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This paper describes work to study hot corrosion damage in the nickel-based gas turbine alloy RR1000 coated
with various salts at 600 °C. Interest in type-II hot corrosion on the fatigue resistance of gas turbine alloys has
increased to minimise power/thermal inefficiencies. Stress-free corrosion demonstrated a greater impact of
sulphate (versus chloride) on maximum pit depth, a key influencing factor of fatigue lives. In corrosion-fatigue
testing, at low stresses sulphate was shown to be more influential of fatigue life. At high stresses, the presence of

greater crack initiation sites, reduced initiation lives and cracked oxide suggests chlorine influenced the crack-

initiation behaviour.

1. Introduction

Gas turbine engines used in modern civil aerospace operations
necessitate the use of high-temperature materials in order to optimise
the thrust and fuel efficiency. Nickel-based superalloys are often used in
the compressor and turbine components due to their resistance to creep,
fatigue and harsh corrosive environments, even at temperatures as high
as 1050 °C [1].

With the ever increasing demand for the reduction of emissions and
lifecycle costs in the civil aerospace industry, modern gas turbines are
being driven harder to generate higher pressure ratios [2]. As a result,
rotors need to cope with the increase in turbine entry temperature (TET)
and associated temperatures of the compressor and turbine sections.
When combined with the high stresses encountered in rotors, a signifi-
cant demand is placed on these high-strength nickel-based superalloys.
Gas turbine rotors are exposed to a harsh combustion environment;
sodium-based salts ingested from the atmosphere in coastal and desert
areas, and sulphur dioxide bearing combustion and exhaust gases [3].

Environmental damage has a significant impact on the fatigue
behaviour of nickel-based alloys through oxidation and hot corrosion.
Two principle types of hot corrosion are discussed in the literature: types
I and II. Type I corrosion is restricted to high temperatures (above
900 °C) since the oxide ions which need to be produced are kinetically
constrained at lower temperatures. It is therefore common to separate
Type I hot corrosion into two stages: a low corrosion rate incubation

period followed by accelerated corrosion attack [4]. During the incu-
bation period the initial protective and non-protective oxides (AlyOs,
Cr203, CoO and NiO) are formed. The initiation of the accelerated
corrosion attack is thought to be due to the breakdown of these oxides
via salt fluxing models. The formation of NiO on the alloy surface pro-
duces an oxygen gradient across the salt layers (such as NaxSO4) that are
deposited onto the material. Sulphur then diffuses and enters the base
metal forming NiSO, with the resulting NiO,% ions diffusing to the
salt-gas interface where they decompose to NiO particles and ions. As
the salt is consumed sulphur no longer enters the alloy and prevents the
formation of oxide ions. Here the acceleration of oxidation begins. Once
the salt layer is fully saturated with nickel, a continuous NiO layer forms
adjacent to the NiS layer, thereby preventing further accelerated
oxidation [5]. The end result is a porous outer oxide scale with internal
sulphides in the alloy substrate [6].

Type II corrosion typically occurs at lower temperatures
(650-750 °C) due to the formation of sulphates (NiSO4, CoSO4), which
require higher SO3 partial pressures that are not usually found at higher
temperatures. This form of attack usually generates pitting damage with
little internal sulphidation of the alloy substrate.

It is generally accepted that a liquid film is required for hot corrosion
and that dissolution of non-protective metal oxides MO (where M is
represented by Co and Ni for RR1000) takes place at the salt-oxide
interface. Once the salt is saturated the M ions migrate through the
liquid film and precipitate as MSO4 dependant on temperature and SOg
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Fig. 1. (a) Left: Round bobbin specimen used for stress-free hot corrosion trials. (b) Right: Fatigue specimen used in corrosion-fatigue trials.

partial pressure. The overall corrosion rate is therefore proportional to
two factors: the rate of non-protective oxide dissolution and the rate of
protective oxide formation. A continuous protective oxide layer forms
more readily at higher temperatures and therefore corrosion rates
decrease, with a maximum rate of corrosion in the 600-800 °C region
[7].

The three salts used in this study (two of which were down-selected
for corrosion-fatigue trials) consider the effects of varying the type of
sulphates, chlorides, and their proportions. Investigation into
potassium-based salts has been limited and mostly focussed on its effect
on steel alloys, at elevated temperatures or on stress-free specimens
[8-10]. The potential effect of KoSO4 on type II hot corrosion has been
previously investigated in coal combustion systems as a theoretical ex-
ercise and the generation of a low temperature melting eutectic with
CoSO4 discussed [7]. The effect of chlorine content on the hot corrosion
of Ni-based alloys has had slightly more focus than potassium-based
salts; Encinas-Oropesa et al. [3] varied the proportion of NaCl in the
salt applied to RR1000, alloy720LI and Waspaloy and observed that a
reduction in chlorine resulted in greater corrosion damage at 700°C.

