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Abstract 
At the present time, combined cycle systems for power generation (e. g. 

IGCC), offer increased efficiency of power generation and lower 
environmental emissions, specifically C02, SOxg, and NO,,, as well as being 
adaptable to most fossil fuels. Economic factors, such as the cost of the 
materials must be considered. Materials influence the service lifetime in the 
required operational environment. Solid fuels like coal and biomass produce 
different combustion environments containing a range of contaminants that, 
when they reach their melting points, may cause accelerated corrosion, 
affecting directly the service life time of the gas turbine constructional 
materials. This accelerated corrosion is known as Hot Corrosion. 

The aim of this study was to develop, an understanding of the influence 
of these environmental factors on rate of hot corrosion of modem turbine 
materials, i. e. the single crystal alloys CMSX4 the SC2 , both uncoated and 
PtAl coated that are needed for a gas turbine blade and vanes operating in a 
range of hot corrosion environments expected in an lGCC plant. 

To achieve this aim, a series of laboratory corrosion tests was planned 
to simulate the same corrosion environment as in industrial high temperature 
gas turbine operation. Following established procedures for corrosion testing, 
samples were exposed in a controlled atmosphere furnace to a mix of gases 
(air/SO241CI) with a cyclic exposure time of 50 and/or 100h duration. Each 
cycle, samples were removed to be recoated with an alkali salt mixture to a 
total exposure time of 500h and or 1000h. Cross sections were examined by 
SEM/EDX to identify the mode of hot corrosion attack. To quantify the rate of 
corrosion, samples were measured pre-exposure and post-exposure, and this 
corrosion data was statistically assessed. 

Finally, from this quantitative data, life prediction models were 
developed to describe/predict the onset of hot corrosion and the corrosion rates 
observed under different gas compositions, and various deposition fluxes, both 
at typical type I and type II hot corrosion temperatures in terms of incubation 
and propagation periods. Separate models have been developed for the two 
single crystals superalloys: CMSX4 and SC2, in both the uncoated and 
platinum aluminide coated condition. The goodness of fit as defined by the 
regression coefficient varies from 0.88 to 0.99 for the propagation models at 
700 and 900'C. The incubation models are as precise at 7001C but less precise 
at 9001C with regression coefficients of 0.78-0.94. 
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I Introduction 
At the present time, there are many different processes used for 

electricity generation. Clean coal technologies, such as combined cycle 
systems offer, over conventional coal-fired power generation systems, 
increased efficiency of power generation and lower environmental emissions, 
specifically lower C02, SO., and NO,, [11, as well as being adaptable to most 
fossil fuels. 

Gas turbines are at the heart of such power stations, usually as part of 
combined cycle systems fired on natural gas. It is anticipated that gas turbines 
will be used even more widely in the future, with increasing numbers of 
natural gas fired combined cycle systems being installed and as new solid 
fuels, i. e. coal, biomass, waste combined cycle power generation systems 
move from development through demonstrations to commercialisation [2; 3; 
41. However, in a combined cycle system for power generation, there are 
important economic factors to be considered, such as the capital cost of the 
plant, maintenance, operating cost, and materials of its components. The 
choice of materials is relevant as their service lifetime in the required 
operational environment, their success or failure, affects the overall efficiency 
of the process. The combined cycle process achieves its efficiency by working 
together a steam turbine technology (bottom cycle) and a high temperature gas 
turbine technology (top cycle). 

Solid fuels, like coal and biomass, through combustion and gasification 
technologies, can be used in combined cycles. The different gases produced by 
these processes contain contaminants that are extremely corrosive to the 
turbine components (blades and vanes), resulting in a gradual loss of 
efficiency and/or reliability. It is the performance of the materials of this high 
temperature gas turbine technology that is of interest in this present study. 

The constitution of the gases from the combustion of coal and biomass 
gasifier derived fuel gas includes a mix of sulphurous oxides of S02/SO, and 
FICI generated from fuel gas-combustion in an oxygen excess. Additionally, 
this gas includes significant quantities of vaporised alkali metal salts, based on 
Sodium and Potassium, as well as Calcium, Magnesium, Lead and Zinc in 
lower quantities which are deposited on the surface of a blade or vane turbine 

When they reach their melting points they as metal sulph4tý5, and/or qhloEiks 
may cause accelerated corrosion and degradation, affecting directly the service 
life time of the gas turbine constructional materials. 
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This accelerated corrosion is known as Hot Corrosion, and has been 
classified in two generic types: type I in a range from 800 to 950'C (high 
temperature hot corrosion) and type 11 in a range from 600 to 8001C (low 
temperature hot corrosion). 

As the high temperature gas turbine (top cycle) of an integrated 
gasification combined cycle power generation (IGCQ operates in the range 
from 550 to 900'C, both types of hot corrosion have been considered in plant 
operation and therefore are studied in this work. 

Extensive studies have provided materials (metal superalloys based on 
nickel or cobalt) with good mechanical performance at increasing operating 
temperatures in order to have more efficient plant, e. g. the development of the 
single crystal superalloys. However, these materials do not always have 
satisfactory corrosion resistance. 

Hence, the development of oating systems and surface treatments, 
used for the first time during, the 1950s and since then, under constant study, 
development and improvement. 

Pesý 

coating systems offer a range of 

I 

alternatives within the two main coating families: diffusion coatings and 
overlay coatings, to select a suitable one for a given function in a specific 
application or environment. The Platinum Aluminides (PtAl) are diffusion 
coatings, forined through diffusional interaction between the constituents of 
coating material (e. g. aluminium, and platinum) and the alloy. These are 
widely used given their easiness of production and relatively low cost. 

Thus, the aim is to study the hot corrosion of modem turbine materials, 
the single crystal alloy in current use CMSX4 and the new SC2 alloy; both in 
the uncoated and PtAl coated condition. These materials and coatings are used 
for gas turbine blades and vanes operating in a range of hot corrosion 
environments expected in an IGCC plant. 

To achieve this aim, a series of twelve laboratory corrosion test were 
undertaken to simulate samples under the same corrosion environment as 
expected in industrial high temperature gas turbine operation as part of a 
lGCC plant following the established procedures for corrosion testing. The 
experimentation was carried out in tests of 500h or 1000h duration, to a total 
of 9000h, involving 136 samples in two main stages: 

e The aim of stage 1, was to examine the behaviour of a hot corrosion 
resistant alloy (IN738LC), and a single crystal alloy (CMSX4), both uncoated 
and coated with platinum/aluminium diffusion coatings in realistic hot 
corrosion environments. 
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This stage comprised six hot corrosion tests to examine the effect of 
changing the depasit-composifiQn-at the same temperature but in different Iýs 
qompositLons, and to investigate the effect of using the same gas composition 
at a range of different temperatures, 

9 Stage 2 aimed to examine the effect of three different model Ras 
compositions, but using ý_njy__qr! e-AqpPsit composition, deposited at a range of 
deposition fluxes. The materials investigated in this stage were two single 
crystal alloys (CMSX-4 and SC2 ) and a corrosion resistance alloy (IN792) 
again both uncoated and coated with a platinum aluminide diffusion coating. 
During the experimentation time, sample mass changes were recorded for 
further quantitative assessment. 

After having completed the exposure times, the samples were 
metallographically prepared, observed through an optical microscope to 
produce a series of photomicrographs able to show the main characteristics of 
the hot corrosion attack per sample (that is material/coating/environmental 
combination) and measured through microscopy/image analyses. A selection 
of samples was examined by SEM/EDX to identify the fiiodýq, of hot corrosion 
attack that took place per material system. 

Since the hot corrosion attack results in a non-uniform morphology 
(e. g. presence of pits for type 11 hot corrosion), it is necessary to adopt 
methods to quantify the rate of corrosion on components when the corrosion 
process results in areas of local attack. This is achieved through the accurate 
measurement of pre-exposure and post-exposure samples coupled with the 
; -ta-tistical assessment of the corrosion data, using normal distributions and 
extreme value statistics (Gumbel distribution) to determine the rate of growth 
ff maximum areas of attack. From these quantitative data and the early 

measured mass change data, life prediction models have been developed that 
describe/predict the onset of the hot corrosion failure under defined conditions 
such as gas composition and concentration, various deposition flux 
concentrations and material types, both in the type I and type II hot corrosion 
temperature regimes. 

These models have been developed for the two single crystals 
superalloys studied, CMSX4 and the new SC2 alloy both uncoated and 
platinum/aluminide coated, and the corrosion resistant polycrystals IN738LC 
and IN792, which are chosen as references. 

Using these models coupled with the identification of the alloy/coating 
degradation mode, future improvements in the materials system are 
recommended for overall power generation plant efficiency. 
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2 Literature Review 

2.1 Power Generation Systems 

The first source of artificial power was the energy extracted from the 
water of rivers by hydro-mechanical means. Energy became an all-pervading 
social and economic factor when the use of electricity permitted work, heat 
and light to be broadly distributed, making the benefits of the hydraulic or 
other power sources available to mankind almost everywhere on our planet. 
The main source of heat was, and still is, the combustion of fossil fuels. For 
example, Figure 2.1 shows the consumption of fuel in the United Kingdom in 
1990 and 2001. 

1990 
Primary electricity a% 

5 Natural GaS 
24% 

5UM eum Petrol 
37% 

Renewables and waste I 
Primary el ectric4 9%ý, e 

coal 31 % 

20al 

Goal 17% 

213.6 million tonnes of oil equivalent 
5WfCW U17 

Natu ra I gas contri buted towards 40 per cent of tota Ip rimary energy co nsu m ption in 2 001. 

petroleum contributed towards 32 per cent of total primary energy consumption in 2001. 

Petroleum 
32% 

Figure 2.1: Primary consumption by fuel to produce, 1990 and 2001 in the United 
Vingdom [5]. 

At the present time, there is a considerable worldwide interest in the 
development of coal fired combined cycle power generation system for the 
efficient environmentally acceptable generation of power [1; 6; 7; 8; 9; 101. 
Plants combining a gas turbine as toppingSyqle and--a- steam turbine as a 

jcycle-have demonstrate high reliability and economic attraction, b7ottoming 
o led 4i-R--with thermoelectric efficiencies surpassing 50% efficiency. 

NaDiralGas 
40% 

4 

237.7miiliontonnes of oil equivalent 



Combined-cycle technology can be adapted for most fossil fuels and to 
meet increasingly stringent low-pollution requirements. The history of the 
development of high thermal plant efficiency is illustrated in Figure 2.2. 
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Figure 2.2: Historical Evolution of Power Plant Efficiency 1101. 

The-first thermal plant steam cycle, (curve ST in Figure 2.2) was built 
around 

518E8Oýith an efficiency of a few percent. In the years after 1950, a step 
increase can be noted (Figure 2.2) leading to the present values around 40%. 
The use of gas turbines (curve GT Figure 2.2) for electricity generation begins 
in ý13 of high-Wmperaturc 

. 
Oýs and in the development of turbine blade cooling techniques. The 

cfficiency of the simple open-cycle ps turbine has reach 36%-38%. 

Nuclear steam turbines cycles (curve NT), have an efficiency around 
33% which remains practically constant due to safety and political reasons. 
The efficiency of a power generation plant is measured by its thermal energy 
capacity, which cannot be completely converted to work (second law of 
thermodynamics). The maximum theoretiýýqlly %fievgjbjQ-conversion rqtqwitk 
a given heat sourceis called Carnot eficiency ])., where: 

llc= (T. 
ax-Tmin)/ 

Tmax 

and T,,,,,,, is the maximum temperature in the cycle in Kelvin degrees, 
and T .. jj is the minimum temperature. For example, according to Allen and 
Stringer [I I], for a conventional utility steam cycle with Tm. =81 1'K and 
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Tmin ý300' K or so, rl, = 0.63. In practice, the overall efficiency ofthe system 
will be approximately half ofthis. 

The corresponding value for a simple cycle gas turbine Nvith in inlet 
temperature of 1450' K and an exhaust temperature ot'600' K, il, is 0.59, and 
again, for practical engines, the efficiency is approximately hall' of' this. The 
diffierence is due to undesirable, but unavoidable, dissipative processes taking 
place in real fluids and to the fact that generally, neither the heat addition nor 
the rejection can take place at a constantly high or constantly loxv temperature 
level. 

Higher cycle efficiencies, exceeding about 40 to 42%, are now being 
reached by steam cycles, only possible using near critical or supercritical 
pressures (in the range of 250 to 320 bar) and peak superheat temperatures of' 
the order ol'900'K (600 to 650' Q. For example, in Japan, such inipro-vement 
in steam conditions is largely attributed to material development 112 1. 

Gases like air, or the combustion gas resulting frorn burning fuels in air, 
can be readily heated to very high peak temperatures NNithout necessarily 
reaching excessively high pressures. However. both heat addition and heat 
rqjection will cause a continuous change in fluld temperature. keeping the 
cycle efficiency much below the fl, value calculated firorn the highest and 
lowest temperature reached in the cycle. 

The development of the combustion turbine cycle (or gas turbine cycle) 
consists in a steady striving for higher peak combustion temperatures. in order 
to make the mean temperature of heat addition as largely different from the 
mean level of heat rejection as possible. 

The combined cycle approach is to place another cycle in series with 
the steam cycle or the gas turbine cycle to recover some of the otherwise 
unavailable energy. One cycle, termed the topping cycle, is energized by the 
heat source and rejects heat to the second cycle; the latter, also termed the 
bottoming cycle, converts part ofthe heat obtained from the first cycle to work 
and rejects the rest to the heat sink. Normally, the fluids are selected such that 
both cycles operate in a technically convenient range of pressure and 
temperature. 

Examples of combined cycles in the general sense are e. g.: gas/steam, 
mcrcury/steam, steam/ammonia or gas/organic-fluid cycles, where the first 
FlUid refiers to the topping and the latter to the bottoming cycle. Of these 
combined cycle systems (some in operation commercially, others as 
development plant and/or at the research and proof of concept phase), the 
gas/steam cycle is of greatest importance and it is the combination of interest 
for the present work. 
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The majority of combined cycle power plants are energized by the heat 
liberated from the combustion of fossil fuels; such as coal, oil or natural gas. 
Coal has been the most used fuel due its availability and even distribution all 
over the world 14; 13] two thirds of all electricity is generated by coal; hence, 
many countries are using the development of clean coal technologies. 

There are three main categories of combined cycle clean-coal 
technolooies: 

AFBC or atmospheric fluidised-bed combustion, 
PF13C or pressurized fluidised-bed cornbustion and 
IGCC or integrated-gasification combined cycle. 

These categories vary significantly in detail and oftler. over 
conventional coal-fired power generation systems, increased efficiency of 
power generation and lower environmental emissions, specifically CO-, , SO,, 
and NO, [1], as well as being adaptable to most solid fuels. An example of 
IGCC is illustrated in Figure 2.3, which is the clean coal technology that the 
present study is focused on. 
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Figure 2.3: Simplified flow sheet of the process of Integrated Gasification Combined 
cycle Power Generation 1141. 
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2.2 Contaminants in a Coal/biomass Fired Gas 
Turbine 

In the combined cycle systems previously described, the performance 
of the gas turbine is vital to the overall plant efficiency and economic viability. 
Within these systems, corrosion and/or erosion, creep and fatigue are life 
limiting for gas turbine vanes and blades in the short and long term [15; 16; 
17; 2; 3]. The environments found within the hot gas path of gas turbines 
depend on the contaminants present in the fuel and air entering the turbine, as 
well as the gas turbine operating conditions. 

Industrial gas turbines have been developed to fire on a wide variety of 
fuels; however, the levels of contaminants are different [18]: fuel gases 
derived from solid fuels such as coal, biomass and their mixes have the 
potential to generate low melting - point deposits which, within a certain 
temperature range, can cause degradation of the component materials that may 
directly affect their service life time. These degradation processes are known 
as hot corrosion (see section 2.5.2. ). 

In the complete combustion of coal and petroleum, the main reaction 
products are C02, H20, ashes and various salts arising from impurities in the 
fuels. Coal consists of carbonaceous material and mineral matter. Some of the 
mineral matter is intrinsic to the coal itself, as relatively small inclusions or as 
organically bound species, and some is extrinsic, deriving from the rock 
adjacent to the coal seam, or from faults within the seam. Coal and fuel oils 
also contain various amounts of sulphur which, on combustion, yields S02 and 
in turn can be partially oxidised to S03 (see Figure 2.4). 

t low temperature, SO, and water vapour react and form sulphuric 
acid. NaCl (present either as impurities in the fuel pr in the 4 
S03 and H20 (, ) at high temperature to yield Na, )SO (g). 

react_s_, -with 

The formation of this alkali sulphate has been studied in detail by 
Tschinkel [19]. Experiments by Gibb [20] showed that chlorine is released as 
HCI. Spacil and Luthra [211 considered possible reactions at temperatures 
characteristic of PFBC plant for chloride levels of 0.01 and 0.1% and 
calculated that ppm levels of chloride vapour could be released at 800-900'C, 
increasing rapidly with temperature, as shown in Figure 2.5. 

A review of the species having significant influence on the hot 
corrosion processes are outlined by Stringer [22] as: alkali sulphates, sulphur 
and sulphur oxides and chlorine. 
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Table 2.1 shows a list of the common minerals found in coal. The 
majority of the mineral matter is incombustible, except the pyrite, iron 
sulphide, which bums to form S02 and iron oxide [23; 24]. 

Name Fomula Approximate 
Vicken 
hudne" 

My nýnerals 
MontmorilliDnile AJ, S4O, o(OH)3-Jl2O 
11HIC KAIj(AlSi3Oj*)(OH)2 
Knolinite Al'sl"Olo(OH)m 50-79 

Sulphide minerals 
Pyrite FcS3 SSS-795 
Marcasito FoS3 

Sulfate minerals 
Gypsum CaSO. -2H, O 
Anhydrito casoa 
Jamsita (NaK)r-c, (SO4), (OH), 

Carbonate minerals 
Calcite Caco, 92 
Doloinite (Ca. Ms)C% 
Si4critc, FeC% 171-236 
Ankerite (CaYe. Mg)CO, 149-171 

Chlonde minerals 
HaMe Naa 
Sylvito KCI 

Silicum minorWs 
Quans S102 1081 

Albito NaAlSi3Ot 
Onhoclam KAISi3Os 
Fayalite FcjSiO4 795 

Oxide ngncrals 
Hemlite Fr203 287-585 

magnelile r9304 
Rulile Tio, SSS-795 

Table 2.1: Common minerals found in coal 1231. 

Thus, hot corrosion can result from the combined effects of the gaseous 
species (e. g. SO., and HCI) and deposits formed by condensations from the 
vapour phase (e. g. alkalis and other trace metal species) and/or particle 
impactation and sticking. The corrosion damage mode is highly dependent on 
the local component environment. 

Conventionally, the metal vapour species Of most concern were alkalis 
ip. gas turbines fired on clean fuels (either as fuel contarinants or via the 

combustion air), 9-rvqnadiurn from heavy fuel oils. In a coal fired system such 
as a PFBC, significant levels of SO,, and HCl combustion derived gases tend 
to influence the levels of sodium and potassium (much greater quantities of Na 

are released than K [24]), whcLpas gas ifler-deriveýfuel-gas euucb--as KCC.. 6r 
ABGC systems (when used with hot gas cleaning processes) JLavq__hýgher 
levels of heM metals such as lead and zinc 25]. 
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Co-firing with biomass or waste fuel changes the levels of all the 
contaminants, e. g. for trace metals, wheat straw has higher potassium levels 
and sewage sludge has higher zinc levels [25]. The effects of different fuels on 
the levels of contaminant vapour phase species, deposition fluxes and deposits 
composition (e. g. melting points) are considered in this present work. 
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Figure 2.4: Variation of equilibrium levels of S02/SO. 3 with temperature as refereed in 1261. 
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2.3 Materials Impact on the Industrial Gas 
Turbines 

2.3.1 Introduction 

In a combined cycle system for power generation, there are important 
economic factors to be considered, such as the capital cost of the plant, 
reliability, maintenability, operating cost and materials of its components. 

