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Components of gas turbines (such as blades, vanes, combustor cans) exposed to combustion 

environments at high temperature are susceptible to hot corrosion attack.  To successfully 

plan maintenance and to determine whether to operate in novel combustion modes (for 

example, in integrated gasification combined cycles that incorporate pre-combustion carbon 

capture) predictions of hot corrosion component life must be made. 

 

In this paper, hot corrosion datasets relating to 2 alloys, MarM 509 (a cobalt-based 

superalloy) and Rene 80 (a nickel-based superalloy) form the basis of hot corrosion predictive 

lifetime models.  The model framework is based on the two stages of incubation and 

propagation, with the transitions from incubation to propagation around the samples being 

based on Weibull statistics. 
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The impact of a range of temperatures (including 700 °C and 900 °C), gas compositions 

(simulating the combustion of natural gas, H2-rich syngas, or partially cleaned syngas) and 

deposit chemistries/fluxes have been assessed.  Predictions have been made including the 

expected damage spread for a range of different exposure conditions. 

 

 

Keywords:  modelling; incubation; propagation; Weibull statistics; H2-IGCC; hot corrosion; 

lifetime; Rene 80; MarM 509; superalloys 

 

 

1. Introduction 

To meet European Union CO2 emission reduction targets (e.g. for 2020, 2030 and 2050 [1,2]), 

technologies capable of enabling carbon capture and storage (CCS) are being increasingly 

investigated.  One of these technologies involves the use of pre-combustion CO2 capture and 

storage (CCS) incorporated into an integrated gasification combined cycle (IGCC) to reduce 

net CO2 emissions [3-5]. 

 

In this instance, following the gasification of a solid fuel such as coal, a syngas (or fuel gas) 

containing CO-CO2-H2-H2O-H2S-etc is produced.  This syngas is then cooled to go through 

additional cleaning stages before its combustion in an industrial gas turbine (IGT).  These 

stages incorporate improved H2S/COS-removal [6] (to protect later catalysts), as well as the 

removal of particulate matter.  Water-gas shift reactors are used to alter the syngas 

composition, lowering the levels of CO and H2O and raising the concentrations of H2 and CO2.  
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Due to the high levels of CO2 present, the majority of this can then be removed [3,4,7] before 

the resulting H2-rich syngas is then combusted in the IGT. 

 

Combusting the H2-rich syngas within the IGT will lead to proportionally higher levels of 

H2O in the combusted gas stream than are found when combusting either conventional syngas 

or natural gas.  This has the potential to affect components (such as the blades, vanes and 

combustor cans) in this hot combusted gas stream [8,9]. 

 

In addition to operating using H2-rich syngas, other potential fuel gas compositions need to be 

investigated.  In the event that one of the gas clean-up stages fails, it is necessary to bypass 

the water-gas shift reactor to ensure that the catalyst is not poisoned [6].  As such, the 

resulting partially cleaned syngas would produce a combusted gas environment with a lower 

H2O content but higher SOX content than the H2-rich syngas.  (It should be noted that the H2O 

levels in this event will be lower than for combustion of natural gas, assuming that bitumous 

coal has been gasified.) 

 

Hot corrosion is a complex phenomenon and the presence of SOX is known to enhance the 

rate of attack [10], especially for type II hot corrosion (characteristically peaking at 700 °C 

and resulting in pitting damage).  At the lower temperatures of type II hot corrosion, the SOX 

contains a greater fraction of SO3 which stabilises the formation of base metal sulphates.  

These base metal sulphates can then form low melting point mixtures with deposits (alkali 

metal sulphates, chlorides, etc) that would otherwise be solid over that temperature regime 

[11]. 