Historically corrosion-fatigue assessments involved the pre-
corrosion of fatigue samples in corrosive environments [11-14], prior
to air-fatigue testing at elevated temperatures. Whilst these demon-
strated life-debits, the corrosion mechanisms can be more accurately
investigated through the application of salt and subsequent application
of cyclic load in a corrosive gaseous environment [15,16]. Pedrazzini
et al. [17] considered the influence of 98%NaS04-2%NaCl and an SO,
environment on the dwell fatigue performance of RR1000, which
demonstrated a reduction in fatigue life and enhanced crack growth
rates compared to air-only fatigue. Finally, Child et al. [15] showed that
altering the applied salt flux (salt quantity) greatly influenced the crack
initiation behaviour and resultant fatigue life of RR1000 at 700 °C. The
study also showed that at lower applied stresses, corrosion occurred
through a mixed-oxide scale formation and spallation.

In the present study, fine grain (FG) RR1000 was subjected to type II
hot corrosion under both stress-free and corrosion-fatigue conditions.
This article represents the first instance of the effect of salt composition
on the type II hot corrosion of a Ni-based superalloy at 600 °C and
provides a new insight into the effects of chloride and sulphate-based
species.

2. Experimental methods

RR1000 is a y’ precipitation hardened nickel-based alloy used for gas
turbine rotors at temperatures up to 725 °C [18]. Round bobbin RR1000
specimens for stress-free corrosion testing, Fig. 1a, were machined from
a fully heat treated fine grain (FG) forging with an average grain size of
4-8 um [19]. Plain cylindrical fatigue specimens, Fig. 1b, were also
machined from the RR1000 forging. The specimen design was of a cy-
lindrical round bar of ¢4.5 mm and 15 mm gauge length. The specimen
surfaces were machined to a specification of Ry< 0.25 pm prior to shot
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Fig. 2. FG RR1000 electro-chemically etched with 10% oxalic acid at 6 V for
3 s. The etchant removed the y matrix, leaving the y’ precipitates.

peening using 110H steel cast shot, to a specification of 6-8 Almen in-
tensity and 200% coverage. An electro-chemically etched sample of FG
RR1000 shows the distribution of y' precipitates around a y matrix in
Fig. 2. The etchant used was 10% oxalic acid with a voltage of 6 V for
3s.

The salting procedure for both series of trials pre-heated the speci-
mens to a temperature of 105 °C on a hot plate before moving to a
stationary mount or turntable (for bobbins and fatigue samples respec-
tively) and the salt applied using a spray gun connected to a pressurised
air source. The use of a variable aperture spray gun and an automated,
timed hydraulic actuator allows consistent salt application and the
ability to replicate the technique with a high degree of repeatability. The
fatigue specimens were weighed pre- and post-salting in order to ensure
correct salt loading. A standard salt loading level of 0.138 mg/cm? was
chosen to generate pitting type damage rather than broad front material
loss [20,21].

A three-zone furnace surrounding a central gas tight chamber con-
taining a gaseous corrosive environment was used for the stress-free
corrosion testing. The test chamber was purged with an inert atmo-
sphere during heating and cooling. The corrosive environment used was
a pre-mixed air-300 ppm SO gas under continuous flow. Schematics for
both the stress-free and corrosion-fatigue experimental setups are given
in Fig. 3.

Load controlled low cycle fatigue (LCF) testing was conducted at
600 °C and at a stress range to induce failure between 10° and 10° cycles
using a fully reversed (R = — 1) waveform over a 6 s triangular wave-
form (i.e., frequency = 0.16667 Hz). Complete specimen rupture or run
out (10° cycles) were chosen as the test end criteria. The same envi-
ronments and procedures were used in LCF testing as those in the stress-
free testing.

Stress-free corrosion data was obtained for non-shot peened speci-
mens coated with one of three salts: 55%K5S04-45%KCl, 98%NasSO4-
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Fig. 3. (a) Left: Schematic of the stress-free corrosion environment. (b) Right: Schematic of the load controlled corrosion-fatigue environment used.
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Fig. 4. Variation in metal loss (pit depth) for FG RR1000 after exposures of 50 h in an air-300 ppm SO2 environment at 600 °C with varying salt composition.

2%NaCl and 98%K2S04-2%KCl. This data was generated to supplement
a previous series of testing [22]. Fatigue data was generated for shot
peened specimens coated with two of these salts; 55%K2S04-45%KCl
and 98%NasS04-2%NaCl.