Corrosive attack reduces the useful life of equipment, industrial 

products and general consumables. The total cost of corrosion includes both 
direct and indirect costs, for repairs, replacements, inspection, maintenance, 
provision of reserve equipment and overseeing to allow for corrosion. It is 
important to study and develop special materials, new methods of prevention 
and new products and processes for protection. 

The identification of corrosion and protection problems, and the costs 
which are associated with them, is an essential part of the process of technical 
and economic choice in the field of materials [27; 28; 29]. The influence of 
materials is relevant due their service lifetime in the required operational 
environment; their success or failure affects the overall viability as well as 
efficiency of the process. 

The development of gas turbines has been regulated by the availability 
of materials, the ability to process them into useful shapes and their capacity to 
perform under demanding combinations of stress and temperature in a high 

velocity gas that may contain the contaminants described in the previous 
section. Such materials must possess mechanical and physical properties to 
suit the individual requirements for specific areas of the turbine. Historically, 
the progress of the development of these alloys is well known: a 
comprehensive description is contained in Sims, Stoloff and Hagel [30] and a 
more recent paper by Molloy [3 1 ]. 

High temperature alloys for gas turbines generally contain cobalt or 
nickel as base metals. In order to obtain improved high temperature corrosion 
resistance, alloy additions of chromium, aluminium and silicon are important 

as they may (depending upon the alloy composition and exposure conditions) 
forni protective oxide scales of Cr203, A1203 and Si02 (these phenomena will 
be addressed in the next chapter). 
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2.3.2 Superalloys 

A superalloy is an alloy developed for elevated tenipcrattirc service, 
usually based on group VIIIA elements, where relatively severe mechanical 
stressing is encountered. and where high surlacc stability is frequently 
required. Superalloys are divided in three classes: nickel-base superalloys, 
cobalt-base superalloys and iron-base superalloys. In addition to aircraft, 
marine, industrial and vehicular gas turbines, supcralloys see service in space 
vehicles, rocket engines, nuclear reactors, submarines, sicarn power plants, 
and petrochemical equipment. Many (perhaps 15-20", ý)) have been developed 
for utilization in corrosion-resistant applications 1301. Nickci-base superalloys 
are of the interest of this study. 

2.3.3 Nickel-Base Superalloys 

Nickel-base superalloys are the most complex and widely used 11or the 
hottest gas turbine parts. The physical metallurgy is complex and tile 
relationship of properties to structure in this system is tile best known of all 
materials flor use in the 650-11 OO'C range. From 1940 to 1965, the properties 
given the most attention for applications such as aircrafl engine blades were 
high-temperature tensile strength, creep rupture strength to 5000h and 
oxidation resistance. 

Conversely, industrial gas turbine designers required blade alloys with 
known longer time creep rupture properties and good hot corrosion resistance. 
Thus, aircraft engines for advanced transport systems aimed at 20.000-50,000h 
life and industrial turbines aimed at up to 100,000h life require consideration 
of many factors to ensure high performance and reliability [32]. An example 
of a nickel-base blade used in industrial gas turbines is shown in Figure 2.6 
(a), and with severe corrosion damage in Figure 2.6 (b). 

12 

Pigure 2.0: Lxample of' a ga% turbine blade for po"er geiieration sýstcms (, 0 and 
severely damaged (b). 



2.3.4 Chemical composition 

The composition of' many types of' nickel-base alloys include at least 
12-13 important elemental constituents which are controlled. Most nickcl-basc 
alloys contain 5-20% chromium, up to 8% aluminium and titanium, 5-10% 
cobalt and smaill ainounts of boron, zirconium and carbon. Common additions 
arc molybdenum. tungsten, colurnbium, tantalum and hafnium. Figure 2.7 
illustrates that the alloying elements do tend to be grouped with some 
commonality in the periodic system. The first class consists of' elements that 
prefer and make Lip the Eace-centred cubic (FCC) austcnitic (y) matrix. These 
are t1roin Groups VIA and VIIIA in Figure 2.7 and include nickel, cobalt, iron, 
chromium, molybdenum, and tungsten. 

The second class of elements partition to and make up the y' 
precipitate. Ni3X. These elements are from Groups III, IV and V and include 
alunimium, titanium, columbium, tantalurn, and hafniurn. Boron, carbon and 
zirconium make Lip a third class of elements that tend to segregate to grain 

_boundaries. 
These elements are From groups 11,111, and IV and are very odd 

sized in tern-is ofatomic diameter. 

Two s Libc lass i fications are beyond these three major classifications. 
One includes the carbide formers: chromium, molybdenum, tungsten, 
niobiurn, tantalum and titanium. The second subclasification comprises the 
chromium and alurninium oxide formers, which develop adherent dit'I'Llsion- 
resistant oxide scales to protect the alloys from the environment. Table 2.2 
shows the nominal compositions of the alloys that have been studied during 
the present work, i. e. two known corrosion resistance supcralloys (as 
references) IN738LC, IN792 and two single crystal superalloys, the already in 
use CMSX4 and the new SC2. (in section 3.2, the coatings are given in Table 
3.2 and the base/alloy coating combinations are given in Table 3.3). 

Alloy Cr Co Mo W I, a Nh Al Til C, B Zr Others 

IN 792 12.4 9.0 1.9 3.8 3.9 - 3.1 45 0.12 0.02 
1101ý- 

- 
() 

c r, sta IIi 11C IN 738LC 16 () 8.5 1.7 2.6 1.7 0.9 3.4 3.4 
- 

0.11 (). () I 005. 

CNISX-4 6.5 10.0 0.6 6.0 6.0 5.6 4.9 1.0 0 111 [12 9 Re 
Single 1 1 1 
Crystal F 4t 0.99 

1 
3.93 

1 
2.03 4.02 4.58 90 5 1111n, 

Table 2.2: Nominal composition (bal. nickel) of gas turbine alloys (wt. 'Y,, ) 133; 34,351. 
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Figure 2.7: Elements important in the constitution of nickel-based alloys 1321. 

2.3.5 Structure and Microstructure 

The major phases present in nickel superalloys are as follows [32]: 
1. Gamma Matrix (y). The continuous matrix is an FCC nickel-base 

austenitic phase called gamma that usually contains a high percentage of solid- 
solution elements such as cobalt, chromium, molybdenum and tungsten. 

2. Gamma Prime V). Aluminium and titanium, for example, are 
added in amounts and mutual proportions to precipitate high Volume fractions 
01' FCC 7', which invariably precipitates coherently with the austenitic 7 
rnatrix. 

3. Carbides. Carbon, added at levels of about 0.05-0.2%, combines 
with reactive and refractory elements such as titanium, tantalum, and hat'nium 
to Iorm MC carbides. During heat treatment and service, these begin to 
decompose and generate lower carbides, such as M2C and W, which tend to 
populate the grain boundaries. 

4. Grain boundary 7'. For the stronger alloys, heat treatments and 
service exposure generate a film of y' along the grain boundaries, this is 
believed to improve rupture properties. 

5. Borides. Occur as infrequent grain boundary particles. 
6. TCP QQpologically close packcd)-Type Phases. Under certain 

conditions, Flýie-like , 
phases, such as cy, p, and Laves, form; this can result in 

towercd rupture strength and ductility. 
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Figure 2.8 is a drafted panoramic sketch (at about I 0,000x showing the 
50-years development, up to the late 80's, of the nickel superalloys, the 
appearance, characterizing the microstructures that have made the alloys 
increasingly strong over time, yet retaining usable ductility, as in the upper 
two thirds of' the picture. The lower part of the figure includes some of the 
phases that have been found to cause brittleness, have lower strength, or create 
other problems. 

As seen in Figure 2.8, from the 30's to the 50's, alloys were filled with 
increasing structure to make them stronger. In the 50's, packing with 
strengthening elements was accelerated but thus led to significant problems 
created by ernbrittling phases (such as G and Laves). Also; in the 50's, very 
complex grain boundaries, with carbides engloved in 7', created a dispersion- 
strengthened layer bonding the grains together. By the 1970's, tile effects of 
hafniurn had been discovered and the y' engloved carbide structure was less 
essential. 

Directional solidification (DS) processing then created aligned grain 
structures, aligned grain boundaries, and even aligned strengthening filaments 
(such as TaQ, shown in Figure 2.8 as they appeared in the 70's and 80's. 
Finally, the aligned homogeneous single crystal (SX or SC) structures were 
introduced. Recently, through heat treatment, transverse plates of 7' have been 
created in single crystals, which gives still further strengthening. 

Figure 2.8: Panorama of the development of nickel superalloy microstructure showing 
both useful and deleterious phases 1301. 

15 



Pirectionaly solidified (DS) columnar-graincd (M) and single crystal 
(SC) suPeralloys have the highest elevated temperature capabilities of' ally 
superalloy. For this reason, they are finding widespread use as turbine III-Ibils. 
an application that demands the most in alloy properties at elevated 
temperatures. There are two primary reasons that explain why DS SUperalloys 
are superior to conventionally cast (CC) superalloys: 

0 Alignment, or elimination, in the case of SC supcralloys, of the 
grain boundaries normal to the stress axis enhances c1cvatcd-temperature 
ductility by eliminating the grain boundary as the failure initiation site. This 
permits the y' microstructure to be refined with a solution heat treatment that 
increases alloy strength. 

0' Fhe DS process provides a preferred low-modulus (00 1) texture or 
orientation parallel to the solidification direction. This results in a significant 
enhancement in thermal fatigue resistance, so important in elevated- 
temperature components. 

In the absence of grain boundaries, more flexibility in alloying might be 
achieved that would result in an optimum balance ot'creep-rupture, fatigue and 
strength, but with the penalty of decreased hot corrosion resistance. The use of 
single crystals alloys has been mainly in aircraft engines. In small land based 
turbines, CMSX-4 alloy has been used since 1990 to date [36]. It is expected 
that single crystal aero foils will become a standard I'cature in large industrial 
turbines within the next few years [36; 11]. However, more corrosion 
resistance alloys need developing and, in fact are under development. Figure 
2.9 shows the microstructure of the two single crystal alloys studied in this 
work: the new SC2 (a) and CMSX4 (b). 

Figure 2.1): Microstructure of tile two single crystal alloys studied ill this "Ork: a) 7' 
precipitates in fully heat treated S(_2 SUperalloy 1371 h) typical microstructure of CMSX4, with 
71-N13AI grains, embedded in a 7-Ni matrix 1381. 
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2.3.6 Effects of Alloying Elements 

Numerous studies have demonstrated the beneficial effects of additions 
of various elements to the alloy. For example, chromium additions decrease 
the minimum Al content needed to form a continuous alumina scale [39], 
while the reactive elements (Y, Hf, Ce, La, etc. ) and precious metals, such as 
Pt [40], decrease the scale growth rate and improve the spallation resistance. 

In the NiAl system, the minimum concentration ofAl at which alurnina 
is the dominant oxide scale is about 35 at% but, with the addition of 5% Cr, 
the limit of A1203 is pushed to about 12 at%. Thus, chromium has a strong 
effect on the selective oxidation of Al and formation of a continuous A1103 
This occurs by the internal oxidation of Cr in the early, transient stages of 
oxidation, reducing the 0 flux into the metal. This is known as a -gcttering" 
effect and is described by the sequence proposed by Giggins and Pettit in 
Figure 2.10 [39]. 
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Figure 2.10: Schematic diagram illustrating the oxidation Mechanism for Ni-Cr-Al 

alloys 1391. 

The first oxide scale that I, orms on a Ni-A]-('i- alloy will be a mixture, 
such as NiO-Ni(Cr, AI)2, in proportions that reflect the alloy composition. 
Since 0203 is stable at low oxygen partial prcssures. it can Ionn below the 
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scale. A1201 is even more stable and forms as internal oxide articles, below 
the Cr, 20-1 grains. If the Al and Cr contqptsýpf the alloy. q ap j 
continue to forrn_(called Group I in Figure 2.10) and no continuous alumina or 
chromia layers built up. If the Al or Cr contents are higher, a CT203 layer 
forms at the mixed-oxide/alloy interface, reducing oxygen diffusivity. This 
slows down the grow of both the internal A1203 grains and the outer NiO- 
Ni(Cr, AI)204 mixture. However, if the Al content is high enougbq-qQPt41q-Qus 
alumina layer appears. This la er becomes rate determining and further 
oxidation will create A1203 ýGroup III). If the Al content in the alloy is lower, 
A1203 will remain present as internal oxide precipitates and the continuous 
duplex layer will be enriched in Cr'(Group II). For the continuous alumina 
layer formation (Group III), steady state is reached after about Ih at I OOOOC. 

In addition to Cr and Al, other common alloying elements are 
manganese, titanium and silicon and the refractory metals, such as 
molybdenum, tungsten and tantalum. Manganese promotes Cr203 formation in 
Ni-20Cr, but up to 30% manganese was not effective in Co-19Cr. Additions of 
manganese have been shown to maintain A1203 scales on Fe-Al alloys. 
Additions of titanium promote Cr203 formation on both Ni-20Cr and Co-20Cr 
but do not significantly affect the Cr203 growth rate. Titanium slightly 
increases the growth rate of A1203 scales on P-NiAl and does little to promote 
exclusive A1203 formation on y'-Ni3AI or y-Ni(Al) alloys. Titanium has a 
deleterious effect on adherence on nickel-base superalloys. The isothermal and 
cyclic behaviour of some Ni-Cr, Fe-Cr and Ni-Al alloys can be improved with 
silicon so as to equal the performance of exclusive Cr203 or A1203 fOrming 
alloys. 

The refractojy metals are used on nickel- or cobalt-base superalloys as 
strengtheners, participating in y' formation, carbide formation and through 
solution effects. Refractory elements can produce three effects on the 
oxidation of nickel-or cobalt-base alloys: 

e These elements can be considered to be oxygen getters and assist in 
the formation of A1203 and Cr203 healing layers (beneficial effect) 

o Refractory elements decrease the diffusion of aluminium, 
chromium and silicon which opposes healing layer formation (deleterious 
effect). 

o The oxides of refractory metals are generally non-protective (i. e. 
low melting points, high vapour pressure, high diffasivities, etc. ) (deleterious 
effect). 

The deleterious effects of the refractory metals outweigh the beneficial 
effects and therefore, they are not added to superalloys to improved oxidation 
behaviour. On the other hand, some of these elements do appear to be 
preferable to others. For example, tantalum does not appear to produce 
deleterious effects as severe as do tungsten or molybdenum. Tungsten, 
molybdenum and vanadium are similar [4 1 ]. 
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2.4 High Temperature Oxidation 

2.4.1 Introduction 

By nature, metals are thermodynamically unstable with respect to 
ambient gases and will react to form oxides, sulphides, carbides, nitrides, etc. 
For many metals at room or low temperature, this instability is of little or no 
consequence because rates of reaction are very low. However, the reaction 
rates increase rapidly with temperature. Therefore, in those industrial 
processes where metals are required to perform at elevated temperatures, such 
as gas turbines in power generating plant, oxidation/corrosion resistance 
becomes a serious issue. 

The most common reaction is with the oxygen in the air: oxidation. 
This occurs when a metal and oxygen combine to form a metal oxide, which 
may extend to cover the entire surface, creating a thin layer (oxide scale). in 
some situations (certain metals, oxides and temperature ranges), this layer acts 
as a "protection barrier" for the underlying metal [42]. 

When the oxide scale is not continuous or dense enough, the rate of 
oxide formation increases such that much more material is consumed (metal 
loss); therefore, a component such as a gas turbine blade, may fail or need to 
be replaced early. 

2.4.2 Thennodynamics of Oxidation 

The overall driving force for metal-oxygen reactions is the free energy 
change associated with the formation of the oxide from the reactants. 
Thermodynamically, the oxide will be formed only if the ambient oxygen 
pressure is larger than the dissociation pressure of the oxide in equilibrium 
with the metal. 

The standard free energies of formation of oxides as a function of 
temperature and the corresponding dissociation pressures of the oxides can be 
summarised in the form of the Ellingham/Richardson diagram, illustrated in 
Figure 2.11, [43] (similar diagrams are also available for the formation of 
sulphides, chlorides, etc. [44]). Such a diagram shows data for oxides that are 
often encountered in the oxidation of metal and alloys. 
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The most stable oxides have the largest negative values ofAG. It may 
be observed from the oxides shown in Figure 2.11, that for the most important 
oxide systems in gas turbine technology: Fe203, Coo, NiO. Cr, ()3- Tio, and 
Si02, M203, the stability of the oxides increases from Fe, (),, to A120-, 
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Figure 2.11. Ellingham/Richardson diagram. Standard free energy of formation of 

selected oxides as a function of temperature 1451. 
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2.4.3 Kinetics of Oxidation: Oxide Scale Formation and Grown 

The total chemical reaction of a metal M and oxygen gas 0-, to forni the 
oxide M,, Ob may be written as: 

(IM +(b )0, = M, 01, 

Equation I 

Many authors have explained in detail the Iormation and growth ofthe 
oxide scale, [46,47,49-, 49] are typical reference books on the sub , 

ject. For 
example, Kofistad [45; 50] explains that, on a truly clean metal surface, this 
initial oxidation (by oxygen) and formation of' the scale can he divided into 
three main stages, Figure 2.12. 

02(g) 

00100 Adsorption 

02(q? 
_ Oxide nucleation+ growth 

, 
77 7T Oxygen dissolution 111T /7 

Fiim/scole growth 

MeO4g) 02 

Internal oxidation 

Cavities 
Porosity 
Microcracks 

Mocrocracks 
Possible molten oxide 
phases, oxide evap. 

Figure 2.12: Schematic illustration of the main Oenoinena and part-processes taking 
place in the reaction of metals isith single oxidant gases, e. g. oxýgen 11501. 
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Firstly, this metal-oxygen reaction involves the adsorption ofgas on tile 
metal surface. 

Secondly, as the reaction continues, oxygen may dissolve into the 
metal, and oxide is formed on the surface either as a film or as sellarite oxide 
nuclei, which then grow laterally to form a continuous oxide kiycr which 
covers the whole surface. At the same time, the oxidant continues to dissolve 
in the metal substrate to an extent determined by the solubility, and diflusivity 
ofthe oxidant in the metal. Both, the adsorption and the Initial oxide formation 
arc functions of surface orientation, crystal dcI`ccts at the stirl', icc, stirl. 1ce 
preparation and impurities in both the metal and the gas. The surl'ace oxide, in 
turn. separates the metal frorn the gas. 

Finally, further growth of the oxide film occurs normal to the surl'acc. 
At this stage, when a continuous film covers the surface, the reaction can 
proceed only through the solid-state diffusion ofthe reactants througli the film. 
The reaction path and the oxidation behaviour of' a metal will depend on a 
variety of flactors, such as temperature, thermal cycles, composition and 
velocity of' the gas, composition of the alloy, etc. Thcse factors have 
frequently been reviewed [45; 46; 50; 47; 48; 491 over the period from the 
early 1960's. A review of direct relevance to this work looks at tile Influence 
of the oxidation conditions on the development and breakdoxNn of' protective 
oxide scales in coal-derived environments, as reported by I Isu 1511. 

In order for the reaction to proceed further, neutral atoms or ions and 
electrons must migrate across the oxide scale, as shown in Figure 2.13. Ifthe 
oxide scale growth is by cation migration, this will lead to scale formation at 
the scalc-gas interface and, if the scale growth is by anion migration. it leads 
to scale formation at the metal-scale interface. In order to explain the 
simultaneous migration ofions and electrons, it is necessary to assume that the 
oxides formed during oxidation, are non-stoichiometric compounds. 

M2+ + 2e- 

b) M 

+ 2e- + 10 Mo M+02-=MO+2e- 1+ 2e- ý 02- 22 202 

Figure 2.13: Interfacial reactions and transport processes for high temperature 
oxidation mechanisms (a) cation mobile and (b) anion mobile 1491. 
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The rate of growth of the oxide scale may vary as a function of time 
and temperature. For high temperature oxidation, it ofien occurs in three 
different ways: parabolic, linear and logarithmic, as can be seen in Figure 2.14 

Pcrabolic 

Inverse logorohmic 

Logorithmic 

0 TIME u Time 

Figure 2.14: Schematic illustration of the variation of x (e. g. oxide thickness) with time for 

parabolic, linear and logarithmic oxidation 1451. 