 

li2106
Text Box



  

4 

An EU Framework 7 project, “H2-IGCC”, was established to look at the viability of IGCC 

power generation cycles with the incorporation of pre-combustion carbon capture, including: 

the performance of gas turbine materials; combustion of H2-rich syngases for gas turbines; 

and modified turbo-machinery designs to enable the use of H2-rich syngases.  The degree to 

which these novel combusted gas environments are anticipated to affect materials exposed in 

the hot, combusted gas stream has been established by exposing over 600 samples in hot 

corrosion exposures, as reported elsewhere [12,13].  These tests investigated the effect of the 

3 previously described combustion environments on a range of state-of-the-art alloys and 

coating systems for different temperatures and deposit compositions/fluxes. 

 

The development of predictive modelling of the potential lifetimes of candidate materials’ 

was one of the project outputs and is important for life predictions in the field.  Thus such a 

model is reported in this paper for two example materials systems, Rene 80 and MarM 509.  

The implication that these model outputs have for the potential operation of H2-rich syngas-

fired IGCC plant is also discussed. 

 

 

2. Methodology 

The following three sub-sections cover: (a) how the hot corrosion tests were run to gather data 

to build the model; (b) the analysis method used to obtain quantifiable data on corrosion 

damage levels; and, (c) the steps for building the model. 

 

2.1 Acquisition of Experimental Data 

Samples were produced from a range of state-of-the-art materials systems used in IGTs.  In 

addition to coated samples, uncoated samples were also produced as not all parts of hot gas 
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path components are coated and the degree of coating and proportion of coated stages vary 

between IGT manufacturers (though there are generally more uncoated stages in older IGT 

designs).  Furthermore, in instances where coatings have spalled, corroded or otherwise been 

damaged, it is important to understand the remaining life of the component.  In particular, this 

paper addresses the hot corrosion metal loss for samples of uncoated Rene 80 and MarM 509 

(compositions in Table 1).  The raw superalloy was machined into linked spools of cylindrical 

samples (each ~10 mm long and ~10 mm in diameter).  Later the links between the spools 

were severed to produce individual samples for testing, which were exposed with as-

machined surfaces (Ra < 0.4 µm). 

 

A range of hot corrosion testing methodologies exist [14-17].  Hot corrosion testing was 

conducted using the “deposit recoat” method [18], which is in line with one of the standard 

test methodologies (e.g. [14]), to simulate the three anticipated combustion environments.  

For the experiments, a controlled atmosphere furnace raised the samples to a suitable 

temperature (here either 700 °C or 900 °C to simulate type II and type I hot corrosion 

respectively) while a corrosive gas of suitable composition flowed around samples coated in a 

corrosive deposit.  The corrosive deposit was re-applied every 100 hours and weight change 

data collected.  Samples were removed for destructive analysis by cross-sectioning after 100, 

300 or 500 hours. 

 

Table 2 gives the three different compositions of the gas flowing in the vertical, controlled 

atmosphere furnaces, while Table 3 gives deposit compositions and fluxes.  Gas compositions 

were selected following assessments of the expected fuel gases, air:fuel ratios, and gas 

cleaning steps of likely advanced IGCC cycles.  As the hot corrosion testing furnaces operated 

at lower pressures than the IGTs (1 bar compared to ~15 bar), the partial pressures of the SOX 
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were kept constant [12].  Dry gases were purchased from BOC and the required steam content 

added using a peristaltic pump.  To prevent reactions between the gas and furnace (including 

furnace furniture), surfaces in contact with the gas were produced from alumina. 

 

The temperatures selected for discussion in this paper were 700 and 900 °C.  Part of the 

reason for the selection of these temperatures was the different damage mechanisms that they 

typically produce [10,11].  At 700 °C, type II hot corrosion is expected; this is often 

characterised by pitting.  At 900 °C, type I hot corrosion is expected; this is often 

characterised by internal damage in the form of sulphides ahead of broad fronted 

oxidation/sulphidation attack.  As the internal sulphides are typically weak, regions of a 

component were these are present within the metal matrix, are no longer sound.  It should be 

noted that, unlike cooled components operating in a gas turbine, samples in the furnace are 

subjected to a constant temperature through their cross-section. 