Post exposure and testing, the fatigue specimens were stripped of
oxide by soaking in an alkaline cleaning solution of Ardrox 1435b so-
lution (30% concentration) at room temperature for a period of 4 h in an
ultrasonic bath, followed by a rinse with flowing distilled water. This
was conducted to allow surface profilometry of the gauge length to
obtain pit depth data. Additional cross-sections of the fatigue samples
were imaged and both methods of metal loss measurement compared.
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Fig. 5. Mean and maximum gross metal loss (pit depths) for FG RR1000 after
50 h exposure to an air — 300 ppm SO, environment at 600 °C.

The two methods were shown to provide reasonable confidence in the
results.

Following testing, both the stress-free and fatigue specimens were
inspected using scanning electron microscopy and electron back-
scattered diffraction, EBSD (both using a Hitachi SU3500), whilst the
fatigue specimens were also analysed using surface profilometry
(Nanovea PS-50). The structure of oxide layers within corrosion pits and
the underlying structure were identified using energy dispersive spec-
troscopy (EDS). In order to protect the absolute data, the results have
been normalised with respect to the highest test stress used in the
programme.

3. Results and discussion
3.1. Stress-free hot corrosion

The variation in metal loss data with salt composition for FG RR1000
at 600 °C; measured at 60 regularly spaced intervals around the bobbin
circumference using an optical microscope, is plotted as a cumulative
probability plot in Fig. 4. Given the relatively steep curves for all spec-
imens, this indicates that there is little variation in pit size within each
sample until approximately 90% cumulative probability. The distribu-
tions begin to plateau for the 10% exceedance data, which are arguably
the most important for corrosion-fatigue lifing. Two samples per salting
condition were prepared and give similar pit depth values and cumu-
lative probability trends. The two sulphate-based salts; 98%NaS04-2%
NaCl and 98%K2S04-2%KCl resulted in similar cumulative probability
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distributions up to 80% and produced greater maximum pit depths than
the 55%K5S04-45%KCl coated specimens. However, the 55%K;SOg4-
45%KCl (with a much larger proportion of chlorine) generally exhibits
the most aggressive distribution until approximately 96% cumulative
probability.

By considering the two samples as one dataset for each salt compo-
sition, the resultant average (mean) and maximum pit depths are shown
in Fig. 5. The absolute maximum pit depth has been used, as under
corrosion-fatigue conditions it would be expected that specimen failure
would result in a crack developing from the largest pit, whilst the
average pit depth of both data samples has also been used. As expected
from the cumulative probability distribution (Fig. 4) the 98%K2S04-2%
KCl generated the largest maximum pit depth of 25.8 um and second
largest average pit depth of 4.7 um. The second most damaging salt was
98%NayS04-2%NaCl, which has been commonly used in hot corrosion
trials [3,14,15,23,24], with a maximum pit depth of 24.5 ym and
average of 3.7 um. Finally, 55%K5S04-45%KCl produced the smallest
maximum pitting damage, with a maximum pit depth of 18 pm despite
having the largest average pit depth of 5.8 pm.

It is clear that even after a relatively short 50 h trial (typical stress
free hot corrosion trials have previously lasted between 200 and 500 h
[3]) the quantity of chloride had a greater effect on the hot corrosion
behaviour of FG RR1000 than the choice of cation (potassium vs so-
dium). To date, work on type II hot corrosion of Ni-based alloys has
typically investigated the effects of applying 98%NaS04-2%NaCl [14,
15,23,25-28], with several studies investigating pure NaSO4 [29] and
80%NaS04-20%K2S04 [24] at 700 °C. 700 °C has frequently been the
chosen temperature for hot corrosion trials due to its link with the
greatest corrosion rates under type II conditions as per the classic
‘double-bell curve’ [30]. The choice of 600 °C in this study allows the
investigation of both lower temperature chloride-based mechanisms and
type II hot corrosion (albeit not at the most damaging rate). Salt com-
positions with a molten eutectic at the desired test temperature have
typically been used in corrosion trials due to the requirement for a liquid
phase to induce the highest corrosion rates [31]. Previous work on the
fireside corrosion of low-alloy steel at 550-600 °C [32] demonstrated
that at 600 °C, the influence of a K2SO4-KCl eutectic on corrosion rates
was greater than either pure KCl or KoSO4 at exposure lengths as short as
12 h. After only 50 h of hot corrosion in this study, the difference in

maximum pitting damage between 55%K3S04-45%KCl and 98%

25.8pm

K2S04-2%KCl was approximately 1.45x, ( o

=1.43x). This compares

well with the same low alloy steel study [32], that demonstrated a 1.65x
increase in corrosion rates between pure K2SO4 and a K2S0O4-KCl eutectic

at 600 °C after 50 h of exposure (% =1.67x (Interpolation of

Fig. 14, [32])). In contrast there is not as stark a difference in pitting
damage between 55%K3S04-45%KCl and 98%Na3S04-2%NaCl in this

. 18um
trial (5 4-§um

strated that the influence of only a small quantity of chloride on hot
corrosion damage at 600 °C on flat-plate FG RR1000 where the addition
of 2%NaCl to pure Na;SO4 was shown to cause approximately twice the
damage over the course of a 200-hour trial. However due to the salt
application being more tightly controlled in this study, it is unsure if the
significant increase in pitting was a result of greater salt flux or the
difference in trial lengths (incubation versus propagation of hot
corrosion).