At high temperatures. when the layer of' reaction products remains dense 
and continuous, reactions are governed by diffusional transport of tile 
reactants and electrons through the layer of reaction products. The thin layers 

grow into thicker scales. As the diffusion paths lengthen with increasing scale 
thickness, the reaction rate decreases with time. The reaction can be described 
by a parabolic rate equation as 1`61lows: 

Differential: dx / tit = k',, /x 

Equation 2 

2 
ntegral: X-2 k',, i 4- C 

EAltiation 3 

Vj, and k, = the parabolic rate constant ( k, ý V1, 

C= is the integration constant. 

Large stresses may build up in the scalcs, Nvith balancing stresses in (lie 
underlying metal; these can cause plastic deformation ol'thc nictal or lead to 
cracking of the scale. If repeated cracking takes place. the scale loses its 
protective ability. In this case, tile reactions may be governed by diffusion 
through a thin reaction product layer ol'approximately constant thickness next 
to the metal or by phase boundary reactions. These reactions are described by 
a linear equation: 

x 

0 
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Differential: cixldt = ki 

Equation 4 

Integral: x= kit +C 
Equation 5 

ki = is the linear rate constant 
C= is the integration constant 

At low temperatures (generally below 400' C), the oxide scale growth 
may for many metals follow logarithmic type rate equations, Mlich include the 
direct logarithmic and inverse logarithmic rate equations: 

Direct logarithmic: x=ki. g. log(t + to) +A 
Equation 6 

Inverse logarithmic: llx=B-kiilogt 

Equation 7 

x= thickness of the oxide scale, the amount of oxygen consurned per 
Unit surface area ofthe metal, the amOLint of metal transformed to oxide. 

i time 
k and ka = rate constants. 
A and B =constants. 

For practical alloys oxidised at high temperature, parabolic kinetics are 
the most common, with oxide scales that grow the most slowly, Cr, ()3, A1203, 

"S i02, being the most desirable, as may be seen in Figure 2.15 
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Figure 2.15: Order-of-magnitude parabolic rate constants for the growth of several 
oxides 1491. 
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High stresses may also cause cavities, cracks or micro cracks in/under the 
oxide scale, making it fail as a protection shield. These may develop during 
oxidation as part of the growth of the oxide scale or be a result of thermal 
cycling (due to the thermal expansion mis-match between the oxide scale and 
the metal). 

2.4.4 Transport mechanisms 

The solid state transport of the reactants or electrons takes place by 
diffusion through the lattice, along grain boundaries and other easy diffusion 

paths. The diffusional process has been modelled by Wagner [52; 53] Ior the 
ideal case. The basic assumption of the theory is that lattice diffusion of the 
reacting atoms, as ions, plus transport ofelectrons through the scale is the rate 
determining process in the oxidation reaction. These transport processes are 
illustrated in Figure 2.16 for a dense, single phase oxide scale. 

It is further assumed that thermodynamic equilibrium is established at 
the metal-oxide and oxide-oxidant interface. The -driving energy" 11or the 
reaction is the free energy change of the reaction between the metal and the 
oxidant to form the reaction product. The migrating species may alternatively 
be considered to constitute lattice and electronic detlects, i. e. vacancies and 
interstitial tons and electrons and electron holes, respectively. This is 
illustrated in Figure 2.16 and the overall reaction Collows a parabolic rate. 

Meta Oxide Oxidant gas 
e. 9.02 

a. 
Electron 

nterst. metal 
Electron 

Figure 2.16: (a) Transport processes through scales growing by lattice diffusio". 0)) 
Transport processes in growing scale in term,,, of lattice and electronic defects, e. g., of metal 
vacancies and interstitial ions and of electrons an(] electron holes respectively, 1501. 
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2.5 High Temperature Corrosion 

2.5.1 Introduction 

Corrosion is nature's way of returning processed metals, e. g. steel, 
copper, zinc, etc., to their native states as chemical compounds or minerals. In 
the presence of water and oxygen, nature relentlessly attacks the metal, 
reverting the elemental metal back to an oxide. Thus, metals are very sensitive 
to the environment in which they perform [54]. 

The gas from the combustion of coal and biomass contains aggressive 
species (previously identified in section 2.2) that can be deposited on to the 
surface of blades or vanes within the turbine hot gas path of a combined cycle 
power plant, as metal sulphates and/or chlorides. When they reach their 
melting points, these deposits may cause accelerated corrosion and 
degradation of the underlying metal. This form of metal damage is often call 
hot corrosion. 

Hot corrosion was first recognise as a serious problem in the 1940's 
[22; 55; 45] in connection with degradation of fireside boilers tubes in coal- 
fired steam generating plants. It has since been shown to represent a problem 
in gas turbines, especially when operated in marine and industrial 
environments, in fluidized bed combustion, in magnetohydrodynainic systems 
and in municipal and industrial waste incinerators. Due to the important 
economic consequences, hot corrosion phenomena have been the subject of 
extensive research and a substantial effort has been directed to determine the 
mechanism (s) by which the hot corrosion of superalloys takes place [56; 57; 
58; 59; 60; 61; 62; 63]. 

2.5.2 Hot Corrosion 

Once the deposit has formed on the metal surface, the extent to which it 
affects the corrosion resistance of the alloy will depend on whether or not the 
deposit melts, how adherent it is and the extent to which it wets the surface. A 
liquid deposit is generally necessary for severe hot corrosion to occur, 
although some examples exist where solid deposits apparently have resulted in 
considerable coffosion_t±9j. Once the alloy-surface has been partially or 
completely wetted by the molten salt(s), conditions for severe corrosion can 
develop. 
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Pure Na2S04 has a melting point of 884'C, but with dissolved salts, e. g. 
NaCl or other metal sulphates (e. g. K2SOA, the melting point is lowered. The 

present study is mainly'conccrned with the deposition of some species 
mixtures, particularly Na2S04 and K2S04 in the mol ratio 80: 20 and 50: 50, 

ýbýseeifln 
the binary diagram (Figure 2.17), have a melting point that, -as mg 

f -8 _23- 5iýspectively. Other corrosive species considered include: 
- 

5ýand -C85 IC 
ZnC12 that has a melting point of 283'C, and PbC12 with a melting point of 
4971C [64], both of which are further expected io, lower the deposit melting 
points. 
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Figure 2.17: Binary equilibrium diagram for system Na2SOrK2SO41651. 

2.5.3 Hot Corrosion Degradation Sequence 

Giggins and Pettit, in their Unified Theory [61], propose the "hot 
corrosion degradation sequence" in which mass change data for hot corrosion 
as a function of time, appeared to indicate two stages of attack: an initial stage 
(initiation or incubation) during which the attack is not too severe and a later 
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stage (propagation) where the attack has considerably increased. The first 
stage, initiation, corresponds to the growth and dissolution of the protective 
oxide layer (the growth has prcviOLISly been described in section 2.4. ) and to 
the formation of the deposits. The reaction rate of' the metal surl'ace at this 
stage is very slow. The second stage, propagation, is charactcriscd by a rapid 
increase in corrosion rate, Usually associated with important changes in tile 
morphology of the corrosion layers, once the oxide layer has broken down. 

These two stages are illustrated in Figure 2.18 1or three diff'crent types 
of high temperature oxidation/corrosion test. It can be seen that the transition 
from the initiation to the propagation stage is influenced by filctors such as 
spalling of the oxide scale (cyclic oxidation) and salt dcposition (hot 
corrosion). 

Isothermal 
oxidation 

Propagation 

Initiation 

Cyclic oxidation 
Initiation 

1000 

Propagation 

Weight - change 

10,000 
Time 

Cyclic 
hot corrosion 

Initiation 100 

Propagation 

Figure 2.18: Schematic weight change versus time to illustrate that the degradation of 
corrosion resistant systems consist on an initiation and propagation stage 1611. 

During the initiation (incubation) stage, the alloy surface and scale 
growth are being altered to make the alloy susceptible to rapid attack. This 
alteration may include depletion of the elements responsible for forming the 
protective scale (usually Al or Cr), formation of sulphidcs in the alloy due to 
sulphur diffusion through the scale, dissolution of oxides into the salt and 
development ot'growth stresses in the scale. 

This alteration also can result in shifts in salt composition towards more 
corrosive conditions. In many cases, the end of the initiation stage follows the 
local penetration ofthe salt through the scale and subsequent spreading along 
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scale-alloy interface. Figure 2.19 shows an example of the microstructural 
features that develop during the attack and that these features undergo 11 
marked change as the severity of the attack increases, e. g. the amount Of 
sulphide particles (black arrows) increases until the oxidation of the sulphide 
,, hases leads to a significant incrcase in the rate ofattack. 

Ni-30Cr-4AI + 5mg/c M2 Na2SO4 9000C 
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Figure 2.19: Weigh change versus time and corresponding microstructural features for 
the cyclic hot corrosion of Na2SO4 coated Ni-30('i--4, kl 1611. 

2.5.4 The Initiation Stage of Hot Corrosion Attack 

The length ofthe initiation stage call vary frorn seconds to thousands of 
hours. A number of factors have been identified (I'l-gurc 2.27) upon which tills 
phenomenon depends, these are related to the service conditions, materials 
composition and design. 

1. Related to the service conditions: 
0 Temperature: Hot corrosion is a charactcrIstic degradation 

mechanism in gas turbines in the inctal temperature range ol'600 to 950'C in a 
given environment; dill'ercnt mechanisms with ditTercm initiation tinics can be 

observed at certain temperatures. Hence. rate constants Change not only 
because the kinetics arc being influctlced by temperature, but also because a 
completely new reaction mechanism can become operative. 
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0 Composition of the gas: this factor can produce very substantial 
effects oil the initiation and degradation rate of hot corrosion attack 166.67-, 
68,691 e. g. in Figure 2.20, weight change is compared for the oxidation of 
Na2SO4 coated CoCrAlY coatings in oxygen and in oxygen containing SO, -, at 
10-4 atm. In this study, hot corrosion attack has commenced from the 
beginning of weight-increasc measurements in the gas with ý()3 but no attack 
was observed after 20h in pure oxygen. The influence of the S03 in this 
example is on the Na2SO4, which is not liquid at the temperature ol'700' C. 

When oxidation of CoCrAlY occurs at this temperature in S03, a liquid 
Solution of Na2, SO4-COS04 is formed. S03 also influences the rate at which tile 
hot corrosion attack is propagated; as can be seen in Figure 2.20, the attack in 
oxygen is not as severe as in oxygen with 10-4 atm. S03, even when a deposit 
of NaS04-MgSO4, which is liquid at 700' C in oxygen, is used. Thus. gas 
composition influences both the initiation and propagation mechanisms of hot 
corrosion attack, for this coating. 
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Figure 2.20: Weight change that shows the double influence on hot corrosion attack of 
tile gas composition, either on the initiation of hot corrosion as well as on the propagation 
(mechanisms) 1-551. 

0 Deposit composition: one effect occurs bccausc the deposit 
transforms from solid to liquid with the compositional change, Figure 2.20; 

another effect involves changes in the mechanism ofthe hot corrosion attack, 
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e. g. in Figure 2.21 photographs are presented to compare the degradation 
microstructures developed in coatings exposed to Na)S04 containing different 
amounts of NaCI on CoCrAIY-coated IN738LC at 900'C in air. The 
degradation becomes more severe as the NaCl concentration in the deposit is 
increased. 

0 Deposit deposition rates: for example, for some mechanisms that 
are not self-sustaining, deposit is consumed and, therefore, the more deposit 
present, the more is the extent of attack; this effect can be seen in Figure 2.22 
for the Ni-8Cr- 6AI alloy when tested with different amounts of Na'S04. Other 
mechanisms require the salt to have a certain cornposition before attack 
commences. This factor has been recognized as relevant to the hot corrosion 
of materials [70; 71 ]. 

0 Other factors include: thermal cycles, physical state of the salts, 
erosion, and velocity of the gas. 
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Figure 2.21: Photornicrographs to compare the CoCrAlY coating degradation on IN738 

after exposure at 900'C' in air to Na2SO., deposits containing different aniounts of MCI. (a) 50011 

with Na2SO41 (h) 500h with Na2SO4-. '; wt'Yo NaCl, (c) 40h A ith Nal-S04-9() wl%) NaCl 1551. 
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Figure 2.22: Weight change for the hot corro%ion attack of Ni-g(', --6AI %pecinlens wilh 
different amount of Na21ý()4 1611. 
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2. Related to the material and design: 

Composition of the alloy: the data presented in Figure 2.23 show that 
the length of the initiation staize for hot corrosion induced b ýýO4 in air is 
increased as the aluminium content__gf-nickel-chromium or cobalt-chromiurn 
alloys is increased from 6 to -I I %, 

-L(also shows eII -that, -in--this c- ase_(typ It 
corrosion, see section 2.5.5). the initiatioristage-for-C07Cr-Al-alloys-is longer 
than that for nickel-base alloys. 

e Micro-structural: the presence and/or removal of grain boundaries, 
changes in composition because of this (i. e. a single crystal superalloy), 
impurity levels, etc. 

* Geometry of the component: for example, it is common to observe 
spalling of the oxide scale initiating at the sharp angles (edges and comers) of 
specimens or service hardware. 

e Other factors: alloy fabrication conditions and methods. 

From all these factors, alloy composition, temperature, gas 
composition, salt deposition rate and salt composition were considered in 
planning the experimentation in the present study and their effects arc 
thoroughly discussed in section 5. 

VAPOR DEPOSITED HICrAlY A CoCrAlY ALLOYS. 
Cyclic Not Corrosion - 900'C (IGSO'F) 
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Figure 2.23: The length of the initiation stage for hot corrosion induced by Na2SO4 in 
air Is Increased as the aluminium content of nickel-chromium or cobalt-chromium alloys is 
increased 161]. 
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2.5.5 Hot Corrosion: Type I and Type II 

At the present time, two types of hot corrosion morphologies have been 
clearly identified which depend on the temperature of the corrosion 
environment; the degradation rates due to hot corrosion peak at two different 
temperatures, as may be seen schematically in Figure 2.24. The first maximum 
at around 700'C corresponds to low temperature hot corrosion or type II and 
the second maximum, at around 850'C, corresponds to type 1. 
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Figure 2.24: Schematic diagram of corrosion rate versus temperature 1721. 

Type I hot corrosion (or sulphidation) between 800' and 9500C results 
from a fluxing process (cither basic fluxin , alloy-induced acidic fluxing or 
sulphidation where modifications of the Na2S04 deposit chemistry- permits 
ingress-efsulphur-into the underlying metal; this produces localized depletion 

of the protective elements and progressive internal attack occurs. The net 
process of type I hot corrosion produces a characteristic pattern of attack 
which includes: 

A porous oxide scale (sometimes containing metallic particles) 
An irregular metal/scale interface 
Internal attack with preceding metal sulphides. 

An example of severe hot corrosion process type I may be seen in the 
photomicrograph-diagram illustrating the progression from simple oxidation 
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(1) to severe hot corrosion (IV) lor a high chromium nickcl-Nise supcralloy, 
(a) and a micrograph from the present study (b) Figure 2.25. 
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Figure 2.25: Schematic diagram illustrating the progression of the Type I hot corrosion 
1731 and a micrograph from the present study. 

Typc 11 hot corrosion (or low temperature sulphidation) between -650' 
and -750'C requires Na2SO4 and sufficient S03 to maintain a low melting 
dcposit which readily fluxes the surface oxide. Thermodynamics favour S03 
l'orniation in the lower temperature range and the low melting point deposit 

results Frorn a eutectic between Na2SO4 and base metal sulphates, produced 
through dissolution of base metal oxides in the acidic melt. Its characteristic 
pattern ofattack consists of- 

0 Localised attack occurring by gas-induced acidic fluxing or 
su I ph I dati on. 

A non-unil'6rm distribution of pits with a larnellar scale rich in 

SLIIPIWr 11iroLigh the progressive fluxing action of the deposits. 
0 Sulphur not generally entering the alloy to form internal sulphides; 

bUt IOLind concentrated at the pit/metal interface. 

TYpe 11 hot corrosion has a greater effect on alloys and coatings that 
have chromium content less than -20%. 
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An example of the characteristics of this hot corrosion type may be 
seen in the schematic illustration of Figure 2.26 (a) and in the micrograph 
from the present work (b). 

1, A. mwimi. r, n 

(b) 

02 * '602 + 02"()3 

Figure 2.26: Reaction mechanism of low temperature hot corrosion of Ni-Cr and Co-Cr 

allOYS in S03 containing gases (a) schematic diagram from 1451 and (b) micrograph from this 

study. 

2.5.6 The Propagation Stage of Hot Corrosion 

This situation, in which the salt reaches sites oHow oxygen activity and 
is in contact with an alloy depleted in Al or Cr, generally leads to the rapid 
. propagation stage. The propagation stage can proceed by several modes of' 
attack, depending on the alloy and exposure conditions. As indicated in Figure 
2.27, the propagation stage for degradation 01' aIlOYS under deposit can be 

classified into three general categories. 

In one of' these categories, the deposit IS i11110CLIOLIS and degradation if] 
the propagation stage proceeds by a mechanism determined by tile alloy and 
the gas. Such a situation is likely to occur with porous, solid deposits through 
which the gas can easily penetrate. Deposit HUXing reactions require the 
deposit or a product of' the deposit-alloy-gas reaction, to be liquid. Reaction 
between elements in the alloy and compoiients trom the gas in the presence of' 
the liquid results in the lormation ot'non-protective reaction products. 

The final category, deposit/component-induced hot corrosion (or 
deposit/cornponent-alloy reactions) involves propagation stages where an 
elemental component From the deposit diffuses into the alloy, or reacts vvith 
the alloy or with its reaction products, such that non-protcctivc reaction 
product barriers are developed. The spccic. s is usually sulplitir, hut can include 

J), Cl, etc., or alloy componcnts like Mo and W. etc. 
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Figure 2.27: Schematic diagram to identify the factors that determine the time at which 
the transition from the initiation stage to the propagation stage occurs and to illustrate the two 
general categories of protective scale breakdown 1551. 

2.5.7 Thermodynamics 

As explained in section 2.2, sodium sulphate is of great importance and 
a ma , 

jor component of' deposits that have traditionally induced hot corrosion; 
hence, attack by Na-, S04has been widely studied and used to explain the hot 

corrosion mechanism. 

When NaS()4 covers the alloy as a layer, components from the gas 
must diffuse through the Na2SO4 to react with the alloy, hence, the 

composition ofthc Na-, S04 near to the alloy may become dirferent from that 
in equilibrium with the gas, as indicated with arrows in the schernatic phase 
stability diagram for NaSo4/SO3/02 in Figure 2.28. 

Three compositional changes of importance can take place: the eposit 
may become more basic, that means the concentration of oxide ions (02-) , or 
the activity of Na-, O is increased, on the other hand, if the concentration of 
oxide ions is decreased, the deposit becomes more acidic, e. g. enriched in SI()3, 

and it almost always becomes more sulfidizing as a result of the lower oxygen 
activity. 
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Figure 2.28: Thermodynamic stability diagram for the Na-0-S system showing [low the 
composition of the Na2SO4 may change due to reaction of the alloy with the deposit 1551. 