 

2.2 Image Analysis Technique 

Weight change measurements were taken every 100 hours, to help assess the degree of 

corrosion.  However, as pitting and internal damage will not result in large weight changes, 

and as spallation is a common problem with corroded samples, dimensional metrology data 

were also collected.  For the dimensional metrology data, pre-exposure measurements of the 

sample were compared to post-exposure image analyser/optical microscopy measurements to 

determine both the degree of metal loss (ML) and of good metal loss (GML = metal loss + 

internal damage).  The extents of ML and GML were plotted as a function of cumulative 

probability (assuming a normal distribution) in standard deviations from the median (std. 

dev.) [19-22].  This analysis produced statistically significant datasets (with an error of ±5 

µm) which allowed comparison between different systems and environments.  The 
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dimensional metrology technique is described in more detail in references [23-25].  The 

application of these statistics to hot corrosion metal losses are also illustrated in ISO standards 

[22,26,27].  More recently, this statistical approach to corrosion degradation has been used in 

a range of environments, e.g., [28,29]. 

 

Post-exposure, samples were imaged by a scanning electron microscope (SEM) equipped with 

energy dispersive X-ray spectroscopy (EDX) to study the microstructural evolution. 

 

2.3 Model Construction 

Hot corrosion damage proceeds via two distinct sequential stages.  Initially a protective layer 

exists on the sample and, for some time (incubation period), this keeps GML rates low.  At 

some point (the incubation lifetime) however, this protective layer becomes damaged and 

more rapid attack of the base alloy occurs.  This more rapid attack is known as the 

propagation stage.  As such, the GML can be modelled [23].  Equation (1a) is used for times 

shorter than the incubation time, and Equation (1b) for times longer than the incubation time. 

 

𝐺𝑀𝐿 = 𝑘𝑖𝑛𝑐𝑡𝑛 (1a) 

𝐺𝑀𝐿 = 𝑘𝑖𝑛𝑐𝑡𝑖𝑛𝑐
𝑛 +  𝑘𝑝𝑟𝑜𝑝(𝑡 − 𝑡𝑖𝑛𝑐)𝑚 (1b) 

 

Where:  t is time (in hours); GML, amount of GML (in µm); n & m, powers; kinc, GML rate in 

incubation; kprop, GML rate in propagation; and tinc, the incubation’s duration/lifetime where 

the sample has been exposed for sufficient time to reach propagation (in hours). 

 

As such, to model the progression of hot corrosion damage under a given set of conditions, 

these parameters must be evaluated.  Determining the incubation lifetime is particularly 
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important.  Weibull statistics have been applied to understand the spread in incubation 

lifetimes across a given sample (or for several samples exposed in an identical manner) [23]. 

 

 

3. Results and Discussion 

 

3.1 Examples of Dimensional Metrology Data 

Figure 1 shows examples of GML cumulative probability graphs for MarM 509 and Rene 80.  

In Figure 1(a) the evolution of hot corrosion damage with time can be followed for a series of 

MarM 509 samples which have been exposed to the simulated combusted partially cleaned 

syngas/deposit 3 at 700 °C.  After 100 hours the majority of measured areas around the 

sample have lost less than ~10 µm.  The lack of deeper localised damage indicates that these 

areas may be considered to be in incubation.  However, at a few locations (approximately 3), 

more metal has been lost, indicating the initiation of hot corrosion propagation, via pitting, in 

these specific areas.  After 300 hours more extensive GML has occurred, with the majority of 

the sample showing significant metal loss and undergoing hot corrosion propagation.  A 

fraction of the surface shows pitting/more rapid metal loss.  This continues at 500 hours. 

 

The presence of these hot corrosion pits can be seen in SEM micrographs in Figure 2(a).  