~ 0.74x) compared to previous work [22], which demon-

3.2. Corrosion-fatigue

Due to the number of fatigue specimens available, it was decided to
consider the effect of stress on the two most aggressive salts from pre-
vious work [22]; 55%K3S04-45%KCl and 98%NasS04-2%NaCl. The
selection of 98%Na3S04-2%NaCl rather than 98%K3S04-2%KCl for
investigation allowed comparisons to be drawn with other studies at
700 °C [15]. Cyclic endurance lives for pre-salted FG material tested at
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Fig. 6. Cyclic endurance lives of pre-salted material tested in a corrosive
environment coated in 55%K;S04-45%KCl (green triangles and dashed line)
and 98%NayS04-2%NacCl (red crosses and dashed line) compared to an air-only
reference (yellow dashed line) at 600 °C with an R-ratio of — 1. The yellow
circle highlights the air-fatigue specimen which initiated from both surface and
sub-surface initiation sites, thought to skew the air-fatigue best-fit line.

600 °C in a corrosive environment are shown in Fig. 6. The influence of
shot-peening (or lack of in the stress-free trial) must also be considered;
Gibson et al. [33] studied the influence of various shot-peening pa-
rameters on the type II hot corrosion of Ni-based superalloy alloy 720Li,
which demonstrated that shot-peening increased the diffusion of sulphur
into the bulk and reduced the adherence of protective chromium oxides
due to the high angles of grain misorientation. However, shot peening
also extends the fatigue lives of specimens by preventing crack initiation
and is a commonly used surface treatment of gas turbine rotors.
Therefore, in order to generate conditions representative of in-service
rotors, it was necessary to shot peen the fatigue samples.

The cyclic endurance lives of pre-salted FG RR1000 tested in an air —
300 ppm SO corrosive environment were compared to non-salted ref-
erences, generated in air at 600 °C, Fig. 6. A portion of the S-N data was
obtained from [22] with additional testing at lower stresses. It was
observed that the application of salt resulted in the reduction of fatigue
lives for a given applied stress. There appears to be a threshold nor-
malised stress (NS) of 0.875, at which the two salt compositions
exhibited similar lives and similar levels of variability. Above this
threshold the increased chlorine content of 55%K2S04-45%KCl signifi-
cantly reduced the fatigue life of RR1000 compared to 98%NasSO4-2%
NaCl. A limited air-fatigue S-N dataset (three samples) was produced for
comparison and highlights a larger difference in life from the
corrosion-fatigue data at lower stresses, trending towards 98%
NayS04-2%NaCl at high stresses. The air-fatigue specimen at 0.95 NS
experienced crack growth from both surface and sub-surface initiation
sites. Given the small sample size of the air-fatigue data, the sub-surface
initiation and subsequent crack growth is thought to have artificially
influenced the position of the air-fatigue best fit at higher stresses.

Fracture surfaces for the two salt compositions at the same applied
stresses have been compared in Fig. 7. The samples had previously been
cleaned with an Ardrox 1435b solution in an ultrasonic bath prior to
surface profilometry, hence the lack of visible surface oxides. Counting
of fatigue initiation sites on the fracture surfaces did not yield any sig-
nificant differences between the two salt compositions at the given stress
ranges that could offer an insight into the variability of fatigue lives
(Table 1).

The S-N plot (Fig. 6) appears to show two distinct regions either side
of a 0.875 NS threshold. Below an applied stress of 0.875 NS an almost
vertical trend exists for the 98%Na,S04-2%NaCl coated fatigue speci-
mens, whilst the 55%K2S04-45%KCl coated specimens generally
required a longer exposure time to the corrosive-fatigue environment
before failure. In contrast, above the 0.875 NS threshold the increased
chlorine content of the 55%K3S04-45%KCl resulted in a significant
reduction of fatigue lives. The two distinct regions will now be
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Fig. 7. Images of fracture surfaces for FG RR1000 coated with; (a)-(c) 55%K2S04-45%KCl, (d)-(f) 98%Na,S04-2%NaCl; at 0.80, 0.875 and 1.00 NS respectively.
Note: (a) is a backscattered electron (BSE) image whilst the remainder were taken using an optical microscope.