Oxygen, sulphur, ýý02 and S03 are interrelated by the equations: 

SO, + 
1 

0, e> SO, 

Equation 8 

SO, 
I 

S, +O, 
2-- 

Equation 9 

1 
S, + 

3 
0,4-> SO, 

2- 21 

Equatioll 10 
Thus 

Y2 ý/2 

1) o' 1) s' 
Elquatioll II 

and, by understanding that, il' So,, is not dccrcascd substantially. the 
sulphur pressure is Inci-cascd as the oxygen pressure ils' decreased, Figure 22.28. 
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One of the 
- 
processes by which the Na2SOj becomes more basic 

involves the removal of sulphur from-the Na2S04 by the alloy whqeb - ýYL 

S23 02- 04- S(alloy) +-0 jý 21- 
Equation 12 

The other process arises because the oxide product formed on the 
surface of the alloy may donate oxide ions to the salt as proposed by Rapp and 
Goto 174]; in parallel with this process, salt can also react with existing oxide 
ions by reactions such as: 

MO+02-______). 2- A M02 

Equation 13 

This latter reaction is a means by which the salt can become more 
acidic. 
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Figure 2.29: Thermodynamic stability diagram to illustrate the phases of Ni (--), Al 
and Cr (xxx) that can exist in a Na2SO4 layer on a Ni Cr Al alloy 1551. 

the oxides that begin tobe fonned on the surfaces of the 
will mWethe salt basic or acidi , as determinýd by thq_gNidejon-Qoncentration. 

fined by that at the deposit-gas interface) and the affinity of 
the oxides and their metal ions for oxide ions [61]. 
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Thermodynamic stability diagrams have also been used to describe the 
stability of oxides on alloys beneath deposits of Na2S04. A typical stability 
diagram is presented in Figure 2.29, where the stabilities of phases containing 
aluminium, chromium and nickel in Na2S04 are compared. It can be seen that 
there are acid melts (0) for which NiO is more effective than A1203 in 
developing basic conditions. On the other hand, there are basic melts (0), for 
which A1203 is more effective than Cr203 in making acidic conditions. From 
the measurements of Gupta and Rapp [75], examples of the two fluxing 
reactions, are illustrated for NiO by the solubility plot shown in Figure 2.30. 
There is a minimum solubility at an activity of Na2O of 10 -10. The solubility 
of NiO increases with increasing Na2O activity (decreasing p S03) according 
to the reaction: 

2NiO +0 
2- +1 02 2MOý 

2 
Equation 14 

which corresponds to basic fluxing. The solubility of NiO also increases with 
decrcasing Na2O activity according to the reaction 

i2+ + 02- Nio X 

Equation 15 

which corresponds to acid fluxing. Similar solubility behaviour in Na2S04 has 
been observed for other oxides, e. g. Cr203 and A1203, Figure 2.3 1. 
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Figure 2.30: The solubility of NiO in Na2SO4 at 1 Otrn 02 and 9270 C as a function of the 
basicity aNa2o in Na2SO4 175]. 
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The stabilities of the various complex anions vary and conditions which 
may lead to the acid fluxing of one oxide could equally cause basic fluxing of 
another oxide. The terms: acid and basic are relative and refer to the reaction 
that occurs rather than to just the condition of the melt, i. e., for each oxide, 
there is a relationship, such as in Figure 2.30, for the condition of acid and 
basic fluxing. The curves for different oxides are displaced to left or right of 
each other, depending on the relative stabilities of the compounds involved 
Figure 2.3 1. Ni and Co are the bases for the alloys while Cr and Al form stable 
oxides. 

. 

I (3 

FeA 

C0,06 

S-cý 1900-C) 

-Log CNOjO 

Figure 2.31: Measured oxide solubility in fused Na2S04 at 12000K and 
PO 

2 
=I. OIXIOSPa [761. 

2.5.8 Basic Fluxing 

The initial concept of basic fluxing was first proposed by Bornstein and 
DeCrescente [57; 58; 77] and then described in thermodynamic terms by 
Goebel and Pettit [59]. Rapp and Goto describe some theoretical mechanisms 
for the hot corrosion attack [74; 601. An example of the process of basic 
fluxing hot corrosion is given in the schematic diagram from Birks and Meier 
[491, Figure 2.32, illustrating the Na2S04 induced hot corrosion of pure nickel. 
As explain previously in section 2.4, a thin oxide scale of NiO is formed and is 
covered by the Na2S04 as it melts; the formation of oxide rapidly lowers the 
PO. in the salt, as proposed by Goebel and Pettit [60], and the sulphur potential 
increases, leading to sulphur transport through the oxide scale and to the 
formation of sulphides at the scale-metal interface, Figure 2.32 (a). 
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The exact nature of the sulphur transport has not been verified, but 
studies by Wooton and Birks [78] suggest that the mechanism could be 
transport by S02 molecules penetrating through defects in the scale, such as 
microcracks. Further, the diffusivity of S in NiO was studied by Chang et al. 
[79]. The source Of S02 is the dissociation of the sulphate: 

S 2- 02(g)+02-* A 04, )SO2(9)+- 

2 
Equation 16 

and, since the SO) and Q) are consumed the 02- activi! X in the salt will 

. 
Lncregse tq maintain,, pquilibrium, -resulting_injhe, _sAlLb(zggrn nglq b, 

.L_. 
jpg_[ý__ "_bqýjc. 

The increase of basicity will be greatest over the areas where sulphides form, 
i. e. where S02 is consumed most rapidly and, in these regions, the NiO scale 
will react to form soluble nickelate ions in the melt, Equation 14, Figure 2.32 
(b). These nickelate ions will diffuse to the salt-gas interface (where the 02- 
concentration is low) and will reprecipitated as NiO. This dissolution of the 
scale then allows the salt to penetrate it and spread along the scale-metal 
interface, lifting and cracking the scale Figure 2.32 (c). This cracking may h 
initiated by the formation of a Ni-5 lj', 

_q id p Uý_ hgsg. AUjh sqalgzm 
with a greater molar volume than That of the-nickel. 

-The cracking of the s-cale 
also allows oxygen penetration which oxidises-the-sulohides, thereby freeiniz 

-Gas Gas 
I -Gas 

jNiO2- 
US02 102 *02- 

-Salt Nio+oz-. Nio2- NiO + 02' a NiO2' -Salt 
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-- ---- 
NO 
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Figure 2.32: Schematic diagram illustrating the Na2SO4 induced hot corrosion of pure 
nickel in 1 StM 02 1491. 
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The repetition ofthis process produces the porous honeycomb-like NiO 
scale, Figure 2.32 (d). and results in diffusion of sulphur and, subsequently. 
oxygen along the grain boundaries ofthe alloy (in the case ol'poly-crystallinc 
alloy), Figure 2.32 (e). Eventually, as Na-, S04 is trapped in the porous scale, 
the rapid reaction stops and a dense protective NiO layer forms. 

The amount of attack depends on the production of' oxide ions by the 
melt; hence, a supply of' Na-, SO4 is necessary for the attack to continue, i. e. 
this form of hot corrosion is often not self-sustaincd, but is reliant on a 
continuous flux of' Na-)S04 to the corroding surface. Basic Iluxing hot 
corrosion is usually restricted to high temperatures (above 900'C), since the 
processes that produce oxide ions proceed slowly at lo%%, cr temperatures [55], 
and affects alumina-fori-ning alloys having a low chromium content (< 15%). 

A similar basic fluxing mode is also observed when the protective 
oxide scale is Cr-, 03 or A1203, as in the hot corrosion of' Ni-8Cr-6AI alloys 
[611. Birks and Meier [491 explain the basic fluxing oi'Cr-, 03 and Al-, O_-, scales 
as 11ollows: Initial Ilormation of Cr? 03 and on A1203 scales depletes the deposit 
melt ot'oxygen and lowers the oxygen potential. Accordingly, from Equation 

16, sulphate ions decompose Further as S02- So, (g) + o, (g) + o' * and, at 4 
low oxygen potential, the Sulphur activity increases, leading to the Formation 
of' nickel sulphides. The low sulphur and oxygen potentials of the deposit, 
resulting Crorn the Ilormation of oxides and sulphides, lead to an increase in the 
oxygen ion, or Na20, activity in the melt. In this way, conditions arc 
established for the basic fluxing oI'Cr2O3 and A]-)03 by the reactions: 

C 02- C1ý103 + 02- 2r2 

Equation 17 

+02- 102- A1103 
= 2A 2 

Equation 18 

I'Orming ýIjromate and a. luminate ions, respectively, in solution ill the 111olten 
deposit. Thcsc ions rnigratc through the salt layer to sites of' higher oxygen 
potential close to the deposit-atmosphere interface where they precipitate out 
as Cr, 03 and A1203, releasing oxide ions according to 

20-02 = Cr,, O, + 02- 
2 

Equation 19 

2A 102- 
= 

A1103 + 02 
2 

Equation 20 
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The high oxygen potential at this position drives Equation 16 in reverse 
such that the oxide ion, or Na20, activity becomes too low to support the 
existence of the complex anions which decompose, as shown above. As in the 
case of pure Ni, the attack on Ci-203 and A1203 is not self-sustaining and 
requires a continuous replenishment of Na2SO4. Again, as a result of basic 
fluxing, sulphide formation occurs in the alloy. The photomicrograph in 
Figure 2.33 shows an example of hot corrosion degradation via basic fluxing 

of a Ni-8Cr-6Al alloy. 

Figure 2.33: Photomicrograph showing features of Ni-8C'r-6AI specimens after 

_ýrnr exposure at 10001C in air to /CM2 Na2S04 for two minutes, (a), and I houl- (b). Degradation 

via basic fluxing is evident after 2 minutes, (a), but the Na2SO4 becomes consumed after I hr, 
hence the rapid attack ceases and the microstructure no longer exhibits the basic fluxing 
features, (b) 1611. 

2.5.9 Acid Fluxing 

A 1eature of' acidic fluxing that differs froin the basic IlLixing is that 
acidic-induccd attack is sometimes self-sustaining. Deposits can be made 
acidic by two different processes: 

0 Alloy-induced acid fluxing: in which the acid conditions in the salt 
arc established by dissolution of species from the alloy which react strongly 
with Na20, and 

0 Gas induced-acidic fluxing: in which the acid conditions arc 
established by interaction with the gas phase. 

Alloy-induced acid fluxing is generally the result ol'the diSSOIL111011 01' 
oxides of the refractory metals in the Na-)S04, i-c- 11101'N'b(ICIIIIIII. t[IIII-ISMI and 
vanadium forming molybdatcs, tungstatcs and vanadates respcctivcly, thus 
lowering the oxide ion concentration oftlic sall "IcIt. This niakcs Ilic dcposit 
much more acid and dissolUtiOn of oxidcs in the deposit can occur by 
dissociation according to Fquation 13. 
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The oxide scale formed on the specimen; Luring this reaction is very 
and thick with a layered texture which veels. off on coolinja to room 

temperature [ 

Goebel, Pettit and Goward [59] have suggested a model for alloy- 
induced acid fluxing, as shown in Figure 2.34 for a Ni-3 IAI-Mo alloy. These 
features are also believed to be generally applicable to Na2S04-induced 
catastrophic oxidation of nickel-base alloys that have been exposed to 
Na2SO47-V205 salt mixes (for example, for alloys used in environments 
resulting from combustion of impure oil-derived fuels). 

Figure 2.34 shows (a) how oxygen moves from the gas through the 
Na2S04 to the alloy surface where oxide phases similar to these formed during 
normal oxidation are developed. 

-TJIQ-Mg_Q., 
(b) fprjInjqd b he oxidation of -PY molybdenum-rich phases, as well as M003 formed during the transient period ;T oxidation rior to the deveI22mýnt of a continuous A1303 scale, react with 

th2 N&ýQ4. Mjýkq4,4qqreasýqs ý4e oxide ion aq LIT jqý S04. d 
. Rad P104ACgs 

acidic conditions. The a, "c-, iai, c-, c-o'n -dit, 'i'o, -, n, -(, c-)--of-the Na2S04 causes the protective 
'A 2 sca7re to e destroyed since the A1203 scale donates oxide ions to the , 
kT'03 T 

modified Na2S04,, i. e. 

A1203 -> 2AI3' + 302- 

Equation 21 

However, vaporization Of M003 at the melt surface causes the A1203 to 
precipitate as a porous network at the Na2SO4/gas interface. Rapid oxidation 
(d) ensues aluminiurn is preferentially removed from the alloy and the 
alloy/scale interface becomes irregular. The nickel-rich islands formed 
because of referential oxidation _to _i- 

0, be 
-, 
T 

rapid oxidation is self-sustaining because MOO, is continually added to the 
Ir - FT Na2SO4 by oxidation of molybdenum in the alloy. AN' o_u`g v6iy -small 

amounts Of-salt cause large amou- s_'6f_it_t_d6V, _! S6 presence of the salt is 
necessary for the attack to continue. Microstructural features, typical of the 
alloy-induced acidic propagation mode, are presented in Figure 2.35 for the 
alloy Co-25AI-12W. 

Gas-induced attack occurs when the atmosphere contains relatively 
high partial pressures Of SOI, the acid 
conditions, the reaction in Equation 13 
melt of low oxide ion, or Na2O activity. 

component of Na2S04. Under these 
is forced to the left resulting in a salt 
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Luthra and Shores [80] studied the hot corrosion of Co-30Cr and Ni- 
30Cr by spraying Na2S04salt in02, SO2andSO3environments between 600' 
and 900'C; high corrosion rates were obtain due Na2SO4-COS04and Na2SO4-- 
NiS04 liquid formation on the respective alloys. It was found that maximum 
corrosion rates occurred at 650'C to 700'C for the Co-30Cr alloy and peak 
corrosion rates for the Ni-30Cr alloy at 700'C to 750'C. 

All 
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Figure 2.34: Model for the N22SO4 alloy-induced acid fluxing of a Ni-31AI-Mo alloy 
from reference 159]. 
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Figure 2.35: Optical micrograph showing the overall oxide scale thickness (a) an(] the 
scale-alloy interface (b) of alloy-induced acid fluxing for Co-25AI-12W 1611. 

Thermodynamic considerations can show that liquid deposits can form 
with moderate S03 levels in the gas, e. g. the CoSO4 forms initially by 
interaction0fC030-1withSO3 in the gas. Figure 2.36 shows the minimum 

S03 

levels required to stabilize the liquid phase andCOS04 solid. At temperatures 
below the melting point of Na,, SO4 (984'C), very low corrosion rates would be 
observed at 

S03 levels below the minimum required to stabilize the liquid. At 
higher S03, levels the liquid phase can form. For nickel-base alloys, NiS04 
also form low melting eutcctics with 

Na2SO4 but these are much less stable 
than COS04- Consequently, the S03 levels required to stabilize liquid phase in 
the Na-, S()4-NiSO. j system are much higher than those required for Na-'S04- 

CoSO, 4. For example, Figure 2.37 shows the minimurn level required to 
stabilize Na-, So4-NiSO4- Similar results have been observed by others authors 
18 1118 2; 831. 
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Figure 2.36: IkIiIiii"111 S03 levels required to stabilize N82SO4-COS04 liquid (curve A) 

and CoS04 solid (curve 13) froul (-()3()4 1841. 
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The eutectic temperature of Na-, S'04+Niý04,67 1 11C, is shown in Figure 
2.38 (a). A similar phase diagram applies to M2ý04+COS04, Figure 2.38(h). 

with eutectic temperature of 556'C [45; 85]. 
K2S04 also forms a low melting eutectic with COS04 (Melting Point 

538'C) [86]. 
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Figure 2.37: Minimum S03 require to stabilize Na, S04 -NiS04 liquid (curve A) and 
NiS04 solid (curve B) from NiO 1841. 
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Once a liquid film forms on the surl'acc of' an alloy, Further corrosion 
rcsUltS 1rom sulphation (or dissolution) of' cobalt and Coo at the scale-sall 
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interface. During the early stages of the reaction, dissolution of CoO is the 
predominant process (Case (a)) Figure 2.39. At later times, when tile salt is 
saturated, cobalt dissolves, migrates through the liquid and precipitates as 
C0304 and/or COS04 in different regions of the liquid salt, depending on 
in the gas and the temperature, cases (b) and (d). 

At intermediate levelsOf S03, cobalt dissolves at the scale-salt interface 
and forms CO-104 near the gas-salt interface (case (b)). At the high levels of 
S03, cobalt dissolves and formsCOS04 (s) at the gas-salt interface (case (c)) 
or within the liquid salt (case (d)). At all times, the other alloying elements 
present in the alloy, including the more reactive elements such as chromium 
and aluminium, oxidize near the scalc-dcposit interl'ace. 

The mechanism and characteristics of this form of corrosion have been 
explain by the work of Luthra and co-workers [80; 84], Hocking and SIdky 
1871 and subsequent work by Luthra [88; 89; 90; 91]. The common and 
significant features of these studies are as follows: 

- The hot corrosion attack is non-uniform and has a pitting-like 
appearance. 

- Liquid solutions of Na2SO4_ý_MS04 (M= nickel or cobalt) are present 
on, or in the scale in the regions of the local attack. 

- Sulphur in the forin of'sulphides is present at, or near the interface of 
the metal and the reaction products. 

The reaction products in the pits consist of the sulphate mixture, Cr203 
and/or Al-103 (depending upon the alloy composition). The external region of 
the reaction products mainly comprises NiO and COOIC0304 on nickel- and 
cobalt-basc-alloys respectively. A schematic representation ofthese features is 

show in Figure 2.2 1. 

Although the present mechanism was developed for cobalt-base alloys, 
it may he extended to predict the corresponding corrosion behaviour ofnickel- 
base alloys 190; 921. Nickel-base alloys exhibit similar corrosion 
morphologies to these formed on Co-base alloys; for example, in experiments 
carried out by Chiang et al 1931, Ni-Cr and Ni-Cr-Al alloys and, to some 
extent, Co-Cr alloys, showed Ileatures indicative of' the classic type 11 hot 
corrosion. except Ior the morphology of attack on the Co-Cr-Al alloys, where 
a uniform frontal attack is reported. 
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Figure 2.39: Schematic representation of the reaction products formed at different 
locations and the transport steps involved during the dissolution and precipitation of coball in 
low temperature hot corrosion 1901. 

2.5.10 Salt Component-IndUCC(I I lot Corrosion 

As a result of'salt deposition, clenicilts Irom the salt call be Introduced 
into the corrosion product or the surface regions ol'alloy and event, ally , al'I'ect 
their oxidation behaviour. The components of'gi-catest importancc arc sulplitir, 
carbon and chlorine. The extensive sLilphidation of' c1cillents, stich ýIs (-, I- and 
Al, that arc needed to Iorm protective oxide scale,, oftcn results in (lie 
l'ormation ol'non-protective oxide layers. Carbon. florined at some phase (W the 
cornbustion process, often accelerates hot corrosion by decreasing the oxýgcli 
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pressure and increasing the sulphur pressure in the salt. This accelerates those 
mechanisms which are sensitive to these conditions: basic and acid fluxing. 

The presence of NaCl in the deposits can markedly accelerate hot 
corrosion. Since the effects of chlorine-containing species (1-10, NaCl) have 
been studied in the present work, a more extended explanation is presented in 
the next section 2.5.11 on halide-induced effects. 

2.5.11 Effect of Chlorine Species on Hot Corrosion 

As explained in section 2.2, psýýou 
-s 

ýYdrqgQn chlorine is encountered 
in the gas turbine of a coal-fircd combined cycle system and it has been shown 
that its presence may affect the high temperature corrosion resistance of 
metals [94; 95; 96; 97,98; 99; 1001. As well as the salt corrosion products, it 
is important to consider the thermodynamic stabilities of the likely products 
formed from I ICI and C12. Hancock [96] has collected the data presented in 
Table 2.3 below. Such data show that, except for fluorides, the halides have 

_low 
melting points and high vapour pressures compared to the oxides. 

This means that, if formed, they may be expected to cause severe 
corrosion problems, the existence of a liquid phase generally leads to 
accelerated high temperature corrosion. 

Compound 

Flýorides 

Tva T4 

Chloride@ 

TM T4 

Bromides 

mn T4 

Iodides 

TM T4 

Oxides 

TM T4 

FOX 
2 

1020 906 676 536 689 509 594 476 1420 

Fe X3 1027 673 303 167 157 1565 

NiX 
2 

1450 939 1030 607 965 580 700 1990 

Cox 
2 

1250 962 740 587 678 515 1935 

CrX 
2 

894 928 820 741 "2 716 869 702 -- 
CrX 

3 
1404 8SS 1150 611 800 616 600 2435 

AIX 
3 

1291 820 190 72 97.5 53 191 145 2050 '2000 

NaX 
3 

992 928 801 742 750 690 660 651 127S 

Sublines 

Table 2.3: Melting points ('I'm) and temperature (T4) at which the vapour pressure of 
each compound is 10-4 atm. Temperatures in OC 1961. 

luble and Daniel and Rapp reported I 10 1] that the h I. QWm JQ5" 
--so 

niobilc h) nictals than are oxygen and sulphur, which suggests that, although 
the low melting points may cause accelerated corrosion by breakdown of the 
surl'acc protective scale, pronounced internal attack by internal diffusion of 
halides may not be a severe problem. 
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The thermodynamic stabilities of oxides and halides are compared in 
Figure 2.40; it may be seen that the most stable oxide and halide compounds 
likely to be present in industrial hot corrosion situations are A1203, Cr-, 03, 
Na2O and NaCI. 