These pits contain mixed oxides and sulphur-rich species; typical of type II hot corrosion 

mechanisms. 

 

A comparison of the MarM 509 data to similar data in Figure 1(b) for Rene 80 shows that hot 

corrosion is progressing more rapidly in MarM 509 than Rene 80.  Figure 1(c) and 1(d) show 
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the impact that reducing the deposit flux has on the extent of hot corrosion for these two 

superalloys.  Additionally, where no deposit was applied, the material remains in incubation. 

 

3.2 Modelling MarM 509 GML for Different Fluxes in Simulated Combusted Partially 

Cleaned Syngas 

Of the corrosive environments tested, the gas simulating combusted partially cleaned syngas 

at 700 °C gave the most extensive GML for the tested alloys, including MarM 509 and Rene 

80.  As such, the model was first fitted to this, more corrosive, data.  The effect of gas 

atmosphere will be returned to in later sections. 

 

Using the example of MarM 509, values of kinc, and kprop, can be extracted from datasets 

showing GML advancing with time.  This has been described in detail elsewhere for other 

materials systems [23].  Briefly, the propagation rate can be obtained by observing the change 

in GML with time for regions of the sample undergoing the propagation of hot corrosion, 

while, in an analogous manner, the incubation rate can be obtained from regions which 

remain in incubation. 

 

As can be observed in Figure 1, there is a spread in degree of damage around any given 

sample exposed under a specific set of hot corrosion conditions.  This may be considered an 

effect of a spread in incubation lifetimes occurring in different areas of the sample surfaces.  

In this instance, a range of different incubation-to-propagation transition times will result in a 

spread in GML values for a sample removed after a given exposure time. 
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Weibull distributions (Equation 2), often used in survival analysis and reliability engineering, 

can be used to determine this spread in incubation lifetimes by fitting two parameters:  the 

characteristic lifetime (η) and the Weibull modulus (β) [19,23]. 

 

𝐹(𝑡) = 1 − 𝑒
−(

𝑡

𝜂
)𝛽

 (2) 

 

Where, F(t) is the probability of failure at time, t.  In this instance, the “failure times” used to 

fit the Weibull distribution correspond to the incubation lifetime for progressively larger 

cumulative probabilities [23]. 

 

Both the Weibull modulus and characteristic lifetime depend on the data used to fit the 

distribution as shown in Figure 3.  Here, dimensional metrology data for the GML 

measurements have been taken from 30 different locations for each time period.  This gives a 

maximum of 30 datasets from which to calculate the incubation lifetime for different 

cumulative probabilities.  However, datasets where the sample has not moved out of 

incubation, or where errors are suspected, are not used to ensure that the Weibull modulus and 

characteristic lifetime will correctly generate the spread in incubation lifetime. 

 

In Figure 4 the families of lines have been plotted according to Equation 1(a and b).  Instead 

of having one line for a given set of exposure conditions with a single value of tinc a series of 

lines representing a spread of different incubation lifetimes are plotted.  These varying tinc 

values arise from the Weibull distribution, given in Equation 2.  As such, in Figure 4, the 

grey-scale increases from light shades at a 1% probability of the sample having moved into 

propagation (i.e. most of the sample will continue along the incubation GML line) to black for 

a 50% probability of the sample having moved into propagation (half of the sample will be 
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propagating, while half remains in incubation).  The grey-scale then lightens again as the 

probability of the sample having moved into propagation rises to 99% (only a small fraction 

of the sample can be considered to remain in incubation, with damage predicted by the 

incubation line of the plot).  As such, the model’s outputs give the spread of GML for a given 

exposure time, accounting for the range in incubation lives around the sample). 