Table 1

Number of crack initiation sites on the fracture surfaces of FG RR1000 fatigue
specimens.

Salt Composition
Applied Stress Range [NS]

55%K2504-45%KCl 98%NayS04-2%NaCl

0.80 1 1

0.85 3 3

0.875 3 3

1.00 9 8
70

60

B w1
o o

Pit Depth [um]
w
o

20

High Stress
Failures
10

0o
0.0 50.0 100.0

Low Stress Failures

investigated and discussed separately.

3.3. Below 0.875 NS threshold

Below the threshold stress of 0.875 NS, the 98%NasS04-2%NaCl
coated fatigue specimens failed between 26 and 62K cycles (or
44-105h of exposure based on the waveform used in this study).
Generally, the 55%K2S04-45%KCl required additional exposure lengths
before failure. Whilst there is a degree of scatter within the fatigue
specimens, it is not dissimilar to that experienced with similar Ni-based
superalloys used in previous studies [15,26]. To assess the pit depths
that may have led to crack initiation sites, surface profilometry of the
gauge lengths of various specimens was conducted after oxide removal
in an ultrasonic bath. This allowed a much greater area of the gauge

150.0 200.0 250.0

Test Hours

B Maximum, 55%K2504-45%KCI
4 Maximum, 98%Na2504-2%NaCl

O Average, 55%K2504-45%KCl
< Average, 98%Na2S04-2%NaCl

Fig. 8. Plot of maximum and average pit depths against the hours of exposure in an air — 300 ppm SO, environment at 600 °C. Trend lines have been plotted through
the maximum (solid) and average (dotted) distributions for both salt compositions. Horizontal dashed line indicates the minimum metal loss required for a corrosion-
fatigue specimen to fail below the 0.875 NS threshold. Arrowed circles indicate a specimen that was removed from test after 122,000 cycles/203 h without failure.
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Fig. 9. EBSD local misorientation maps where 0° misorientation is represented by blue and 1.4° misorientation by green. (a) Left: Uncorroded, fatigue sample, shot-
peened to 110H, 7-8 A, 200% conditions. Typical SHL depth of 65 um. (b) Centre: Corroded fatigue sample, 0.875 NS, maximum pit depth of 44 um, 12 pm of SHL
remaining. (c) Right: Corroded fatigue sample, 0.90 NS, maximum pit depth of 38 um, 11 pm of SHL remaining.

Continuous oxide layers

Fig. 10. Oxide structure of a 55%K»S04-45%KCl coated fatigue specimen with
an applied stress of 0.875 NS.

length to be analysed for pitting; thus, providing a more representative
pit distribution than cross-sectioning and polishing to the mid-depth.
However, it is acknowledged that this provides additional challenges
using EDS to determine hot corrosion mechanisms. The oxide layers
produced at 600 °C were significantly thinner than those produced at
higher temperatures [3,15,24] and therefore any adherent scale is even
less likely to influence the pit depths obtained through surface profil-
ometry. The mean and maximum pit depths are presented in Fig. 8. The
particular region of interest (i.e., below the 0.875 NS threshold) corre-
sponds to an exposure length beyond 40 h, indicated by the red region in
Fig. 8. It is observed that below this threshold stress the maximum pit
depths (for failed specimens) all exceed 57 um. A specimen coated in
55%K2S04-45%KCl was removed from testing without failure after 122,
000 cycles/203 h of corrosion-fatigue. Optical microscopy showed a
maximum pit depth of 52 pm, below the minimum 57 pym of the failed
specimens. Given that the fatigue specimens have been shot-peened, a
strain hardened layer (SHL) has been introduced into the material sur-
face. The current understanding [15] suggests that pitting of sufficient
depth (i.e. beyond the SHL) is required before a dominant crack reaches
long crack growth behaviour, eventually propagating to specimen fail-
ure. Therefore, EBSD local misorientation maps of pre-corroded and
corroded fatigue specimens have been generated to determine the depth
of SHL present, Fig. 9.

The local misorientation maps indicate that above the threshold, a
SHL can still be observed. Therefore, the applied stress is sufficient to
drive the crack growth behaviour and overcome the protective effects of
the SHL. Whilst the typical depth of strain hardening has been approx-
imated at 65 uym as per Fig. 9, the minimum and maximum depths can be
seen to fluctuate either side of this typical depth. If the weakest link/
shortest path is considered, then it may seem likely that long cracks will
begin to form and propagate when corrosion damage has penetrated into
less constrained material at these minimum depths of strain hardening.

