2TiCl4 þ 4H2O ¼ 2TiO2 þ 8HCl −248664.7
2CrCl3 þ 3H2O ¼ Cr2O3 þ 6HCl −188354.1

Table 4. Minimum P(Cl2) required to form metal chlorides at P(O2) of 10−20.
Metal chloride AlCl3 ReCl3 CrCl3 TiCl4 CoCl2 NiCl2
P(O2) = 10−20 atm 10−3 10−3 10−6 10−6 10−11 10−11

10 F. DUARTE MARTINEZ ET AL.



other partial pressures of O2. As a result, it is suggested 
that the partial pressure of Cl2 at the alloy/scale inter-
face in the air exposure is significantly reduced com-
pared to that found in the sulphur-containing gas 
exposures. Consequently, these experimental observa-
tions and thermodynamic calculations suggest that the 
lower partial pressure of Cl2 present at the alloy/scale 
interface during air exposure is above that required to 
form NiCl2 and CoCl2 but below that required for 
chlorinated Al, Cr, Re and Ti. So, in air, the only 
elements involved in the outward cation transport 
due to the chlorination reaction are Ni and Co.

So, in few words, the interaction of the sulphur- 
containing environment with NaCl may be a more 
powerful way of releasing HCl and Cl2 (from 
a kinetics point of view), compared to the reactions 
of the alloy or the scale with NaCl to form Na2CrO4. 
Previous work done by Okoro et al. [7] also supports 
these observations. The cited work suggests that the 
in-deposit sulphation of KCl to form K2SO4 can pro-
duce six orders of magnitude higher PCl2 at the scale/ 
alloy interface than that resulting from reactions of 
KCl with Cr or Cr2O3 to form K2CrO4. Although 
Okoro did not provide an explanation as to why this 
low partial pressure of Cl2 occurs without the presence 
of the sulphur-containing environment, a possible rea-
son may be due to the lower kinetics of reaction of KCl 
with Cr or Cr2O3 compared to the kinetics of reaction 
of KCl with SO2/SO3 and H2O. The interpretation by 
Okoro translates well to the observations in this work, 
where the sulphation of NaCl increases the partial 
pressure of Cl2 at the alloy/scale interface, which in 
turn promotes the chlorination of Al, Ti and Cr and 
may also accelerate the kinetics of chlorination. In air 
only, NaCl can react with Cr, O2 and H2O, to form 
Na2CrO4 and HCl according to the EDS map in Figure 
11 and thermodynamic claculation shown in Table 5, 
but this reaction does not seem to lead to accelerated 
corrosion rates. Consequently, an accelerated oxida-
tion of elements is observed in the presence of 50 ppm 
SO2 – air compared to only air.

There are different views regarding the effect of SO2 

on the corrosion behaviour in the presence of alkali 
chloride deposits. As reported by Okoro et al. [7] and 
Grabke et al. [8], the concentration of SO2 plays an 
important role in accelerating the corrosion attack 
when KCl is condensed on a metallic surface com-
pared to exposures in air only, but they only tested up 
to a concentration of 1000 ppm SO2.

On the other hand, it has also been reported by 
Paneru et al. [9] that much higher concentrations of 

SO2 (15000 ppm) reduces corrosion rates compared to 
air exposures, as the alkali chlorides are preferentially 
sulphated in the deposit/gas interface, reducing the 
generation of HCl close to the alloy/scale interface. 
So, the SO2 concentration plays a role on the prefer-
ential sites of NaCl sulphation within the deposit, 
which, in turn, plays a role on the partial pressure of 
Cl2 at the scale/alloy interface, and therefore on corro-
sion rates. In summary, the accelerated corrosion rates 
observed in this study at low concentrations of SO2 (50 
ppm) tested agree well with the results from the 
reported literature.

Crack initiation mechanism

Previous work undertaken on Hot Salt Stress 
Corrosion Cracking (HSSCC) of Ti-alloys has high-
lighted the importance of hydrogen embrittlement at 
temperatures of up to 500°C [6], where HCl that is 
released in the reactions of NaCl with the oxide scale 
acts as a hydrogen carrier to the alloy/scale interface 
and can ultimately lead to hydrogen embrittlement. 
The mechanisms reported in HSSCC of Ti-alloys show 
similarities to the mechanism of cracking identified in 
this study. It is therefore postulated that hydrogen 
embrittlement may play a significant role in this 
study as well. The key part of the active oxidation 
mechanism caused by HCl and Cl2 is that, as metal 
chlorides form, hydrogen gas is released at the alloy/ 
scale interface according to the equations in Table 2. 
Hydrogen gas can then dissociate into atomic hydro-
gen, which is absorbed in the alloy and causes embrit-
tlement, as shown in Figure 15. It is acknowledged that 
at these high temperatures, hydrogen is very mobile, 
and the assumption is that it must be injected rapidly 
into the alloy to cause embrittlement before it diffuses 
away [6]. One way in which SO2 helps to support this 
mechanism, is by enabling the rapid release of Cl2 and 
HCl (which causes high partial pressures of Cl2 to be 
present at the alloy/scale interface). Ultimately, this 
may increase the chlorination kinetics, and the rate 
at which hydrogen gas would be released at the alloy/ 
scale interface, according to the equations in Table 2.