 

Specifically, Figure 4 gives example outputs of this Weibull-based model for MarM 509 

exposed at 700 °C to simulated, combusted partially cleaned syngas with different fluxes of 

4/1 sodium/potassium sulphate.  Data here have been plotted against cumulative normal 

probability in standard deviations, rather than as percentage.  These have been calculated 

using Excel functions for standard normal cumulative probability.  Plotting against normal 

cumulative probability (linear in standard deviations) rather than cumulative probability 

(linear in percentage) has the advantage of showing any underlying normal distribution(s) in 

the GML data more easily.  Specifically, different normally distributed damage mechanisms 

will appear as straight line(s). 

 

In Figure 4, both incubation and propagation rates are assumed to be constant for a given set 

of exposure conditions, with the Weibull modulus and characteristic lifetime generating a 

family of times at which propagation can be said to begin, with increasing probability of 

propagation having started (which may be considered to be a larger fraction of the exposed 

surface) as exposure time increases. 

 

Data for 2 different deposit fluxes (1.5 and 5 µg.cm
-2

.h
-1

) and ‘no deposit’ are shown in 

Figure 4.  All three conditions appear to have comparable incubation rates as shown in Figure 

5, i.e. kinc appears similar for Equation 1(a) and Equation 1(b).  This indicates that there is 
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only a weak correlation between the deposit flux and incubation rate and is especially 

apparent in the case where no deposit is applied and hot corrosion incubation can be expected 

to be maintained indefinitely.  Equation 3 gives the link between kinc and deposit flux. 

 

However both the rate of propagation and the Weibull parameters differ with changing 

deposit flux.  Higher fluxes result in shorter characteristic incubation lifetimes and higher 

Weibull moduli (corresponding to tighter distributions of incubation lifetimes).  This mirrors 

the fact that samples exposed to higher deposit fluxes move into propagation more rapidly.  

Additionally, the propagation rate appears to increase with increasing flux according to 

Equation 4. 

 

𝑘𝑖𝑛𝑐 = 0.0024𝑓 + 0.0157 (3) 

 

𝑘𝑝𝑟𝑜𝑝 = 0.014𝑓 + 0.1525 (4) 

 

Where f is the flux (in µg.cm
-2

.h
-1

) and the rates are in µm.h
-1

. 

 

When no deposit is applied, MarM 509 is not observed to move out of incubation in the 500 

hours of testing exposure.  As such, no Weibull parameters or propagation rate can be 

determined for this set of conditions and it is predicted to remain in incubation indefinitely.  

As hot corrosion requires the presence of various deposits to initiate the fluxing mechanism 

which results in GML propagation, this is the expected result. 

 

By looking at the range of GML values that the model predicts for the three different fluxes 

after 500 hours, comparisons can be made to the experimental data.  Figure 6 shows similar 
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ranges of GML value can be produced, although there is some under prediction for regions of 

the sample which move into propagation earliest.  Additionally, while the model shows a 

more pronounced distinction between regions of the sample in incubation and propagation, 

similar area fractions may be observed. 

 

3.3 Modelling MarM 509 GML for Different Simulated Combusted Environments 

Of the two other simulated combusted gas environments in the H2-IGCC project, the 

simulated combusted natural gas samples (6% CO2-8% O2-10% H2O with 3.6 vpm SO2 in N2; 

Table 2) did not move out of incubation within the 500 hours of testing (Figure 7), and so the 

model has not been extended to this dataset.  This behaviour can be confirmed from the SEM 

micrographs of the exposed samples (Figure 2(b)).  The long incubation lifetime is an effect 

of the low SOX and H2O contents for this gas. 

 

Figure 8 shows the GML cumulative probability distributions for MarM 509 following 500 

hours exposure to deposit 3 at 700 °C in simulated combusted H2-rich syngas (1% CO2-8% 

O2-20% H2O with 3.6 vpm SO2 in N2; Table 2).  While the overall extent of hot corrosion 

GML is lower than for the simulated combusted partially cleaned syngas, both deposits 2 and 

3 (fluxes of 1.5 and 5 µg.cm
-2

.h
-1

) show propagation after 500 hours.  Figure 2(c) also shows 

the formation of sulphur and oxide containing scales on the exposed samples surface. 