.3 
E 

'0 

Figure 2.40: Standard free energies of formation of condensed metal halides in(] oxi(les 
from reference 1961. 

Studies have been carried out in order to understand the inechall i sills 
and effects of chlorine contaminants; some examples arc outlmed below: 

Jacobson et al [1021 suggest that the reactions 01'cliforilic and oxygen 
with metals arc dependent oil the thermodynamic stabilities of' the products, 
the individual reaction rates for oxidation and chlorination and the reaction 
conditions. Four reaction schernes have been proposed, 

reaction of chlorine with the oxide, 
chlorine penetration of' the oxide scale and reaction \Nith the 

underlying substrate 
" simultaneous oxide growth and chlorination at siniflar ratcs and 

finally, 
" gas phase rcactions. 

These four reaction schemes may be observed in Fipurc 2.4 1. 

51 

TEMPERATLOE 'K 



02 

m0C 
12 

m mo C1 
ýýM% 

+ 02 

(3) (C) 

(1 

I 
'1ý1 

cI mo 
ZC12 02 

mo 
=0 **ý 

z 
l< MC12 

m 
MC12 - MO or MOC12 

(b) (d) 

Figure 2.41: Four reactions scheme observed in chlorination-oxidation reactions at high 
temperatures 11021. 

The corrosion of alloys in atmospheres containing C12 and /or HCI has 
been reviewed by Chang and Wei [103], including the effects of gaseous 
components in the atmosphere (oxygen, air, water vapour, sulphur dioxide and 
nitrogen) on the corrosion. Another review of corrosion in chlorine 
environments, with emphasis on performance as well as on materials 
limitations in such environments was published by Foroulis [ 104]. 

Stott and co-workers [105] have studied various alloys in a gas 
atmosphere of Ar-25vol %H2 -IOHCI-5CO-IC02, at 900'C: the rates of attack 
werefairly low with Al -forming, 191s being,. More Ke! istaa:! Itto a Ltackk th, 

_RL ý_. _- , 
ýs 

ý 1-41, 
Cr203-forming alloXs.. There was relatively little metal loss, but, in some 
illoys, there were significant depths of internal corrosion. Some volatile 
chlorides were formed following penetration of chlorine-containing species 
through the oxide scale to the alloy substrate, especially FeC12- 

Previous work by the same authors [106] using the same gas mixture 
was carried out to study the behaviour of pure metals in the same environment 
as that to which the alloys were exposed and to determine the nature of the 
corrosion species. Iron results in rapid corrosion; the extent of corrosion of 
nickel was much less; cobalt gave very little indication of attack. Cr? O scales 
developed on chromium during exposure; however, these were not very 
protective and chromium chlorides formed at the oxide-alloy interface 
following penetration of chlorine-containing species through the scale. 
MolXbdenurn and tungsten were reasonably inert in this HCI-contai! ýipggas- 
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Rhee et al [107] have studied the corrosion of superalloys in an 
oxidising environment of argon containing 20% oxygen and 0.25% chlorine at 
9001C. They suggested that corrosion occurs by two mechanisms in this 
environment: metal loss by the formation of volatile chlorides or oxy-chlorides 
and internal damage. 

Mara et al [108] have studied the kinetics of corrosion for nickel 
between 400 and 700 IC in hydrogen chloride gas and gas mixtures of 
hydrogen chloride and oxygen; they concluded that there is no fundamental 
difference in the corrosion behaviour of nickel over a wide range of gas 
compositions from pure hydrogen chloride to a gas mixture of 25% hydrogen 
chloride and 75% oxygen because of the preferential formation of a NiC12 
scale, regardless of the gas composition. The reaction of nickel in gases 
containing hydrogen chloride can be classified into three temperature regions: 

-Up to 450'C, scale sublimation is hardly observed and the reaction 
proceeds according to parabolic kinetics. 

-At 500-5500C, the specimen weight increases almost parabolically 
until an NiC12 scale of steady state thickness is formed and, subsequently, 
decreases according to linear kinetics as a result of evaporation of the NiC12 

71 

scale. 
-Above 6000C the 5ublimationajýýE%Mly_high, and the specimen 

. ys decreases linearly. weight_al&a 

Hossain [109] examined the corrosion resistance of a Ni-12Cr. 6AI 

alloy at 849'C in the presence of chlorides and/or Na2SO4. Additions of HCl 
gas or NaCl vapour to the air stream resulted in an increase in the isothermal 

oxidation rate of uncoated specimens; although the effect of HCl was fairly 
small, in both cases, the oxide scale blistered and spalled on cooling or the 
oxide scale cracked at temperature. In the presence of mixed contaminants, i. e. 
NaCI(g)+Na2SO4(C)or HCI(g)+Na2SO4, the-aýas-attackc-d-mzUqXMly 
than when it was exposed to the corrodents individually. A. 1203-forming alloys 

- .. r? Qi- rm1jjg were more resistant to attack hy. NaQj1(gLqrjL! jqý(g). t_h 

The morphologies of oxide scales formed on nickel and cobalt in 
argon-oxygen-chlorine mixtures at 1000 *K were examined by McNallan et al. 
[ 110] These oxide scales were porous and blisters in the cobalt oxide were 
produced during the early stages of oxidation of clean surfaces. 

Hancock [96] reported that iron, nickel and cobalt alloys suffer 
enhanced attack at high temperature if NaCl is deposited on the surface and/or 
is present in the vapour phase, especially in the presence of Na2S04- 
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Hurst ct al [I I I] studied iron, steel and various nickel-base alloys in the 
temperature range of 6001 to 950'C; NaCl was found to cause enhanced 
oxidation of all the materials examined. When only NaCI was present, internal 
penetration of the metal occurred, whereas Na2S04 alone did not produce such 
penetration (950'C). 

sses is An 
-im2ortant 

feature of the mechanism of these corrosic! p po 1ý, 
ngj that chlorine accumulates at, or_near the metal/scale interface sU&esti ; Iýat 

Me cNIoRne does not migrqtejawxd&jrLlkc-form-d-chlorid-ý', j! QUS_[45]. 
Chlorides cause an increased rate of oxidation, and this may in many cases, be 
related to mechanical failures of the scale, e. g. blistering, cracking and 
spalling of the scale, loss of adherence at, or near the metal/scale interface, etc. 

2.6 Protective Coatings 

2.6.1 Introduction 

Studies of high temperature materials have permitted the development 
of alloys of higher strengths and favourable mechanical properties that allow 
good performances at increasing operating temperatures. These have been 
used in a range of plants including those for power generation, chemical 
processing or component heat treatment. For gas turbine blades and vanes, Ni 
and Co based superalloys have been developed. These are complex materials 
containing 11-12 alloying additions (Table 2.2 and section 2.3.4) to achieve 
specific properties. 

However, the alloy composition and microstructures that provide the 
optimum mechanical properties (e. g. single crystal superalloys) often do not 
provide satisfactory high temperature corrosion resistance. Hence the vital 
importance of protective coatings: they are used and are being further 
developed to allow full exploitation of alloy strength capabilities at high 
temperatures by reducing the scaling (oxidation) rate of the coated component 
surfaces. 

2.6.2 Coating Requirements 

The use of coatings (or surface treatments) allows the total or partial 
separation of surface and substrate related properties. Thus, coating systems 
are designed to provide a more optimised environmental protection capability, 
without the constraints of high strength that are normally place on structural 

54 



alloys for load-bearing components. The selection of a suitable treatment or 
coating for a given application depends on a complex interplay of surface- 
coating-substrate related properties that are specific to the application. Table 
2.4 summarises these properties and forms the framework around which the 
design requirements of a coating for good oxidation/corrosion resistance can 
be discussed. The purpose of the coating/surface treatment, is to form a stable, 
slow-growing surface oxide that provides a shield-barrier between the coating- 
alloy and the environment in which it operates. In order to achieve this oxide 
scale, it is necessary to have a reservoir of the component that forrns it (i. e. 
alurninium, chromium or silicon) beneath the scale. 

Thus, for high temperature structural alloy design, iron-, nickel- or 
cobalt-base alloys, containing concentrations of aluminiurn in excess of about 
10 wt. % or chromium in excess of 16wt. %, will form, in an oxidising 
atmosphere, scales in which alumina and chromia predominate. Apart from 
heing esijZne to 

_L_ si _rm Qugp, _a coRLiLILig_§Ystem 
also needs to have suitabIF in-EcHanica h as good adhesion and 
metallurgical stability; having all these qualities in a -single coating Eifi", 
leads to the concept of "design surface" and the custom design of the coatings 
for the most demanding applications. Smart overlay coatings and layered 
thermal barrier coatings (TBCs) are examples of such custom designed surface 
engineering. 

Coating Requirement Coating Mid Coating/ 
Property Surface Coating substrate 

interface 

Oxidation/ 0 Low rates of scale formation X 
corrosion 0 Uniform surface attack X 
resistance 0A thermodynamically stable surface oxide X 

... ... 
0 Ductile surface scales X 

0 Adherent surface scales X 
... ... 

a High concentration of scale forming element within coating X X 
... 

to act as reserve for scale repair 

Interface 9 Low rate of diffusion across the interface at operating X 

stability temperatures 
a Limited compositional changes across interface 

... X 
0 Absence ofembrittling phase formation during service ... X 

Good 0 Matched coating and substrate properties to minimise ... X X 
adhesion coating mismatch and stress generation at coating/substrate 

interface 

0 Optimum surface condition before coating ... X 
0 Stresses during coating formation should be minimised ... 

X X 

Mechanical * Coating must withstand all stress (creep, fatigue, and X 
strength impact loading) that Is generated at component surface 

during service 
Well matched thermal expansion cocfficicnts between 

... X X 

coating and substrate to minimise thermal stressing and 
thermal fatigue 

Table 2.4: Desirable features of an Oxidationlcorrosion Resistant Coating 11121. 
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Several authors have published comprehensive guidelines on 
commercially available coatings and reviews of advances and/or requirements, 
e. g. Nicholls [ 112-, 113; 114], Goward [ 115,116; 1171 Goward and Canon 
11181 and McMinn [119]. 

2.6.3 High Temperature Coatings 

At the present time, two generic types of' metallic coatings are used: 
diffusion coatings and overlay coatings. Diffusion coatings are formed through 
diffusional interaction between the constituents of' the coating material 
(alurninium, chromium or silicon) and the substrate alloy. The dil'ILision 
coating may either be formed by predominant inward diffusion of the coating 
material (e. g. aluminium) into the alloy (inward diffusion type), or by outward 
diffusion of the base materials in an alloy (e. g. nickel in nickel-base alloys) 
(outward diffusion type). The biward diffusion type of coatings is lornicd at 
relatively high alUminium activities at the surface, while the outward diffusion 
type of coatings is formed at low alurninium activities. Examples of the two 
types of coatings on a nickel-based alloy are shown in Figure 2.42. 

Diffusion coatings can be applied to components using a range of 
techniques: pack cementation, slurry cementation, overpack chemical vapour 
deposition (CVD), gas phase CVD, mctallising and lluidised-bed techniques. 
For pack cementation, the deposition rate and morphology of the coating 
depend on the pack activity, process time and temperature. Similarly. for CVD 
coatings, the activity of various species in the vapour phase is equally of 
importance. I lence, the properties of a diffusion coating depend upon the 
process methodology, as well as the substrate composition and the subsequent 
heat treatment. 

NiAl 

-, yCr, Mo 

Subs tri f 
Phases 

Ni Al 

NiAl 

. Cdrbi de 
+ 

o Phaseý t, ,I,. 

Ni Al 

NI A] 

Carbides 
f 

o Phases 

Figure 2.42: Alurni"ide coatings on the nickel-based alloy Udimet 700: (a) inward 
diffusion type; (b) outward diffusion type 11151. 
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Diffusion coating processes have been applied Ilor many years to 
improve the environmental resistance of base alloys by enriching the surface 
in chromium, aluminiurn or silicon. Pack chromising was used in tile early, 
1950s to increase oxidation/corrosion resistance of low-alloy steels. 
Aluminising, developed in the 1960s, was first used for the protection ol, 
superalloy gas turbine aerofoils. Siliconizing and silicon-niodified diffusion 
coating were used in the early 1970s, when novel solutions to the low 
temperature hot corrosion problems associated with contaminants in Industrial 
turbine plants burning impure fuels were required. Ofthese processes, the two 
most used are aluminising and chromising. 

The traditional route for producing diffusion coatings is based on 
_pack cementation. In this process, components to be coated arc buried in a 'pack' 

contained in a sealed retort, Figure 2.43. The retort is heated to the desired 
processing temperature under either an incrt gas or hydrogen atlnosphcrc to 
prevent oxidation. The exact process cycle. time and temperature, is dependant 
on the required coating, coating thickness and subsequcrit heat treatment. The 
pack contains a donor alloy that releases Solute material at a kno\Nn rate (and 
hence determines the pack activity), a halide activator (ýýal`. Nl NaCl or a 
mixture) that dissociates during the process cycle and acts to transport solute 
material from the pack to the component to be coated. and all inert oxide 
diluicnt to prevent pack sintcring. Typical pack COMI)OSItiOnS USCd to PI'O(ILICC 
a range of metallic coatings are given ill Table 2.5. 

Coating 
Pack Deposition 

Composition (w. %) 
Al Al, (),, -2.2 Al-1.2NaF 900-1 100 
Cr AI, 03-48Cr-4NI I.; Cl 850-1050 

Ti 77'1'i-3NI14CI- ba I. Ti 850-1050 
si AI, O-, -5Si-3NI 1., C'l 580-1050 

Table 2.5': Typical pack compositions and deposition temperatures for lialide-acliNated 
pack cementation 11201. 

Therd'ore. the diffusion coating is fOrmcd as a rcs'llt of kw distinct 
processing steps: 

The solute elements are hrought into contact ýý 1111 the suffElce of' the 
component to he coated (the role oftlic halide activator). 

The solute diffuses into the component surface to 1'01-111 a sill-I( ace 
alloy or COMPOLInd ol'dillcroit composition (the coatuw). 

Aftcr coating. the component may he suh. IccIcd to a I. eco\, C[-), heat 
trca1mcrit, dependcnt on the suhstratc uscol. Rccclit developments have locliscd 
on ovcrpack CVD and gas-phasc CVD processes 11201. Iloth yleld I()\\- 

,s 
(more ductility and hiulicr purity). \0111C activity coating Ing the coating, 

ofinternal fcatures, such as cooling passages and cooling, holes. 
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Figure 2.44 is a schematic diagram of a retort that can be used for gas- 
phase CVD or overpack aluminizing. 

sand and 
fi rec I ay 
gas seal 

thermocouple- cementation 
pow d er 
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ceramic components for coating 
spacers 

Figure 2.43: Schematic diagram of pack cementation retort 11211. 
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11201. 
Figure 2.44: Schematic diagram of an overpack aluminizing or gas-phase CVD retort 
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2.6.4 Aluminising 

In the aluminising process, interinctallic compounds arc formed oil 
nickel- and cobalt-bascd superalloys due the reaction of aluminium with the 
alloy. This results in the formation of an intermetallic coating, primarily NiAl 
or CoAl, depending on the alloy composition, but containing a certain amount 
of most of the other elements present in the alloy, either in solution or as 
dispersed phases, for example, the refractory elemcnts or Cr, which benefit 
corrosion resistance of the coating [122]. Generally, a uniform coatIng is 
produced on all free surfaces, 30-100 pm thick, depending oii the type of' 
aluminidc formed. 

When at temperature, aluminium from the pack reacts with the halldc 
species (X) present to forin AIX, via an AIX3 precursor, which is then 
transported to the component surface, where the following exchange reactions 
are believed to occur, depositing aluminium on the alloy surface. 

9AIX(g)+4Ni(, s; )-42Ni, Al, (s)+3AIX, (g) (high activity) 

3AIX(g)+ 2Ni(,,; )-4 2NiAl(. v)+ AIX, (g) (Iow, activity) 

The alurniniLim then reacts Nvith the base alloy to lorm the ilitcrinctallic 
aluniinidc coat ino, ývl) Ile the halide reaction l-)I-OdLICtS al-C I-CC)'ClCd to Colitil"ILIC 
coating dcposition. 

The morphology of' coatings dcpciids on pack acti\ itý. with coatiny, 
processes classified as either lo\ý activity *. Whe" oIt\\,, rd dill'usion ol'iiickcl 
occurs, or activity' Cor , N, hich III outer laver of' Nl-)-Al-, l'Orms Ilmar(l 
dill'usion of' all. 1111illit. 1111. III the laticr instancc. a l'Urthcr lical treatment, alter 
aluminising, is re(JUIred to convcrt the brittle surl'acc NI)Al- I -, 

to N'A 1. 

The corrosion protection ol'this type of'coating relics oil the 1'o I-Illatioll 
of' a protective alumina scale. with I reservoir of' alummitlill shoul(I the 
protective oxide he dania cd. Typically. alummide coatings colitaill i 91 111 cxccss 
of 30%vt %. aluminium and arc deposited to thicknesses ol'betwecii 30-1 00pin, 
depci-lding oil the type of' aluminidc formed. I hey oller Sill isractory 
pallormancc t1or many aviation. industrial and marine 121AS (LII-bille 11), )IiCItl()I]S. 

Under severe hot corrosion conditions- ol, It jcjjjpej,, jtjll-c,, al)()vc 
1050"C, aluminidc coatings ol'l'el- Only 111111tcd protection. to address these 

modified alunihildc issues, coatin-gs and overlay coatiju_-, (MCrAlY) 
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technologies were developed in the 1970's and development in these two areas 
continues today to combat the increased demands placed on the modern gas- 
turbine power plants [113]. 

2.6.5 Modified Alurninide Coatings 

Modified aluminides are usually fabricated by one of the following 
techniques: 

0 Depositing an interlayer (e. g. 7 ým of platinum by electroplating or 
PVD to subsequently form a platinum aluminide) prior to the aluminising 
process. 

0 Pre-treating the superalloy before aluminizing (e. g. chromising 
prior to pack aluminizing). 

0 Co-depositing elements from a pack or slurry, or by blending them 
in the vapour phase. 

Alloying coating additions include Cr, Si, Ta, various earth rare 
elements and precious metals, with many of these coatings now commercially 
available. 

To improve the high-temperature oxidation performance of aluminides, 
a significant advanced was made with the development of platinum-modified 
aluminides. Platinum aluminide diffusion coatings are now an accepted 
industrial standard, outperforming conventional aluminides [123; 1241 under 
high-ternperatUre oxidation, cycling oxidation and hot-corrosion conditions . 

2.6.6 Platinum Aluminide Coatings 

Most commercial platinum aluminides are manufactured by first 
electroplating 5-10 [im ofplatinum, then heat-treating to diffuse the platinum 
into the nickel-based superalloy prior to aluminizing. Both high-activity and 
low-activity aluininising have been used, as have pack cementation, ovcrpack 
CVD and gas-phasc CVD processes. Variations in platinum thickness, heat- 
trcatincilt, aluininising processes and the substrate result in a wide range of 
coatingshilicrostructures broadly known as platinum aluminides. 

Depending on the initial Pt layer thickness, diffusion heat treatment and 
aluminization parameters, Pt modify coatings may have different typical 
rnicrostructurcs, schematically described in Figure 2.45. When, besides bQip& 
J)roicnt in solid solution in P-NiAl, Pt forms PtA12, the coating is tcrmed a 
two-phase coating; othcrwisc, it is called a single-phase coating. 
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Despite numerous studies of platinum modified alurninides. tile exact 
mechanism by which platinum improves the coating performance is still a 
subject of open discussion. However, most researchers concur that platinum 
promotes the selective oxidation of aluminium and this results in the formation 
of a purer slower-growing a] urn ina scale [ 113 ]. 