EBSD local misorientation maps were unable to be obtained for the low
stress specimens due to resource availability. It is considered likely that
the approximate minimum 57 ym of SHL observed in Fig. 9a is repre-
sentative of the remaining corrosion-fatigue specimens, particularly
when linked to the smallest maximum pit depths that caused failure
below the threshold stress. The run-out of a specimen with only a
maximum pit depth of 52 pm also supports the understanding that the
SHL needs penetrating before a dominant fatigue crack can grow and
propagate.

Examination of the oxide structure at 0.875 NS shows a continuous
oxide formed on the alloy surface without any cracking (Fig. 10). It is
interesting that at low stresses, the additional chlorine in the 55%K5SO4-
45%KCl salt does not appear to have disrupted the surface oxides, given
that the literature suggests that chlorine typically forms volatile chro-
mium chlorides which act to disrupt protective oxides [34,35]. In fact, at
these lower stresses, the relative proportion of sulphate appears to be the
influencing factor rather than the chlorine. Stress-corrosion cracking
studies of oil and gas pipeline steel [36] have shown that cracks typically
initiated at corrosion pits. These pits were also found to nucleate from
sulphide precipitates and inclusions in the material. Stress free type II
hot corrosion does not typically involve the diffusion of sulphur into the
base alloy [37], however previous work on RR1000 has shown sulphide
diffusion at grain boundaries under low, relative stresses at 700 °C [16].
Given the relative proportions of sulphate in the two salts (98% vs 55%
in 98%NayS04-2%NaCl and 55%K2S04-45%KCl respectively) and their
subsequent fatigue lives (shorter for 98%NayS04-2%NaCl under the
proposed threshold stress of 0.875 NS), it is possible that greater sul-
phate proportions are more damaging at 600 °C under relatively low
stresses. Recent work by Chan et al. [38,39] proposed that the formation
of corrosion pits takes place once the solid eutectic NiSO4-Na;SO4 ap-
proaches the eutectic composition and becomes molten. This work
supports that proposal by demonstrating a reduction in pit initiation
times for specimens with an increased quantity of NasS04/K2S04. Thus
the eutectic composition is reached sooner allowing the eutectic to melt
and the formation of pits to occur more quickly.

Similar oxide structures have also been shown for FG RR1000 at
700 °C under low-stress corrosion fatigue conditions [15]. The authors
proposed that where the applied stress was insufficient to generate fa-
tigue cracking, a steady-state oxide scale is formed, leading to a lower
impact on fatigue performance. This work supports that observation and
proposal but would add that below the threshold stress of 0.875 NS,
steady-state corrosion takes places until the SHL is sufficiently damaged,
thus allowing a fatigue crack to grow. This has been suggested and
achieved through sufficient pit depths at 700 °C [15] and 600 °C in this
study.

High-magnification BSE images are presented for the two corrosion-
fatigue samples subjected to the lowest stress, 0.80 NS, in Figs. 9 and 10.
Sulphide diffusion along grain boundaries can be observed for both
salting compositions to different extents. For the 55%K2S04-45%KCl
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Fig. 11. (a) Left: High-magnification BSE image of a corrosion-fatigue specimen coated with 55%K>S04-45%KCl subjected to 0.80 NS. (b) Right: Zoomed-in section

showing intergranular diffusion of sulphides.
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Fig. 12. (a) Top Left: High-magnification BSE image of a corrosion-fatigue specimen coated with 98%Na;S04-2%NaCl subjected to 0.80 NS. (b) Top Right: Zoomed-
in section showing intergranular diffusion of sulphides. Bottom Centre: Zoomed-in section at a different location of the gauge length showing severe weakening of a

grain boundary.

coated specimen (Fig. 11), sulphide diffusion was typically constrained
within larger features and less prevalent along the gauge length.
Whereas the 98%Na3S04-2%NaCl coated specimen (Fig. 12) exhibited
sulphide ingress ahead of the corrosion front frequently along the gauge.
It was observed that at one location, the sulphide diffusion had suffi-
ciently weakened the boundaries of a grain leading to the early stages of
grain dropout. It is thought that the increased prevalence of sulphide
diffusion and penetration ahead of the corrosion front is due to the
relative sulphate composition of the salt and assists with penetrating the
SHL sooner than the equivalent 55%K3S04-45%KCl coated counterpart.

During early stages of the study, whilst determining the location of
the S-N distribution at 600 °C, a one-off fatigue test was setup at 0.65 NS
and removed from test after 285 K cycles (475 h of SO, exposure)
without failure. The specimen was not cleaned and was mounted in
Bakelite with the oxide intact. The resultant cross-section and EDS maps
are shown in Fig. 13. Type II hot corrosion is typically characterised by
the formation of protective aluminium and chromium oxides adjacent to

the alloy with gradual diffusion of sulphur into the alloy-oxide interface
and the outermost oxides comprise of nickel and cobalt in a non-
protective layer. The EDS imagery provides good confidence that type
II hot corrosion has been replicated in this study at the lower tempera-
ture of 600 °C in FG RR1000. Additionally, the lack of cracks in the
oxide layer suggests that the corrosion continues in a steady-state
manner well below the 0.875 NS threshold, even for significant expo-
sure lengths.