 

The model outputs are shown in Figure 9.  Compared to the simulated combusted partially 

cleaned syngas environment, the propagation rate is lower, and the range of incubation 

lifetimes larger. 

 

3.4 Modelling MarM 509 GML for Different Temperatures 
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The model can be extended to datasets collected at 900 °C (type I hot corrosion).  SEM 

micrographs in Figure 10 show that, after 500 hours exposure to the simulated combusted 

partially cleaned syngas environment the MarM 509 is undergoing hot corrosion attack.  For 

the modelling work, samples exposed to deposit 2 (1.5 µg.cm
-2

.h
-1

 of 4/1 sodium/potassium 

sulphate) were compared for the two different temperatures (700 °C and 900 °C) as deposit 3, 

the most aggressive deposit at 700 °C, was not used at 900 °C.  Instead, a 1.5 µg.cm
-2

.h
-1

 flux 

of pure sodium sulphate (deposit 4) had been used as the third deport flux/composition at 

900 °C (as justified within [12]). 

 

Figure 11 shows a comparison of the models for MarM 509 at 700 and 900 °C.  While both 

temperatures appear to result in similar incubation rates and spreads in incubation lifetimes, 

the 700 °C model has a higher propagation rate under these conditions, leading to more 

extensive GML values. 

 

3.5 Modelling Rene 80 GML 

Figure 12 shows hot corrosion damage model outputs for Rene 80 samples exposed at 700 °C 

to simulated, combusted partially cleaned syngas with different fluxes of 4/1 

sodium/potassium sulphate.  Rene 80 produces a larger spread of incubation damage rates 

than MarM 509 (Figure 4).  It can be seen that the incubation rate for Rene 80 exposed with 

deposit 2 (1.5 µg.cm
-2

.h
-1

) results in a steeper gradient (faster kinc) than for no deposit or 

deposit 3 (5 µg.cm
-2

.h
-1

).  By contrast MarM 509 shows relatively similar incubation rates 

(kinc values) for all 3 deposit conditions.  The variation for MarM 509 may be due to the 

experimental measurement accuracy of very small changes in GML while an area of a sample 

is under hot corrosion incubation. 
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The spread in incubation lifetimes according to the Weibull statistics is more confined for 

Rene 80 than MarM 509.  This can be seen by the reduced spread in the lines that indicate the 

different probabilities. 

 

3.6 GML Predictions for MarM 509 

Following the production of the GML models, predictions about the extent and degree of hot 

corrosion damage can be made for samples exposed under conditions relevant to H2-IGCC 

plant.  As there are several alternative failure criteria for components, different methods of 

using the models can be considered to link exposure conditions to materials performance.  For 

example: 

 

 Figure 6 illustrates that the spread in expected GML values (after exposure to specific 

hot corrosion conditions for a defined time period) can be predicted. 

 

 Figure 13 illustrates a plot of how long it will take for a specific degree of GML to 

have occurred with different probabilities. 

 

 The models may also be used to predict the time taken to reach a certain amount of 

metal loss for different fractions of the sample (or cumulative probabilities), as shown 

in Figure 14. 

 

It should be noted that in order to illustrate these potential application routes, the models have 

been used to times significantly beyond the 500 hours exposure data on which they were 

based and, as such, these long-time extrapolations should be treated with caution.  On-going 
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and future work will investigate the validity of such extrapolations and also the interpolation 

of the existing model parameters to as yet untested exposure conditions. 

 

 

4. Conclusions 

This paper focuses on the results obtained from the exposures of MarM 509 and Rene 80 in 

three novel environments (simulating combusted partially cleaned syngas, natural gas, and 

H2-rich syngas) using a range of deposition fluxes at 700 and 900 °C for periods of up to 500 

hours.  The models generated have been based on the concept of hot corrosion reactions 

following a two stage process (incubation followed by propagation) in which the duration of 

the incubation stage can be described using Weibull statistics. 