The perflormance of two current cornmercially available IIIAI coatings, 
i. e. RT22 and CN91, has been evaluated under hot corrosion conditions in the 
present work. Figure 2.46 shows an example of the platinum alunlinidc 
coating RT22 deposited on SC2 single crystal (a) as well as an example ofan 
overlay coating, which is described further in this section (b). 

Figure 2.45: Scheinalic III ic r0, S1 I'll CI 11 ITI, (11 dith-IT111 PI 111011ifiCd Allillillide (liffil%joll 
coatin, l, s 1381. 

Ovcrlay coating Interdiffusion zone 

Substrate 

Suhstrate 

Figure 2.46: a) Example of platinum alonlinide coatillý, R 1'22, b) example of in overlaý 
coating. Both deposited on SC single crý%tal. 
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2.6.7 Microstructure of PtAl Modified Coatings 

FIxtensive work by Angenete [38], about oxidation, microstructural and 
microchemical of PtAl modified coatings, describes the characteristics of as- 
coated (on nickcl-based superalloys (CMSX4)) PtAl coatings RT22, PWA73, 
MDC 1501, and SS82A as follows: 

0 The three inwardly grown (high activity) coatings consist of an 
Miter zone (OZ) containing small precipitates, embedded in a P-NiAl matrix, 
as seen in Figure 2.47. 

a Between the OZ and the substrate, a zone with larger, often more 
elongated precipitates, is observed. This region is termed the interdiffusion 
zone (IZ). In the as coated condition, the precipitates in the OZ were identified 
as a-W, (3, p and a-Cr phases. The ct-Cr phase was predominantly observed in 
IIWA73, while the dominating precipitate phase in the Pt-modified coatings 
was a-W. 

* The outwardly grown (low activity) coating, MDC150L, has a 
precipitate-free OZ, which is the result of a lower amount of alloying elements 
from the substrate being incorporated into this coating (Figure 2.47). 

0 Another important difference between the inward and outward 
prown coatings is their Al content in the P phase; being high (Al/Ni>l) in the 
inward grown coatings and low (Al/Ni>l) in the outward grown coating. 

Two ol'the Pt-niodified coatings, RT22 and MDC150L, are called 

. single-phase coatings, i. e. Pt is present in solid solution in P-NiAl. In the other 
I't-niodified coating, SS82A, III is distributed in P-NiAl and PtAk phases. This 
zone is termed the two-phase zone. Whether the PtAl, phase is present in Pt- 
jj)odified coatings depends on the hcat treatment procedures during coating 

_pyoduction, 
and not on the amount of' Pt present in the coating. In fact, after 

short-term oxidation (50h at 1,050'C), the PtAl-, grains of SS82A are 
completely dissolved. 

III all four coatings, after short term heat treatment (50h) at 1,050"C 
all precipitate types except p-phasc were dissolved. After oxidation for 200h, 

. 
the 13 phasc matrix ofRT22 and PWA73 started to transform into y'-Ni3AI at 
the Upon further oxidation, these areas grew and become 
numerous. In MDC1501, and SS82A, no such behaviour was observed LIP to 
5,000h. It was also dernonstrated that, in all coatings, the IZ grew inwards 
during oxidation, as a result of outward Ni diffusion to the OZ from the 
substrate. Thc depict ion in the substrate below the IZ caused further 
prccipitatton ofg-phase-parLicles. 
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PWA73 

et 

Figure 2.47: Electron backscatter iniage of the four coating in the as-coated condition 
on CMSX4 1381. 

2.6.8 Overlay Coatings 

Overlay coatings are a family of corrosion-resistant alloys specifically 
designed flor high-tenipci-aturc surface protection and arc oficii referred to as 
M-Cr-Al-Y coatings, where M is the alloy base metal (normally nickel. cobalt 
or a combination of these two). Recently. other oxygcn-activc allov additions 
have also been added to the coat ing, SUch as I If, ý'i and Y 11131. 

63 



'nese more complex alloys systems are known as M-Cr-AI-X or M-Cr- 
AI-X-Y systems where X refers to oxygen-active elements other than yttrium. 
The compositions of overlay systems are selected to provide a good balance 
between oxidation resistance, corrosion resistance and coating ductility, while 
the active-element additions are beneficial to oxide-scale adhesion and 
decrease the oxidation rate. Ni-Cr-Al-Y coatings are generally the most 
oxidation resistant while Co-Cr-AI-Y systems provide good hot corrosion 
resistance (Figure 2.48). 

The earliest production method was Electron-Beam Physical Vapour 
Deposition method (EB-PVD, 1970s), but, because its production costs were 
high, other methods are now preferred, such as: plasma spray methods (argon- 
shrouded plasma and vacuum-plasma) and, more recently, high velocity 
oxyfuel (HVOF) spraying, composite electroplating and laser-fusion. 

cr 

C13 

Figure 2.48: Relative oxidation and corrosion resistance of high tempeýature coating 
systems . Novack (1994) as cited in reference 11201. 

0_YerIay_spqtingý_qEe dqp Liffusion cpo4jin s*-! 11ýjf Losited thicker than iff - --. g ,h 
they corrode at the same rate, overlay coatings will last proportionally Ion r 

L-a-dense-uniform than their diffusion equivalent. The EB-PVD process ensures 
coating-AnCpPýý'otne interdiffusloji-bet-weca-the-coating-. and -substrate Mng_ during the coating pro-cessmg-cy-cleJor-good -adhesion. 

Plasma sprg i allows 
th on q4tin. WMQgeneous , _gqp_ - gj1 

of fine uiaxed grains although it 

plily (up to 5%) which permits the WY_=tdifl_5MaU_. 2M. QW pp. T 
penetration of the gaseous reactants into, and sometimes through, the coating 
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and this may result in corrosion within the coating or at/ beneath the 
coating/substrate interface. These porosity problems can be overcome using 
post-coating thermo- mechanical treatments. The HVOF spraying process 
produces a dense coating with a very low porosity. Typical coating thicknesses 
are in a range of 100-300 ýLrn. 

2.6.9 Oxidation and Hot Corrosion of Coatings 

As previously explained, hot corrosion problems (type I, II and vanadic 
corrosion) are a direct result of salt contaminants such as Na2S04, NaCl and 
V205, which, in combination, produce low-melting point deposits that dissolve 
the "protective shield" that is the oxide surface. 

Since such dggEqO4t: ioanpr-Qc-cs-ses-can-be-separatcdjntQ-lw-Q-ImQw-IL 
Itagqs, jqitiation 

- and-propagationnd-if-the-coating-pro-vides-for-the repair of 

. 
t4q_prýqtective surface-oxide scale. then the initiation 5t4gq can be extended. 
The length of the extension could be the evaluation criteriq_ Ppqn which the 
pp, rRqrmance of a coating-all astern could be taken. Ideally, this should be 
for thý-desi'g-n ffifc_ýo_f Wthe components. 

The corrosion performance of a range of diffusion and overlay coatings 
under high temperature oxidation and type I and II hot corrosion conditions, 
has been reviewed by Malik et al. [125], Nicholls et al. [120; 113], Goward 
[116], Barkalow [126] and Stringer [127]. 

The- plaliqpm-modified aluminides perform exceptionally well 
- 
under 

_high_ 
temperature oxidation conditions and type I hot corrosion, but less well 

under type 11 hot corrosion conditions [127; 120; 128; 129; 16]. The silicon- 
cýýFaiýing diffusion aluminides perform well under type II hot corrosion 
conditions. Chromized and chrome-aluminized coatings also offer protection 
under type II corrosion conditions, and improved corrosion resistance in a 
turbine environment. 

Classic overlay coatings (with 18-22 % chromium and 8-12 % 
aluminium) generally perform better at higher temperatures with good 
adherence of the thin alumina scales. 

Generally, under these high temperature oxidising conditions, Ni-Crq Vý 
AI-Y and Ni-Co-Cr-A-Y systems outperform cobalt-based systems. At low 
temperatures 'where type II corrosion predominates (6500- 8000C), Co-Cr-Al- 
Y coatings generally outperform Ni-Cr-AI-X coatings, with the high 
chromium-containing Co-Cr-AI-Y coatings showing the best performance i 
[1201. 
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Methods have been investigated to improve the traditional M-Cr-AI-Y 
coating by use of a platinum under layer; over layers with additions such as Ti, 
Zr, Hf, Si and Ta have been examined. Surface modifications by CVD, PVD 
or slurry-cementation techniques have also been considered, with varying 
degrees of success. Surface modification results in the formation of a duplex 
coating structure, and can improved performance. Silicon modifications to the 
surface of Co-Cr-AI-Y coatings have also been proposed and improve the 
resistance to low-temperature hot corrosion. 

Other important properties of coating systems are mechanical 
properties and thermal stability. The first one governs the resistance to 
cracking by thermally induced stresses, and the second one refers to the 
capacity to maintain their protective qualities over extended periods of time at 
high temperature. 

An alternative strategy to the development oxidation/corrosion-resistant 
alloys is to design coatings systems that lower the metal surface temperature: 
Thermal Barrier Coatings (TBC). TBCs offer the potential to drop the metal- 
surface temperature by up to 150'C in conjunction with component cooling, 
thus reducing the oxidation rate. The use of TBCs on turbine blades offers at 
least two benefits: the cooling requirement can be reduced and/or the hot gas 
temperature can be raised significantly, which means lower specific fuel 
consumption and higher output powers. From a corrosion point of view, 
thermal barriers permit the ceramic surface temperatures to increase, reducing 
the rate of salt deposition due to condensation reactions. In addition, for many 
corrodents (vanadium being an exception) the TBC may also act as an 
environmental barrier. 

TBC materials must have low heat conductivity and partially stabilised 
zirconium is the material commonly used in these coatings. 7-8% Y203- 
balance Zr02 TBCs do not provide long-term corrosion resistance at high 
temperature, and they must be combined with protective bond coatings 
between the thermal barrier coating and the substrate alloy. In addition, these 
bond coatings also serve to reduce the thermal expansion mismatch between 
the ceramic coating and the alloy substrate. 

TBCs have been applied by plasma-spraying since 1950s. 
Alternatively, EB-PVD produces a strain-tolerant columnar microstructure 
that allows TBCs to operate successfully on highly stressed turbine . 01 
components without spalling. 
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2.7 Application of Statistics to High Temperature 
Corrosion 

It has been stated by Evans [48] that, whereas for the majority of 
reactions which receive quantitative study from chemists, identical results are 
obtained on each repetition of an experiment, this is not always the case with 
corrosion reactions, which often give different results when performed several 
times. 

Under these conditions, the results of an experiment should be quoted 
as maximum and mean metal loss or corrosion penetration. Data plotted as a 
bar charts and by all2y systenj_pan be ranked as havinsz_good, avera e -or poor A 

_corrosion resistance. An alternative method of analyzing oxidation and 
corrosion data, based on the application of statistical methods to maximize the 
available information 

_from 
laboratory and bymer rig corrosion studies has 

_been presente4-by 30; 131]: 

Since hot corrosion attack results in a non-uniform morphology (e. g. 
presence of pits for type II hot corrosion), it is necessary to quantify the rate of 
corrosion statistically on components when the corrosion processes result in 
areas of different local attack. This can be achieved through the accurate 
measurement of samples pre- and post-exposure, coupled with the statistical 
assessment of the data generated, using normal distribution and/or extreme 
values statistics to determine the rate of growth of maximum areas of attack. 

From this type of data, life prediction models can be developed that 
accurately predict the onset of hot corrosion induced failure. This statistical 
approach has been further applied to predicting the high temperature corrosion 
performance of coatings and alloys, for example in marine service conditions 
[132; 133], in high temperature power plants [128; 16; 134; 135; 136; 137; 
138; 139] and it will be applied in the analysis and discussion of the present 
study (sections 4 and 5). 
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Experimental Procedures 

3.1 Introduction 

In any power generation system, it is important that components have 
adequate, reliable and predictable lives in their required - operational 
environments. In the development of co-fired power systems, it is necessary to 
demonstrate that adequate component lifetimes will be achieved with the 
unusual fuels -and fuel mixes that are currently being proposed. 

The experimentation in the present study has been carried out in two 
main-stages-for an aggregate time of 9000 hours involving 136 samples. The 
aim of stage I was to examine the behaviour of a polycrystal alloy (IN738 LQ 
and a single crystal alloy (CMSX-4). Both alloys were examined uncoated and 
coated with a platinum aluminide diffusion coating, in different realistic hot 
corrosion environments. This stage comprised a series of six-hoLcorrosion 
tests and had two parts: 

1. This part comprised tests 1,2,3 and 5 to examine the effect of 
changing the deposit composition at the same temperature but in different gas 
compositions. 

2. This part comprised tests 4,5. and 6 to examine the effect of using 
the same gas composition at different temperatures. 

Each test consisted of 36 samples, 24 for a total time of 500 h. and 12 
for 1000 h of exposure. The accumulated test duration of this stage was 6000 
hý Every I 00h, samples - were removed to be re-coated with the required 
amount of simulated deposit. (It has been recommended that, at least 10 saft 
recoats -are used per test duration [140]). Stage 2 had an accumulated test 
duration of 3000 hours involving 72 samples. It was aimed at evaluating: 

1. The effects of three different model gas compositions using only 
one deposit composition, but with three deposition fluxes on two single crystal 
alloys (CMSX-4 and SC2 ) and a further polycrystalline alloy (IN792), again 
both uncoated and coated with a platinum aluminide diffusion coating in 
realistic hot corrosion environments. 

2. The effect of changing temperature on the same 
materials/coatings: tests 7,9 and II for 7000C and tests 8,10 and 12 for 
9000C. 
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Each test had 24 sample& for a total time- of 500 h of exposure. Every 
50h, samples were removed, weighed and re-coated with the required 
simulated deposit (It has been recommended that, at least 10 salt recoats are 
used per test duration [140]). A matrix of the conditions for each test is given 
in Table 3.1. 

Samples for all these test were cleaned and measured before exposure, 
exposed, metallographic section prepared after exposure, and these sections 
were measured according to the procedures detailed later in the present 
chapter. One unexposed reference sample of each material passed through this 
whole assessment process for comparison with the exposed samples. 

Tem ("C) Gas Comn sition Ho Stage 
no 

Test 
no. 

p Flux/Comp. urs 

- . 900 500 5000 

1 
A c 

A a c D 

c 

1 

A B c D 

3 
A c 

1 0 
A B C D 

A c 

A B c D 

1 1 

- 

I I 

4 0- 

- - 
B * 

lb 

7 B B, B" 

13 B' B" 8 

9 B B' B" 
2 

10 B B, B" 

11 B B' B" 

12 B B' 13" 

Table 3.1: Matrix of two experimentation stages (see Table 3.4 and Table 3.5 for gas 
and deposit compositions). 
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3.2 Materials 

As described in section 2.3, high temperature alloys lor gas turbines 
generally contain cobalt or nickel as base inetals. In order to obtain improved 
high temperature corrosion resistance. alloying additions of' chromium. 
aluminium and silicon are important as they may (depending upon the alloy 
composition and exposure conditions) forin protective oxide scalcs of' Cr-, O 

-3. Al-, Oj or SIO, Table 2.2 in section 2.3.4, shows the nominal compositions of' 
the alloys that have been tested during the present work, Table 3.2 shows the 
coatings andTable 3.3 shows the base/alloy coating combinations 

Coating Composition Application Routc 
I-Acctrodcpositcd I't 

follom, ed by ovcr aluminising 
RT22, CN91 llt--Al (difTcrent conditions wcrc 

need to produce proprietary 
CVD for RT22 and CN91 
coatings) and licat trcatment 

Fable 3.2: Diffusion coatings evaluated. 

I ýx p. 
slage Base Alloy Coatilh-, 

I 

IN738LC uncoated 

I IN738LC Ilt-A I 
CMSX-4 uncoated 
CMSX-4 Pt-Al 
CMSX-4 uncoated 
CMSX-4 Pt-Al 
IN 792 uncoated 
IN 792 Pt-Al 
Sc 2 

uncoated 
SC2 Pt-Al 

Table 3.3: Base alloy/coating combinations evaluated in the various corrosion test. 
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3.3 Corrosion Furnaces and Environment 

The corrosion tests were carried out in vertical tube furnaces. Prior to 
starting each test, the furnace was carefully calibrated, such that samples 
would be exposed in the hot-zone within a range of ± 5'C of the target test 
temperature. Alumina furniture was used throughout the furnace. This 
furniture has six crucible holders, each one with four places; thus. every one of 
the 24 samples can be in the same place throughout the test. At the top of the 
furnace, a lid supports the alumina furniture as well as providing an inlet and 
an Outlet for the gas. 

The gas flow rate was 50 rnI min-' (within the recommended gas flow 
range [1401) and was regulated by a prc-calibrated mass flow controller with 
an accuracy of'± I %. Gases were commercially procured as certified bottle 
gases containing specified levels of SO-, and I ICI, together with major species 
(given in 'Fable 3.4). Figure 3.1 shows a diagram of' the vertical Furnace for 

controlled atmosphere corrosion tests. The gas is fed through an alumina feed 
tube to the bottorn ot'the furnace, before flowing back up the furnace around 
the specimens to the gas outlet. This procedure permits the equilibration of' 
S02/SO3over the alumina as a catalyst. 

Mass flow 
Controller I Trace heating 

liiert safet 1a i'et v1 
Ods gýIS vell 

Gas Clean-LIP 

svsteni 

Mass flow 
Cc ontroller 2 Samples A111111111a tube 

Il l 
W ED \Ihindna heat 

crLIC i bles 
-hields Gas mixture 2 im 

(e. g. N2-0 '-So ') - - "I'11111css steel 
Alumina 

reaction tube 

Figure 3.1: Vertical furnace for controlled atmospbere, gas goes in tliI'()U9lI 1%12()3 
IIII)C 

to base of furoacel7l 1. 
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The next table shows gases concentrations used in this study 

Stage no. 
SOI 

(N, Ppm) 
licl 

(Vppm) 
CO, 0, (%., Yo) N, (v'VO) 

Test 1 100 100 
'I est -1 

300 500 
Test 3 20 10 
Test 4,5 &6 300 100 Balance 
Test 7,8 50 - 
, Fest 9,10 

1 
500 - _0 

Test 11,12 ý() 500 

1 

Table 3.4: Cas compositions referred to in Table 3.1. 

3.4 Corrosion Testing: Deposit Re-coat Test 
Method in Controlled Atmosphere Furnaces 

When samples completed a required thermal cycle (i. e. 50 h or I 00h in 
this study) of exposure in the furnace, they were unloaded, weighed and re- 
coated with salt. The aim was to deposit a calculated quantity of' alkali 
sulphate (Na, K)2SO4, in combination with other solutions Such as NaCI and 
Pb(N03)2, (lead nitrate was applied instead of lead chloride because this was 
water soluble and decomposed to give PbCl, ). These deposits, combined with 
the mixed gases, created an environment where hot corrosion attack took 
place. Table 3.5 shows the target combinations for the deposits. their relative 
weights, (moles) and fluxes. 

Deposit Weight % (mole % in parenthesis) Flux 

Na? S04 K 1, ý04 l1b(N03)2 NaCI 

A 44.9(50) 55.1(50) 

B 76.5(80) 23.5(20) 
15 

C 13.5(16.6) 77.4(50.1) 9.1(33.4) 

1) 5.6(6.1) 79.5(45.5) i4.9(48-4) 

13' 76.5(80) 23.5(20) 5 

131, 76.5(80) 23.5(20) 

Table 3.5: Composition of sprayed deposits and flux for each deposit 11) (as referred in 

table Table 3.1). 
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Deposition of salts onto the samples was achieved using the "deposit 
re-coat method" 1136,141-, 7 1; 142] that has proved to be an effective way of 
simulating *'in service" deposit conditions within laboratory tests and now 
forms the basis for FU recommended guidelines for hot salt corrosion testing 
[1411. This method consists of spraying a mist of solution through an artist's 
air-brush onto a sample pre-heated to 120'C. Water evaporation from the hot 
surl'ace oftlic sample ]caves an even layer of deposit on the sample surlace. 