Once cracks initiate, crack propagation would then 
occur following the same mechanism, where metal 
chloride formation at the crack tip, releases hydrogen 
gas, which then dissociates to form atomic hydrogen, 
and is absorbed in the substrate. Eventually, as the 
crack advances, the hydrostatic stress near the new 
crack front attracts hydrogen atoms, and further 
crack propagation occurs by hydrogen embrittlement.

Table 5. Change in Gibbs free energy of reactions of NaCl with alloy 
elements.

Reactions ΔG (J)

NaCl gð Þ þ 0:5Crþ 0:75O2 þ 0:5H2O! 0:5Na2CrO4 þ HCl −292232.6
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The work on HSSCC also suggests that the elements 
that are chlorinated play a significant role in whether 
cracks are initiated [6]. For instance, they reported 
that pure Ti is immune to hot salt stress corrosion 
cracking, but when Al is added to the alloy composi-
tion, hot salt stress corrosion cracking occurs. The 
higher the concentration of Al in the alloy, the more 
significant the life reduction. The reason why the 
chlorination of Al plays an important role in crack 
initiation is not well understood. Nevertheless, it is 
thought to be due to the highly negative Gibbs free 
energy of AlCl3 formation compared to the chlorina-
tion of the other alloy elements, which enables high 
amounts of hydrogen to be formed at the alloy/scale 
interface. No consideration is given to the kinetics of 
AlCl3 formation, which is ultimately what would lead 
to high amounts of H being formed at the alloy/scale 
interface. If the formation of AlCl3 is so critical for 
hydrogen embrittlement to occur in Ti-alloys, 
a similar mechanism may also occur in nickel-based 
superalloys. The presence of SO2 facilitates the forma-
tion of AlCl3 from a thermodynamic point of view, 
thus enabling H embrittlement to occur. The key 
difference between the HSSCC mechanisms of Ti- 
alloy and Ni-based superalloys is a sulphur- 
containing environment is required in Ni-based 
superalloys to trigger this cracking. So, the chlorina-
tion of certain elements (i.e. Al) may be playing a more 
important role in the embrittlement than other ele-
ments (Ni and Co). Eventually, evidence of 
H embrittlement mechanisms (i.e. hydrogen enhanced 
localised plasticity, hydrogen-induced decohesion or 
hydride formation) is needed to further support this 
theory in the current work.

Previous studies have observed that single crystal 
nickel-based superalloys are susceptible to hydrogen 

embrittlement at room temperature. Dollar and 
Bernstein observed hydrogen to enhance strain locali-
sation in the gamma matrix in CMSX-2, leading to 
a significant loss in ductility [10]. In addition, Walston 
[11] found that nickel-based superalloy PWA1480 is 
susceptible to hydrogen embrittlement when it is gas- 
phase charged at room temperature, and enhanced 
shear localisation was observed in the presence of 
hydrogen as well as a large increase in dislocation activ-
ity surrounding a crack in hydrogen charged samples 
compared to uncharged samples. Walston suggests that 
hydrogen enhanced localised plasticity (HELP) is the 
embrittlement mechanism responsible for crack initia-
tion and that no other embrittlement process (i.e. 
hydrogen enhanced decohesion and hydride formation) 
was especially applicable in his study [11]. In summary, 
although nickel-based superalloys are susceptible to 
hydrogen embrittlement at room temperature poten-
tially through the HELP mechanism, its effect at higher 
temperatures (e.g. 450–550°C) is an area where more 
work should be focused, particularly in the presence of 
salt deposits and sulphur-containing environments.

Conclusions

This study has shown that the presence of stress, NaCl 
and SO2 lead to an accelerated corrosion attack in 
CMSX-4 and cracks initiate at exposure times as low 
as 10 min. The presence of a sulphur-containing envir-
onment creates high partial pressures of Cl2 at the 
alloy/scale interface, which favours the formation of 
AlCl3, TiCl4 and CrCl3, as well as potentially increas-
ing the rate of chlorination reactions. Eventually, the 
active oxidation mechanism in the presence of 
a sulphur-containing environment may be 
a favourable way of releasing hydrogen gas at the 

Figure 15. Schematic representation of the hydrogen assisted crack propagation mechanism.
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alloy/scale interface and, therefore, injecting hydrogen 
rapidly into the alloy. Further work is ongoing to 
prove or disprove hydrogen as the embrittling species 
in CMSX-4 at 550°C.
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