 

The data generated have enabled the constants in the proposed hot corrosion framework 

model to be evaluated for both MarM 509 and Rene 80 for a range of exposure conditions.  

This has provided a quantitative and statistically based link between metal damage levels, 

deposition fluxes, gas compositions and metal temperatures for both alloys.  The resulting 

models have been used to illustrate different approaches to predicting hot corrosion damage in 

the IGTs needed in advanced IGCC power plants.  Further work is required to validate and 

extend the scope of such hot corrosion models, which can be considered for application to any 

other system undergoing incubation-propagation type damage mechanisms, assuming that 

suitable data has been collected. 
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Figure 1. Example cumulative probability plots showing GML for (a,c) MarM 509 and (b,d) 

Rene 80.  (a,b) show effect of different exposure times for deposit 3, while (c,d) show effect 

of changing deposit flux after 500 hours.  Testing carried out in simulated combusted partially 

cleaned syngas at 700 °C. 
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Figure 2. SEM back scattered electron micrographs and corresponding EDX maps for MarM 

509 in (a) simulated, combusted partially cleaned syngas; (b) simulated, combusted natural 

gas syngas; and (c) simulated, combusted H2-rich syngas.  All micrographs taken after 500 

hours exposure with deposit 3 at 700 °C. 
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Figure 3. Sensitivity of Weibull parameters β and η to the numbers of input data. 
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Figure 4.  Examples of hot corrosion damage model outputs.  Data for MarM 509 samples 

exposed at 700 °C to simulated, combusted partially cleaned syngas with different fluxes of 

4/1 sodium/potassium sulphate.  Solid lines are for deposit 3.  Dashed lines are for deposit 2.  

Dotted lines are for no deposit.  Characteristic lifetimes are given by triangles (5 µg.cm
-2

.h
-1

), 

squares (1.5 µg.cm
-2

.h
-1

) and circles (no deposit).  Probabilities plotted are:  0.99 (lightest 

shade), 0.96, 0.9, 0.8, 0.7, 0.5 (darkest shade), 0.3, 0.2, 0.1, 0.04, 0.01 (lightest shade). 

 

 

  

li2106
Text Box



  

24 

 

 

Figure 5. Variation in incubation and propagation rates with deposit flux for MarM 509 in 

simulated combusted partially cleaned syngas at 700 °C. 
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Figure 6. Comparison of (a) dimensional metrology data taken after 500 hours and (b) the 

predicted data from the model for deposits 1 - 3.  Data for MarM 509 in simulated combusted 

partially cleaned syngas at 700 °C. 
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Figure 7. Cumulative probability plots showing MarM 509 GML variation with time 

following exposure to deposit 3 at 700 °C in simulated combusted natural gas.  (Note that this 

measurement technique has an error of ±5 µm.) 
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Figure 8. Cumulative probability plots showing MarM 509 GML variation with deposit flux 

following 500 hours exposure to deposit 3 at 700 °C in simulated combusted H2-rich syngas. 
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Figure 9. Hot corrosion damage model outputs for MarM 509 exposed at 700 °C to simulated, 

combusted H2-rich syngas with different fluxes of 4/1 sodium/potassium sulphate.  Solid lines 

are for deposit 3.  Dashed lines are for deposit 2.  Dotted lines are for no deposit.  

Characteristic lifetimes are given by triangles (5 µg.cm
-2

.h
-1

), squares (1.5 µg.cm
-2

.h
-1

) and 

circles (no deposit).  Probabilities plotted are:  0.99 (lightest shade), 0.96, 0.9, 0.8, 0.7, 0.5 

(darkest shade), 0.3, 0.2, 0.1, 0.04, 0.01 (lightest shade). 
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Figure 10. SEM back scattered electron micrographs and corresponding EDX maps for 

MarM 509 in simulated, combusted partially cleaned syngas after 500 hours exposure with 

deposit 2 at (top) 900 °C and (bottom) 700 °C.  
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Figure 11. Hot corrosion damage model outputs for MarM 509 exposed to simulated, 

combusted partially cleaned syngas a 1.5 µg.cm
-2

.h
-1

 flux of 4/1 sodium/potassium sulphate.  