Figure 3.2 illustrates the spraying application technique, where 
variables such as distance of air brush from sample, air brush height, air brush 
nozzle aperture and spray time, have been calibrated and standardised. The 
dcpositiori quantity (mg) has been calculated by considering the required 
depositiori weights of 15,5 and 1.5 [tg/cm 2 /h x sample surface area xI 00h or 
50h depending on test recoat interval. In order to achieve repetitive spray 
deposition accuracy, a flow diagram for standard operation has been 11ollowed 
for the application of the deposits (Figure 3.3). The repeatability of the salt 
application method can be seen in the histograms shown in Figure 3.4, where a 
consistency of ± 0.05 mg has been achieved. This provides a very reliable 
inctliod oil which to base the hot corrosion data. 

Figure 3.2: 11lustration of sprayhig technique 11431. 
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Cold samples into Set up Al lbil and 
Dessicator alter Fý Stanclardised marks 

Set up air brush 
Whit the correct solution 

lllace'6 places' Al 
sample holder. )n 

each side. ol 

Place 6 samples in 
left holder, starting front 
turfheýa place towards 

nearesQ location 

Same to the right I 
side. 

I 

I feat up hot plate 1 
120' 

1 

Balance calibration 

Weigh all hot samples 

Spray only the first ON er spray ý Ica% e it 
sample according to and take note 

Prior calibration -A 

Weigh sarnýlc anid 
Compare result "I th 

Aimed ý, keigh 

Result within error I Indcr ýpray 
Range 

II 
fouch Sample lip 

Spray all sampIcs 

Wcigh all samplc.,, 

Place hack into desiccator 

SampIcs recoated with 
Salt deposits 

I 

expos 

Figure 3.3: Flow diagram for salt deposition procedure. 
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Example of Spray Reproducibility (80/20 Na/K) 

8 

7 

c5 

Std. dev. = 0.78 

F1 
Mean - 4.35 
Median =44 
Modo 44 

<3.25 3.5 4 4.5 5 5.5 >5.75 
Weight change on spraying (mg) 

Figure 3.41: Example of spray reproducibility with a deposit of 80/20 (NaIK)2SO4- 

3.5 Metrology 

Materials degradation data are required in a form that can be readily 
incorporated into plant design and maintenance processes. Both erosion aný 
corrosion damage are often quoted as averages, whereas in practice, the 
regions ot'deepest damage will lead to failure: for example, by providing a site 
for fatigue crack initiation (e. g. a pit), or by reducing the section tilickness to 
such an extent that creep rupture failure is possible. In addition, most studies 
report erosion and corrosion damage as mass change, rallicr than dimclisional 
metal loss. it is possible to convert mass change data to inctal loss data, but 
this involves several assumptions, the most significant of' which is uniform 
scale growth. Mass change data have the cll'cct of producing average 
measurements of the damage that are inappropriate flor evaluating many l'orms 
of corrosion damage (e. g. localised pitting or internal corrosion) or when 
deposits t1orm on components. In practice, both average and maximum 
materials damage rate are desirable, with the diff'ercm Forms of' damage 
identified and measured as a thickness loss/depth ofattack 11441. 

A metrology methodology for accurately nicasuring rnatcrIals 
degradation by corrosion (and/or erosion) in gas turbines environments was 
developed by British Coal, through collaboration "ith Cranficid Univcrsity 
[144], that is based in the accurate measurement ofsaniplc dimensions bcI`6I-c 

and after exposure. Contact metrology is use to nicasurc the dimensions of' 
materials samples/ componcnts beflore exposure (as described in section 3.7). 
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After exposure, optical measurements on carefully prepared cross- 
sections are used to measure damaged- samples. These methods-were selected 
to allow for semi-automation so that large numbers (ý! 24) data points could be 
collected and statistically- analysed. 

The methodology-was developed specifically-to generate compatible 
sets of materials degradation data from laboratory, burner rig and short term 
plant runs. Such data can subsequently-be used -for modelling materials 
performance in such environments- and validating the models against plant 
experiences. Samples in the present study have been analysed following the 
basic experimental approach developed for the assessment of materials 
performance [145; 146], that consists of five main stages and follows the next 
flow diagram : 

Samples as-received 

i Contact metrology I 

Samples for coating I 

Uncoated 
samples 

Coated samples 
I 

Contact metrology I- Coated samples ---*I Reference samples 

Laboratory 
, --inn-; iir, - ,I 

Cross-scction preparation II Cross-section preparation 

Image analysis metrology Analysis 4 image analysis metrology 
- deposit thickness - deposition rates - coating thickness 
- corrosion product thickness - corrosion rates - metal surface position 
- internal corrosion depth - metal loss rates 
- pit depth - coating loss rates 
- coating thickness Validation data for 

modelling 
Identification of best material/coating 
for specific conditions 

Figure 3.5: Flow diagram of materials metrology process 11451. 

76 



3.6 Specimen Manufacture 

Two features of the sample prior to exposure are important: 
Surface roughness: as the pre-exposure metrology uses a contact 

metho;, variability in roughness can lead to errors affecting the reliability of 
measurement readings; hence, sample surface roughness should be in the 
range of 0.4-1.6 prn Ra. 

e Figure 3.6 illustrates specimen geometry, dimensions and 
manufacturing precision. 

e The rate of change in the sample dimension perpendicular to the 
measuring plane, since this determines how close to the original measurement 
plane the polished section needs to be for post-exp! Dsure measurement. 

3.7 Pre-exposure Metrology 

Pre-exposure metrology depends on sample geometry, dimensions and 
intended use. For solid cylindrical samples as used-in the laboratory corrosion 
tests in the present- study, only sample diameters need to be measured. An 
-I 53mm long bar of each metal alloy (from Table 2.2), was machined creating 
eleven individual cylindrical samples of 10mm long x 10mm 0, as shown in 
Figure 3.6. These were coated, where necessary, with the protective coating as 
shown in Table 3.2. 

>- 153 mm 

Omm ý-- 

Sample Ij Sample 
IH 

Sample 0 Sample 0 Sample U! ampla Sample Sample Sample npl* H Sample 
68 Mm 2 

tj Sa3 
9 10 11 

ý 
Stub 

lomm (*0 1 mm) 

lomm (: LO 05 M. ) mm 

VO. 4 pm R. 

Figure 3.6: Illustration of samples, as received, machined form -a 53 mm source 
material bars 11431. 

77 



Prior to exposure, the 1`611mving procedure . vas carried out: 

0 Cutting: each sample was parted oIT using a precision Cutting 
machine at approximately 1.0-1.3min from the end chmill'er of' tile sample, 
such that a 2nini stub remained at the top of the sanipic. This \Nas made to 
facilitate Future handling and also For indicating sample orientation. 

0 Reference mark: it was important to make a groove mark in the top 
chamt'cr that was used as a rellerence point Cor measurements. salt rc-coat 
procedure, mounting and final image analysis. This groove mark was I inni 
deep (Figure 3.7). 

0 Sample cleaning: samples were thoroughly cleaned by a degreasing 
treatment. Firstly samples were immersed in volasil 344 in an ultrasonic bath 
for 15 minutes and then. the same procedure was 1`611owcd using isopropyl 
alcohol (111A). Samples were then placed in individual plastic bags labelled 
previously. 

0 Contact metrology: using a vernier gauge (micrometer), with a 
resolution of' ± 0.001mm, each sample was measured dianictrically at tile 
ccntrc of' its height eight times. In order to gather accurate reading's bef'ore 
exposure, an imaginary clock time was used as reference mark so that 
measurement was always started in the same position (12: 45) and lolloNved a 
clockwise rotation measuring every 45' to completed eight intervals as shown 
in next Figure 3.7. This means that each diameter is measured twice, thus both 
measurement errors and variation in diameter can be assessed. A sample of 
each material was kept as an unexposed reference sample. 

12: 00 

03 

02 04 

----------- - -------- 1ý 05 12: 15 12: 45 01 
--------- ...... ....... 

Rel'erence 

08 06 

07 

12: 30 
I- igure 3.7: Micrometer contact measurements procedure. 
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0 Crucible cleaning: before placing the measured sample into a 
crucible. the crucible was cleaned firstly with water and then isopropyl alcohol 
after which it was pre-heated at 1000 'C for 24 hours. 

0 Mass change: to generate the mass change data, samples were 
weighed individually every cycle (i. e. every 50 and/or 100h). The crucible was 
weighed alone. and also the sample plus its crucible were weighed together 
from the test commencement, using a microbalance with resolution of' ± 
O. Olrng. Prior to the start of' the test, the samples and their crucibles were 
placed in a labelled desiccator. 

3.8 Post-exposure Sample Preparation 

Metallographic sections of the corroded saniplcs arc needed to obtain 
hot corrosion data through microscopy image measurements. Samples must be 

mounted vertically to produce flat sections perpendicular to their cylinder 
axes. For this, a special mounting jig is used. It contains two reference pills 
and a knife edge which keeps the sample parallel against them, as may be seen 
in Figure 3.8. The sample is mounted by filling the mould LIP with epoxy resin 
[1471 in combination with Potters ballotini (0.04-0.07 silica glass powder) and 
carrying out a vacuum de-gassing during tile first stages ofepoxy settings. 

sp 

Ballotini 
filled resii 

spi 

0ould tK)(IN 

Spacer 

sall 

(I baw 

Knife edpe 

, (IV 

ch 

ýallolllll 
llcd lesill 

aling pills 

Figure 3.8: Sample mounting. jig 1711. 

The knife edge position must be touching the original reference mark 
made before exposure (dcscribed in the I)rc-CXPOSLirc sample preparation 
section), so that, after metallographic preparation, the knife edge \ý, ill remain 
and act as the new rct'crencc mark that will indicate the origin positioll of'(11c 
prc-cxposure sample measurement,, and the starting position for post-cxposure 
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image measuremcnts. These samples were sectioned close to then- mid-point 
and then mctallographically prepared (using mincral oil lubricants to ensure 
that water soluble species remained in the prepared sections) using senil- 
automated grinding and polishing machines. 

3.9 Post- exposure Metrology 

This stage was intended to accurmcly docrinnic the resulting 
dimensions of the samples and to charactcrisc the extent of any corrosion 
damage or other required parameter (e. g. depth of' intcrnal pctictration, scale 
thickness, deposit thickness). To achicvc this, the carefully prcparccl cross- 
sections were measured using reflected light microscopes with a very 
accurately calibrated x-y stage using a comnicrcial image analysis system. At 
each location, several parameters could be measured, for example tile position 
of the edge of the metal, the depth of internal corrosion and the deposit 
thickness. Prior to measuring, optical micro-graphs were produced to visually 
assess the corrosion damage. Figure 3.9 and Figure 3.10 illustrate how the 
measurements were made during the post-exposure metrology work in order to 
generate the data required flor materials perl'ormancc modelling in terms of 
metal/coating loss under different exposure conditions. 

S. i, 

Point 2- Intenial Damage 

Polished Cross-section Point 1- Fdge of-ample 

y distance 
X distance 

/Y 
)rigin 

x distance 

___--__--Position 
offeature given 

Y distance by (X-x), (Y-ý) 

"nc 

%lotorised and Calibrated 
X-Y Stage 

( 
-ý 

hildl i"ll , ýIlllplc 

,y Sten, 1144 1. Figure 3.9: [lost-exposure measurements process on iniage analýscl' S 
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lo coitral 
rcfýrcncc 

Point 

Measurements 
taken at 
equidistant 
points spaced 
ý! 300pni 

\\ here n >24 

A= Coating thickness, 13 - Interchilusion zone, Cý Substrate thickness 
1) = Surface oxide thickness, F. - Internal corrosion depth, F= Deposit thickness 

It, 

Figure 3.10: Diagram of post-exposure sample metrology procedure used to generate 
the data required for materials performance modelling 1711. 
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4 Results 

4.1 Introduction 

As explained in section 3.1, the aim of the experimentation in this study 
was to examine the behaviour of two single crystal superalloys CMSX4 and 
SC', to compare the behaviour to that of conventional hot corrosion resistant 
polycrystal materials, and to develop models of the hot corrosion performance 
of the single crystal materials. This was carried out for both uncoated 
materials and materials with a platinum aluminised diffusion coating in a 
realistic hot corrosion environment with a range from 20 to 500vpm S02 
and/or in combination with HCI in a range from 10 to 500vpm, together with 
different deposit compositions. The information gathered from the data 
obtained from the laboratory tests, is detailed in this chapter and these can be 
split into four categories: 

" mass change, 
" optical microscopy, 
" metrology and data analysis 
" Scanning Electron Microscope (SEM) equipped with an Energy 

Dispersive X-ray (EDX) analysis system. The results of these observations are 
given in the discussion part of this thesis for clarity (section 5, Figure 5.8 to 
Figure 5.18 and Figure 5.24 to Figure 5.3 1). 

4.2 Mass Change 

Mass change data are the least useful of the methods for assessing high 
temperature corrosion damage, as they are not sensitive to localised pitting or 
internal corrosion damage which are anticipated for type II and I hot corrosion 
respectively. However, it is useful in giving an indication of the extent of 
general corrosion damage. 

Mass change is produced during the salt deposition process of every 
test, when the samples are recoated in deposits every 50 or 100 hours. The 

mass change is calculated after each 50 or 100 h cycle and used to produce a 
plot of cumulative mass change (Mg/CM2 ) against time. Sets of this mass 
change have been produced for the twelve tests carried out in this study and 
are presented as follows: 
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4.2.1 Mass change data (Phase 1) 

4.2.1.1 jJncoated IN73 8 LC at 700' C: 

The data plotted in Figure 4.1 to Figure 4.4 show that, for this material, 
the alkali deposits caused higher general corrosion damage than the deposits 
containing lead. 

This trend is observed for each of the four tests at 7001C. With respect 
to gas composition, as the S02 concentration is increased from 20 to 300 vpm, 
an increase in the observed maximum mass ch inge is noticeable after 500 h of 
exposure, i. e. from -0 to 10 mg/cm' (test 3, Figure 4.1) to -60 To- 70 -mg/cm, 2 
(test 2, Figure 4.4), with the exception of the 300 vpm. S02/100 vprn HCI 
combination (test 5, Figure 4.2) that appear to be less affected than the 100 
vpm S02/100 vpm HCI combination (test 1, Figure. 4.3). 

Different Deposit Compositions on Uncoated IN738LC 
20vpm S02/10vpm HCI at 7000 C 

E 

at E 
4I 

C 
C 

V 
10- 

00 - 

90 - 

80 - 

70- 

60- 

0 5 - 

40- 

30 - 

20- 

10- 

0 
10 

0 100 200 300 400 500 600 700 800 900 1000 
lime (hr) 

--*- 50150 (Na/K)2 S04 (A) --k-NaCTK2SO4/Pb(NO3)2 (C) --*-- 8W20 (Na/K)2 S04 (B) --*- NaCl/K2SO4/Pb(NO3)2 (D) 

Figure 4.1: Comparison of deposit compositions with a flux of 15pg/cm2/h, in 20vpm 
S02110VPM HCI; on uncoated IN738LC at 7000C, from test 3. 
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Different Deposit Compositions on Uncoated IN738LC 
300vpm S02/100 IICI vpm at 70011 C 

"1 

4v - 
10. 
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50150 (Na/K)2 S04 (A) --Ar- NaCVK2SO4/Pb(NO3)2 (C) 0 80/20 (Na/K)2 S04 (B) --41, -NaCl/K2SO4/Pb(NO3)2 (D) 

Figure 4.2: Comparison of deposit compositions with a fluz of 15pg/cm2/h, In 300vpm 
S02/100vpm IICI; on uncoated IN738LC at 700*C, from test 5. 

Different Deposit Compositions on Uncoated IN738LC 
100vpm S02/100vpm HCI at 700" C 

I 

S. 

10. 
00. 
90. 

so. 

70- 

60- 

50- 

40 

30- 

20- 

10. 

0 

10 i 
0 100 200 300 400 500 600 700 Soo 900 1000 

71me (hr) 

--m- 50150 (Na/K)2 S04 (A) A NaCVK2SO4/Pb(NO3)2 (C) 0 80(20 (Na/K)2 S04 (B) 0 NaCVK2SO4/Pb(NO3)2 (D+E) 

Figure 4.3: Comparison of deposit compositions with a flux of 15pg/cm2lh, in IOOVPM 
s02/100vpm HCI; on uncoated IN738LC at 7001C, from test I. 
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Different Deposit Composition on Uncoated IN738LC 
300vpmSO2/500 HCI vpm at 7000 C 
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Figure 4.4: Comparison of deposit compositions with a flux of 15pg/cm2/h, in 300vpm 

S02, /5oovpm HCI; on uncoated IN738LC at 700*C, from test 2. 

4.2.1.2 Platinum aluminised coated IN738 LC: 

For the PtAl coated alloy, the alkali deposits also caused higher general 
corrosion damage that the deposits containing lead (Figure 4.5 to Figure 4.8). 

As observed when uncoated, the increase in S02 concentration from 20 
to 300 vpm, increases the observed maximum mass change after 500 h of 
exposure i. e. from -0 to 10 mg/cm2 (test 3, Figure 4.5) to - 40 to 50 mg/cm' 
(test 2, Figure 4.8). -- 

In the 20 vpm S02110 vpm HC1 gas, the Corrosion damage was 
practically the same for the PtAl coated IN738 as for the uncoated IN738LC 
(test 3, Figure 4.5 and test 3 Figure 4.1). 
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Different Deposit Compositions on PtAl Coated IN738LC 
20vpm S02/10 HCI vpm at 7000 C 
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Figure 4.5: Comparison of deposit compositions with a flux of 15, Lg/cm 2 A, in 20vpm, 
S02/10vpm. IICI; on PtAl coated IN738LC at 7000C, from test 3. 
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Figure 4.6: Comparison of deposit compositions with a flux of 15lig/cm2/h, in 100vPM 
S02/100vpm HCI; on PtAl coated IN738LC at 7000C, from test 1. 
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Different Deposit Compositions on PtAl Coated IN738LC 
300vpm S02/100 HO vpm at 7000 C 
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Figure 4.7: Comparison of deposit compositions with a flux of 151L9/cm 2 A, in 300vpm 
S02/100VPM HCI; on PtAl coated IN738LC at 700'C, from test 5. 
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Figure 4.8: Comparison of deposit compositions with a flux of 15Ag/cm2/h, in 300vpm 
S02/500vpm HCI; on PtAl coated IN738LC at 700"C, from test 2. 
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4.2.1.3 Uncoated CMSX-4 at 700'C: 

In a general comparison with the IN738LC material when tested in the 
same environment, i. e. the same gases composition, for this single crystal 
material, the alkali deposits also caused higher general corrosion damage than 
the deposits containing lead. 

Also, a general increase in maximum mass change was observed; as the 
S02 concentration was increased from 20 to 300 vpm, the increase in the 
observed maximum mass change was noticeable after 500 h of exposure, i. e. 

Mg/ M2 from -0 to -100 S (test 5. Fi 4.11) indicating extensive scale/deposit 
spallation, to -80 to 90 Mg/,,,, 

PUre 

, 
(test 2 Figure 4.12) showing much less 

. 
5pallation. These data are plotted in Figure 4.9 to Figure 4.12. 

Different Deposit Compositions on Uncoated CMSX-4 
20vpm S02/10vpm HO at 7000 C 

E 
U 

C 
U 

�I 

2u 

10. 

00 . 

90 . 

80- 

7 

60 - 

so . 

40 . 

30 

2 

10 - 

01 lo - 20 

0 100 200 300 400 Soo 600 700 800 900 1000 

Time (hr) 

-a- 50150 (NdK)2 S04 (A) --k- NaCVK2SO4/Pb(NO3)2 (C) --*- 80/20 (Na/K)2 S04 (B) --o-NaCVK2SO4/Pb(NO3)2 (D) 

Figure 4.9: Comparison of deposit compositions with a flux of 15Pg/cm2/h, in 20vpM 

S02/10vpm IICI; on uncoated CMSX4 at 700*C, from test I 
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Different Deposit Compositions on Uncoated CMSX-4 
100vpm S021100vpm HCI at 7000 C 
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Figure 4.10: Comparison of deposit compositions with a flux of 15AWCM2 /h , in 100vpm 
S021100VPM HCl; on uncoated CMSX4 at 700*C, from test 1. 
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Figure 4.11: Comparison of deposit compositions with a flux of 15ftg/crn2/h, in 300vpm 
S02/100vpm HCI; on uncoated CMSX4 at 700'C, from test 5. 
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Different Deposit Composition on Uncoated CMSX4 
300vpm S02/ 500 11CI vpm at 7000 C 
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Figure 4.12: Comparison of deposit compositions with a flux of 15pg/cm2lh, In 300vpm 
S02/500vpm HCI; on uncoated CMSX4 at 7000C, from test 2. 