3.4. Above 0.875 NS threshold

Above the threshold stress, there is a clear influence of salt compo-
sition on the resultant fatigue lives. Examination of the oxide structures
(Fig. 14) and fracture surfaces (Fig. 7) shows that at high stresses there is
minimal corrosion product or pitting on the specimen surface, resulting
in a minimal reduction in fatigue life when compared to air-fatigue. At
high stress-ranges, fatigue mechanisms are the “weakest link” and
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Fig. 13. SEM and EDS images of a 55%K3S04-45%KCl coated specimen subjected to corrosion-fatigue at 0.65 NS for 475 h.

therefore there is often insufficient time for corrosion mechanisms to
propagate (Fig. 14a). The most interesting feature of Fig. 14 is the
apparent increase in corrosion damage at intermediate stress ranges
(0.90-0.95 NS, Fig. 14b,c). The formation of stress raising features can
be seen in as few as 5h, surrounded by broken oxide scale. As the
applied stress is further reduced (Fig. 10, Fig. 13), the oxide layer ap-
pears to be stable and is frequently continuous with no secondary fissure
formation across the gauge length. Localised pitting can be seen to occur
at low stress-ranges compared to crack formation at high stress-ranges.
The number of fissures exceeding a threshold length of 10 um is given in
Table 2.

The generation of a greater number of cracks at high stresses is
thought to allow chlorine to diffuse more readily into the alloy, pro-
moting enhanced crack growth rates. Analysis of striation counts was
conducted in order to provide a useful approximation of the crack
growth rates. An example image of a fatigue sample fracture surface
shows where striation counts were taken and subsequently averaged for
a crack length of the image midpoint (Fig. 15). The approximate stress
intensity factor, K, was calculated for each averaged striation count
using Equation 1 [40]. The average crack growth rate, da/dN, for each
image was measured and calculated at the midpoint of each image,
giving a matching datapoint for the estimated stress intensity factor.
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Fig. 14. (a) Example of high stress corrosion-fatigue conditions, displaying minimal surface corrosion product and cracking of the alloy. Stress-range of 1.00 NS; (b)
Example of oxide formation at intermediate stress-ranges. Stress-range of 0.95 NS; (c) Example of lower intermediate stress corrosion-fatigue conditions. Stress-range

of 0.90 NS.

Table 2
Number of fissure lengths exceeding 10 um for corrosion-fatigue specimens
coated with 55%K,S04-45%KCl.

Normalised 55%K2S04-45%KCl 98%Na5S04-2%NaCl
Stress-R:
resshange Length of Number of Length of Number of
[NS]
SO, exposure fissures SO, exposure fissures
[h] > 10 um [h] > 10 ym
1.00 2.3 12 5.4 3
0.95 4.6 8 11.2 2
0.90 9.7 1 59.4 9
0.875 36.8 0 41.1 3
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SRR SO SN, SN AR RO B RR GH  AR T R R

Fig. 15. BSE image of an initiation site on the fatigue sample subjected to 0.95
NS coated with 98%Na,S04-2%NaCl. The annotated white lines indicate where
striation counting was conducted.

1.00E-05

aun
"
o) - = LF007, 1.00 NS, K2504
3 el © LF011, 1.00 NS, Na2504
T 100606 = "o —d'v,""iA.:‘* 1 LF005, 0.95 NS, K2504
= - o "“',-'.I' °® © LF014, 0.95 NS, Na2504
2 To "o ° ' LF008, 0.90 NS, K2504
o ® LF012, 0.90 NS, Na2s04
 LF009, 0.875 NS, K2504
LF010, 0.875 NS, Na2504
1.00E-07
10 100

Stress Intensity Range, AK [MPam*0.5]

Fig. 16. Striation measured crack growth rates for 55%K;S04-45%KCl (square
markers) and 98%Na»S04-2%NaCl (circular markers) coated specimens.

Equation 1 Estimation of stress intensity factor [40].
K =Yov/ma
where;

Y = G(0.752 4 1.2864 4 0.37H?)