Solid lines are for 700 °C.  Dashed lines are for 900 °C.  Characteristic lifetimes are given by 

triangles (700 °C), and squares (900 °C).  Probabilities plotted are:  0.99 (lightest shade), 0.96, 

0.9, 0.8, 0.7, 0.5 (darkest shade), 0.3, 0.2, 0.1, 0.04, 0.01 (lightest shade). 
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Figure 12. Hot corrosion damage model outputs.  Data for Rene 80 samples exposed at 

700 °C to simulated, combusted partially cleaned syngas with different fluxes of 4/1 

sodium/potassium sulphate.  Solid lines are for deposit 3.  Dashed lines are for deposit 2.  

Dotted lines are for no deposit.  Characteristic lifetimes are given by triangles (5 µg.cm
-2

.h
-1

), 

squares (1.5 µg.cm
-2

.h
-1

) and circles (no deposit).  Probabilities plotted are:  0.99 (lightest 

shade), 0.96, 0.9, 0.8, 0.7, 0.5 (darkest shade), 0.3, 0.2, 0.1, 0.04, 0.01 (lightest shade). 
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Figure 13. Predictions for the time taken for (a) 20 µm and (b) 100 µm of GML for MarM 

509 exposed at 700 °C to the simulated, combusted partially cleaned syngas with different 

fluxes of 4/1 sodium/potassium sulphate. 
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Figure 14. Predictions for the time taken to reach a certain amount of metal loss.  Different 

lines correspond to different fractions of the sample achieving the GML value.  Plots made for 

MarM 509 exposed to deposits 2 and 3at 700 °C in the simulated, combusted partially cleaned 

syngas.  (OIAM: one in a million.) 
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Table 1. Composition of the two substrate alloys (wt.%; b: balance) 

Alloy Ni Cr Co Ti W Al Ta Mo C B Zr 

Rene 80 b 14 9.5 5 4 3 … 4 0.16 0.015 0.03 

MarM 509 10 23.5 b 0.2 7 … 3.5 … 0.6 … 0.5 
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Table 2. Compositions of the 3 gases used in the furnace tests.  N2 balance.  (vpm: volumes 

per million) 

Combusted gas 

simulated 

CO2 O2 SO2 H2O 

H2-rich syngas 1% 8% 3.6 vpm 20% 

Natural gas 6% 8% 3.6 vpm 10% 

Partially cleaned syngas 10% 8% 86.4 vpm 5% 
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Table 3. The 4 combinations of deposit composition/flux covered in this paper.  Note that not 

all combinations were used at all temperatures. 

# Deposit Flux /µg.cm
-2

.h
-1

 Deposit Composition Used at Temperature /°C 

1 0 No Deposit 700, 900 

2 1.5  80:20 Na2SO4:K2SO4 700, 900 

3 5 80:20 Na2SO4:K2SO4 700 

4 1.5 100% Na2SO4 900 
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Graphical Abstract 

 

A framework model to predict hot corrosion damage has been produced based on a 2-stage 

corrosion process (initiation & propagation). Weibull statistics are used to assess the spread in 

incubation lifetime & final damage distribution. Data populating the model comes from 

laboratory tests simulating potential integrated gasification combined cycles firing industrial 

gas turbines on H2-rich syngas. 
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written in the present tense and impersonal style. The text should be different from the 

abstract text. 

 

ToC figure ((Please choose one from your article or one specifically designed.  

Size: about 55 mm broad. No caption.))  

 

 

li2106
Text Box