G =092 (%) secﬁw l%

H=1-p
z a
p= 2 diameter

The resultant estimated crack growth rates (Fig. 16) show that the
crack growth rates are similar for the 98%NayS04-2%NaCl coated
specimens at all applied stress ranges. This can also be said for the 55%
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Fig. 17. Estimates of Nipjtiation @s @ percentage of Neijure for FG RR1000 fatigue
specimens coated in 55%K3S04-45%KCl and 98%NaS04-2%NaCl subjected to
an air-300 ppm SO, environment at 600 °C. A limited dataset of air-only fatigue
specimens is shown for comparison. Arrows depict the reduction of time/cycles
required to initiate a fatigue crack at 0.90 and 0.95 NS.

K2S04-45%KCl coated specimens at and below 0.90 NS. Interestingly,
the crack growth rates of 55%K2S04-45%KCl are greater initially for
both 0.95 and 1.00 NS, and clearly higher for 1.00 NS across the entire
stress intensity range. Having measured the fatigue striations on the
fracture surface, predictions of the number of cycles required to initiate
a fatigue crack can be made using:

Nfailure = Ninilialion + Npropagalion

Given that Najyre is known from the S-N curve and Npropagation has
been estimated through the striation counts, Niyjtiation can be deter-
mined. The percentage of cycles required to initiate a fatigue crack for
the two salt compositions and air-only, at stress ranges of 0.80-1.00 NS
are shown in Fig. 17. It is clear that at 0.90 and 0.95 NS, the specimens
coated in 55%K5S04-45%KCl experienced a significant reduction in the
time/number of cycles required to initiate a crack. This reduction of
crack initiation from the air-only baseline is much greater for the 55%
K2S04-45%KCl (79%) compared to that exhibited by the 98%Na3SO4-
2%NaCl (15%). Chlorine induced hot corrosion is thought to be the
result of chlorine production via oxychlorination [41]. The NaCl acts as
a catalyst of the reaction between the alloy and oxygen, thereby accel-
erating the rate of corrosion. Highly volatile NayCrO4 and CrCl, form
which create voids and pits at grain boundaries and facilitate the
movement of damaging species with oxygen [34,35]. The high pene-
tration power of small chlorine ions is associated with this adverse effect
by influencing the initial protective oxide formation [35]. Pure NaCl has
previously been shown to be aggressive at both 550 °C and 650 °C
despite having a melting temperature (T, = 801 °C) significantly above
the test temperatures [34]. The increased chlorine content of the salt has
reduced fatigue lives and initiation time in only a narrow stress band,
between 0.875 and 1.0 NS. The application of a stress sufficient to cause
oxide cracking (as seen in Fig. 14b,c) suggests the possibility of pro-
tective oxide disruption, exacerbated by volatile chloride ingress. Whilst
there was little apparent difference in the number of initiation sites on
the fracture surface for the two salt compositions, fissure counts
(Table 2) on the sample cross-sections showed 4x as many fissures
exceeding 10 um for the 55%K5S04-45%KCl coated specimens at these
higher stresses. The use of Nipjtiation @S a percentage of Ng,ijure removes
the effect of the different fatigue lifetimes when comparing the two salt
compositions. At 0.90 NS, the increased chlorine resulted in a 49%
reduction of Nipjtiation- Likewise at 0.95 NS the reduction of Njpjtiation Was
even greater at 61%. It is thought that the two salt compositions
converge back together at 1.00 NS as this is very close to the yield
strength of the material. It would be expected that at the yield strength,
that damage is being introduced from the first complete fatigue cycle.
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Therefore, it is proposed that increased chlorine content results in
reduced fatigue lifetimes above a threshold stress of 0.875 NS. This is
achieved through a reduction in time required for fatigue crack initia-
tion and initiation at additional sites (0.90 and 0.95 NS). Future
experimental work should include the use of oil-based polishing com-
pounds and media, to allow investigation into the presence of chlorine at
crack tips via EDS.

4. Conclusions

A series of type II hot corrosion exposures have been carried out on
the FG variant of Ni-based superalloy, RR1000. The effect of salt
composition has been shown to have an effect on type II hot corrosion at
600 °C, particularly at intermediate to high stresses for corrosion-fatigue
conditions. Chlorine is thought to influence the fatigue lives of RR1000
at 600 °C above a threshold stress by reducing the time required for
fatigue crack initiation at intermediate — high stresses and by producing
additional initiation sites. It is postulated that at these high stresses, the
mechanical cracking of the surface oxide scales allows easier and addi-
tional diffusion pathways to the parent alloy for the chlorine. Below this
threshold, stresses are not sufficient to generate cracking of the oxide
scales or alloy and therefore allow chlorine ingress. Therefore, it is
proposed that steady-state corrosion and sulphide diffusion will take
place until the strain-hardened layer has been penetrated, thus allowing
a fatigue crack to form. At these lower stresses, the relative proportion of
sulphate rather than chloride has been shown to be more influential of
fatigue life.
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