4.2.1.4 Platinum Aluminized coated CMSX-4 at 700IC: 

When this single crystal is coated, the alkali deposits also caused higher 
general corrosion damage than the deposits containing lead. However, the 
maximum mass change is less than when uncoated, and the graph trend is 
more uniform. In this case, the S02/ HCI concentration did not show much 
difference in terms of the maximum mass change between the 20 vpm S02 /10 
vpm. HCI combination (test 3, Figure 4.13) and the 100 VPM S02 /100 VPM 
HCI combination (test 1, Figure 4.14), where the maximum mass change was 
- 10 mg/cM 2 after 500 h of exposure. However, at times greater than 500h, the 
mass change in the 100 vpm S02/100 vpm HCI environment was observed to 
increase for the alkali salt coated sample. 

When thej$Q2 iyas,. increased to 300 yprn in combination with 500 yp 
HCI (test 2, Figure 4.15), therq 3yjq. §jightlyjess oi dam4ge (30 

-general corrosi p 

-mgjcmý)-than-AbLr the 300 ypm SOVIOO yp 14cl 
2M tit-, 

_gqs 
combination (40 

mg/cm , test 5, Figure 4.16). Both values were greater than that measured in 
the 100 VPM S02/1 00 vpm HCI environment. 
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Different Deposit Compositions on PtAl Coated CMSX-4 
2 Ovpm S02/1 0 HCI vpm at 7000 C 
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Figure 4.13: Comparison of deposit compositions with a flux of 15pg/CM2 /h, in 20vpm 
S02110vpm HCI; on PtAl coated CMSX4 at 700"C, from test 3. 
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Figure 4.14: Comparison of deposit compositions withanux or ispglcm2/h, in 100vpm 
S02/100vpm HCI; on PtAl coated CMSX4 at 7000C, from test 1. 
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Different Deposit Composition on PtAl Coated CMSX4 
300vpm S02/500 IICI vpm at 700" C 
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Figure 4.15: Comparison of deposit compositions with a flux of 15jtg/cm2/h, in 300vpm 
S02/500vpm IICI; on PtAl coated CAISM at 7000C, from test 2. 
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Figure 4.16: Comparison of deposit compositions with a flux of 15pglcm2/h, in 300vpm, 
S02/100vpm TICI; on PtAl coated CMSX4 at 7000C, from test 5. 
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4.2.2 Mass change data (Phase 2) 

The second part of the general experimentation matrix (Table 3.1, 
section 3.1). 4imed to study the- effect of temperature 700 and 9001C; three 
different 

-model- gas compos. itjon5 includin w HCI, 
-and inly e szpýLl g. SO, ) s dý t 

composition 8QjZQ-fN-4%)2504.3yith different flux concentrations from 1.5 to 
- 2- -----2 15pg/cm-h-were-used, The samples were single crystal CMSX-4 and SC 

both uncoated and platinum aluminised coated. The data obtain from this stage 
are shown in the next set of graphs regarding mass change; however, the 
accurate assessment of the performance of the materials in all tests, was 
determined by the dimensional metrology techniques described in section 3.5, 
and reported in section 4-4. 

4.2.2.1 Mass change on CMSX-4 (uncoated and with a PtAl coating) 

At 700'C, the trend for uncoated CMSX-4 shows a negative mass 
change, probably due to spalling which was observed to increase as the S02 
concentration was increased from 50 to 500 vpm, Figure 4.18 (test 7) and 
Figure 4.19 (test 9). However, this tendency changed in the presence of HCI, 
Figure 4.17 (test 11), where it can be seen that 

2 
by-increasing-the flqx 

_concentration of the salt-depo-sit-frgnLL5Ao-l5V cm--, the corrosion d4m4gq 
js inereqsed; this tendency is also observed when the material is PtAl coated. 

Different Flux Concentration on CMSX4 uncoated and 
PtIAI coated 
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Figure 4.17: Comparison of deposit flux concentration: 1.5,5 and 15pg/cm 2/h on bare 
CMSX-4 and PtAl coated in 50 S02/500 HCI vpm at 7000 C, from test 11. 
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Different Flux Concentration on CAISX4 uncoated and 
Pt/Al coated 

50vpm S02,80/20 (Na/K)2S04 at 7000 C 
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Figure 4.18: Comparison of deposit flux concentration: 1.5,5 and 15pg/cm 21h on bare 
CMSX-4 and PtAl coated in 50 VPM S02 at 7000 C, from test 7. 
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Figure 4.19: Comparison of deposit flux concentration: 1.5,5 and 15pg/cm 2/h on bare 
CMSX-4 in 500 vpm S02 at 700* C, from test 9. 
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At-9001C, the trend for uncoated CMSX-4 at 900' C showed negative 
mass change only in the presence of HCI, Figure 4.20 (test 12). As the S02 
concentration was increased from 50 to 500 vpm, Figure 4.21 (test 8) and 
Figure 4.22 (test 10), the total mass change increased from 120 to 160 Mg/CM2 
respectively. 

It is also seen that, on increasing the flux concentration of the salt 
deposit from 1.5 to 15pg/cm2/h, the extent of corrosion damage increased; 
however, this tendency is only observed in the 500 vpm S02 environment 
Figure 4.22 (test 10) and when the material is PtAl coated, Figure 4.21 (test 8). 
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Figure 4.20: ComParison of deposit flux concentration: 1.5,5 and 15pg/cM 2A on bare 
CMSX-4 and PtAl coated in 50 S02/ 500 HCJ vpIn at 900* C, from test 12. 
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Different Flux Concentration CMSX4 uncoated and 
Pt/AI coated 

50vpm S02,80/20 (Na/K)2SO4 at 90011 C 
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Figure 4.21: Comparison of deposit flux concentration: 1.5,5 and 15pg/cm 2/h on bare 
CMSX-4 and PtAl coated in 50 vpm S02 at 90011 C, from test 8. 
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Figure 4.22: Comparison of deposit flux concentration: 1.5,5 and 15pg/cm 2/h on bare 
CMSX-4 and PtAl coated in 500 vpm S02 at 90011 C, from test 10. 
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4.2.2.2 Mass change on SC2 (uncoated and with PtAl coating) 

At 7001C, the total mass change for the uncoated SC2 increased as the 
S02 concentration was increased from 50 to 500 vpm, Figure 4.24 and Figure 
4.25. There seems to be slightly less corrosion damage in the HCI gas 
combination atmosphere, and also when this single crystal is PtAl coated. It is 
also observed that, on increasing the flux concentration of the salt deposit 
from 1.5 to 15pg/cm 2 /h, the extent of corrosion damage increased for both 
material systems; the only exception was in Figure 4.25 (test 9), where 
negative mass change due to spalling occurred during the course of the test. 
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Figure 4.23: Comparison of deposit flux concentration: 1.5,5 and 15pg/cm 2/h on bare 

and PtAl coated in 50 S02/ 500 HCI vpm at 7000 C, from test 11. 
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Different Flux Concentration on SC2 uncoated and Pt/AI 
coated 

50vptn S02,80/20 (Na[K)2SO4 at 70011 C 
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Figure 4.24: Comparison of deposit flux concentration: 1.5,5 and 15pg/cm 21h on bare 
SC2 and PtAl coated in 50 vpm S02 at 7000 C, from test 7. 

Different Flux Concentration on SC 2 uncoated and Pt/Al 

coated 
40- 11... ý-21 

30- 

20- 

10- 
J, 

0 
.C 10- 

-20- 
A -30 

-40 
0 50 100 150 200 250 300 350 400 450 500 

Time (hr) 
0 SC2 (l5Wcm2/h) 

-4&- SC2 (5 Wcm2/h) SC2 (1.5 *cm2/h) 

s SC2/PtAI(15WCM2/h) M SC2/PtA](5pWcm2/h) SC2/PtAI(I. 5WCM21h) 

Figure 4.25: Comparison of deposit flux concentration: 1.5,5 and 15Pg/cm 2/h on bare 
SC2 and PtAl coated in 500 vpm S02 at 700* C, from test 9. 
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At 900'C, the total mass change for the uncoated SC2 was considerably 
increased as the S02 concentration changed from 50 to 500 vpm, Figure 4.27 
and Figure 4.28. There is notably less corrosion damage in the gas atmosphere 
with the HCI addition, Figure 4.26, likewise for the case where this single 
crystal alloy is PtAl coated. 

It is also observed that, on increasing the flux concentration of the salt 
deposit from 1.5 to 15[tg/cm2/h, the extent of corrosion damage was increased 
for both material systems, with the exception of the 50 VPM S02/500 vpm HCI 
environment, Figure 4.26. These data show that, in general, the systems 
exposed at 900'C have a longer incubation period and more rapid propagation 
than those exposed at 700*C. 
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Figure 4.26: Comparison of deposit flux concentration: 1.5,5 and 151[tg/cm 2/h on bare 
SC2 and PtAl coated in 50 S02/ 500 IICI vpm, at 90011 C, from test 12. 
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Figure 4.27: Comparison of deposit flux concentration: 1.5, S'and 15pg/cm 2/h on bare 
SC2 and PtAl coated In 50 vDm S07 at 900" C. from test 8. 
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Figure 4.28: Comparison of deposit flux concentration: 1.5,5 and 15, ug/cm 2A on bare 
and PtAl coated In 500 vpm S02 at 9000 C, from test 10. 
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4.3 Optical Microscopy 

Cross-sections were prepared from all samples exposed in these tests, 
according to the methods outlined in section 3.5. These cross-sections were 
used for both microstructural observations and dimensional metrology. 
Examination of the damage observed on these samples enables qualitative 
trends in damage as a function of exposure conditions to be identified. In order 
to make a visual comparison, the reference samples of the materials studied in 
this work are shown in Figure 4.29. 

Morphological characteristics of the propagation stage of hot corrosion 
salt fluxing reactions, such as the characteristic non-unifonn distribution of the 
pits formed in type II hot corrosion and the internal penetration during type I 
hot corrosion can be appreciated through visual comparison of the 
micrographs presented in this section, as well as the effects of varying 
conditions such as changing gas and deposit compositions, deposit flux, 
temperature and material. 

4.3.1 Damage Morphologies (Phase 1) 

Figure 4.30 shows the results of changing deposit compositions (as 
outlined in Table 3.5) and the effect of changing the gas composition for the 
reference material IN738LC at 700'C.. The characteristic localized damage 
(pitting) of ýype 11 hot corrosion can be seen, as well as a thin layer of internal 
jWph: idatLojRjn all samples exposed to lead deposits (photomicrographs 4,10, 
16,28,7,13,19,31) and those exposed to a 20vpm S02110vpm HCI 
atmosphere (photomicrographs 14,18,16,19) 

. Some samples, for example 
the set exposed with 50150 (Na/K)2SO4 under different high levels of 
contaminants (S02 and HCI), and gas compositions (see first row horizontally, 
photos 2,8,26), had the same apparent damage, hence the need to quantify the 
recession of surface of the sample accurately. The result of this an-aly-s-isis 
4u--ant-ified in Figure T44 (a) and, for the effect of changing deposits, it is 
quantified in Figure 4.46 (a). 

Figure 4.31 shows the damage morphology for the PtAl coated IN738 
LC under the same conditions as for the uncoated materials. In some cases, the 
coating has been consumed (photos 2,6,8,12,26,30,19) or the corrosion 
damage-has penctrated. through to the substrate (photos 10 and 13). This effect 
has been quantified for the effect of different gases and different deposits in 
Figure 4.44 (b) and Figure 4.46 (b) respectively. 
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Figure 4.32 shows the effect of four different deposits and four gas 
compositions on the performance of uncoated CMSX-4 at 7000C. The damage 
has a similar appearance, except for those samples showing a thin zone of 
hj=AL, g_ulj2hidation. (photos 7,8,10,13 and 19); however, measurements in 
the image analyser for this base alloy, as can be seen in Figure 4.45 (a) and 
Figure 4.47 (a), show how the deposit composition and gas composition affect 
the rate of material consumption. 

The PtAl coated CMSX-4 type 11 hot corrosion morphology is shown in 
Figure 4.33. Unlike the PtAl coated IN738LCAFigure 4.31), the coating has 

, 
Lure 4. 

___ not been cpmpj 'e' 
tely cons - ume -d although, in. 

-twQ-sampipý, _phqtoMLcýogKapjiý 12 and 16. the corrosion of 
_Aqqagq__bas reached the substrate. In this set- 

photomicrogra hs, the pittigg damage typical Of tVDe II hot corrosion, can be 
fully- appreciated, Plots of the results from measurements of damage in this 
material system are given in Figure 4.45 (b) and Figure 4.47 (b). 

4.3.2 Damage Morphologies (Phase 2) 

Figure 4.34 shows the effect of different deposition fluxes on the single 
crystal SC2 uncoated at 700'C. From the even surface of the reference sample 
(Figure 4.29), progression of the hot corrosion reaction can be appreciated, 
commencing with low damage for the lowest flux (photos 3,9), next a clear 
formation of pits (photos 2,8), towards severe damage for the highest flux 
(photos 1,7). Adding HCI to the S02 in the test atmosphere suppresses the 
typical morphology of type II hot corrosion, but instead internal damage is 
observed ýphotos 13,14,15). Similar observations were made for the PtAl 
coated SC , Figure 2.41. This set of photographs shows how deeply the 
corrosion has affected the PtAl coating; clearly, the depth of corrosion 
increases with flux concentration. This effect can be seen by comparing the 
sets of photomicrographs 1,2,3 or 7,8,9 or 13,14,15. 

At 900* C, catastrophic degradation can be seen, Figure 4.35, when the 
uncoated SC2 is exposed to the higher S02 concentration (500 vpm) with the 
medium and higher deposit fluxes (5 and 15 pg/cm2/h, photos 10 and 11). A 
very characteristic damage morphology, typical of type I hot corrosion, is 
evident in all samples. 

PtAl coated SC2 seems, in general, to perform better at 900'C than at 
7001C (Figure 4.36 vs. Figure 4.37), although, at the 500vpm S02 
concentration, the coating was practically destroyed at the medium and higher 
deposit flux levels (Figure 2.42; pictures 10 and 11). 
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Figure 4.38 gives the morphologies of uncoated CMSX-4 exposed to 
different gases with different deposit concentrations at 700' C. It is qleKthat 

. 
p: itting is accompamedby damage for-samples exposed in the 50 m internaL 
592/ýQQ vpm erly-ironment. Also, a corrosion-sequeopq from less dam e _HQL -- gy, 

)is to more damage on increasing- the- flux-concentration- (photos-1 3j 4 aqdJ5 s 
pbserved. The rest of the samples in Figure 4.38, apparently, had much the 
same corrosion damage morphology. However, by quantifying the damage, for 
example in Figure 4.64 (a), it may be seen that the corrosion damage in 500 
VPM S02 has increased proportionally to the increasing deposition flux. 

The type 11 hot corrosion morphology for CMSX-4, in Figure 4.38, is in 
general, different to that for SC2 (Figure 4.34). This may be due to the 
different elements/compositions of the two alloys and the effect of these 
composition differences in modifying the fluxing mechanism. Nevertheless, 
for both materials, intemaLdmagv,, jnayJ&-oJ2.5ciy-cd-when-tbcy. Arc-cxp, (ýpqCin 

+ mironmentsAt 900' C, catastrophic corrosion takes place for 
the majority of the CMSX-4 samples, Figure 4.39. CMSX-4 seems to be more 
sensitive to corrodent conditions than SC2 when both alloys are uncoated 
(Figure 4.39 vs. Figure 4.35) for type I hot corrosion. The morphologies after 
exposure in S02+HCI gas environments are similar, however, for both 
materials. 

CMSX4 is PtAl-coated and ex in the IOW S02 

concentration (50 v pi) a ýT-p 
t 700'CEigur-C-4,40, thQ-izQrrQsiprLOamagq-patI 

-b 
seen to have penetrated through theý cpating2intg the substrate under the highest 
flyx deposit (15pg/cm /h, photo 1). Under the same conditions, the PtAl. 
coated does not present such deep attack (Figure 4.36 photo 1). 
Comparison of the group of PtAl-coated CMSX4 (Figure 4.40 photos 1,2,3) 
and PtAl-coated SC2 (Figure 4.36 photos 1,2,3) in 50 vpm S02, shows 
different rates of corrosion degradation and different resulting morphologies 
(Figure 4.36 photos 3 and 9). The damage has commenced and progressed as 
far as the base of the outer coating layer. In photo 2 and 8, the damage has 

extended along the sample and, in Figure 4.36 photos I and 7, corrosion 
approaches and/or penetrates the base metal. 

This form pLplpgressiori-oLdamage, -rcmoviniz the coatingjayqK 
-by ! geiý_suggests an electrochemical form of attack, with the underlying material 

layer being protected until the outer layer has been removed. This kind of 
corrosion degradation, as seen in Figure 4.40, shows that the cofro! j: jQ da- 

- n mage 
also increasps according to flux concentration. Pits are observed to commence 
in the outer layer of the coating, (photo 3) and continue to penetrate inwards 
through the coating, (photo 2), towards the substrate to produce deep localized 
damage in the alloy; (photo 1). 
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Both systems, PtAl on CMSX4 and PtAl on SC2, when exposed to 500 
vpm I-ICI (photos 13,14,15 flor both figures), show smaller pits with internal 
damage that proportionally increase with the flux conccritration. The 
micrographs of PtAl-coated CMSX4 at 900' C are given in Figure 4.41, the 
coating appears to have protected the substrate material, although some 
intcrnal damage, characteristic of type I hot corrosion, can bc scen in those 
samples exposed with the highest flux of 15pg/cm 2 /h in the various corrosive 
environments (photos 4,10,16). 

4.3.3 Damage morphologies (Phase 3) 

The effect of changing test temperature on hot corrosion oftlic difflerent 
materials systems is illustrated in Figure 4.42. At 650 and 700' C, pitting can 
be seen in the l"tAl-coated CMSX-4, photos 36 and 30. At 900' C, typical 
internal darnage oftype I hot corrosion is observed, e. g. photos 24, except I, or 
PtAl-coated CMSX4. The quantification of corrosion damage for these 
systems may be seen in Figure 4.48 (a) and (b) and Figure 4.49 (a) and (b). 

All these photographs corroborate the importance of the metrology 
method, as corrosion damage can be quantified, including pitting and the 
extent of internal damage, neither can be assessed using mass change data. 
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100 "'. 

Figure 4.29: Optical micrographs of cross-sections of uncoated and PtAl coated 
unexposed materials systems. The I'tkl/('MSX4 used in stage I (a) and in stage 2 (b) of this 

study. 
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Figure 4.33: Effect on changing deposit composition: A, It, C and 1) (ýertical) and effect of changing gas C0111position (horizontal) at7000 C on PtAl coated CMSX-4 after 500h expostire 
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4.4 Statistical Assessment of Hot Corrosion Data 

As explained in 3.5, the aim of the analysis of the pre-exposure and 
post-exposure dimensional measurements is to produce data sets of accurate 
material loss measurements. A key part of this data processing is the 
alignment of the two co-ordinate systems used for these measuring processes 
through the combination of reference points on the samples and reliance on the 
accuracy of the sample preparation process. 

Additional parameters such as deposit thickness or depth of internal 
penetration are evaluated only from post-exposure measurement data. With the 
data generated from this process, statistical analysis can be carried out. The 
references were also prepared as cross-sections and used for repeatability 
checks of the overall metrology process: they were measured using the same 
metrology process as the exposed samples, three times each at different dates 
in order to establish a range of error over the accuracy of the image analysis 
system. For the cylindrical laboratory samples (Figure 3.6) only 24 
measurement points are required to determine the variations in section loss. 

The data obtained from the image analysis system are processed 
through a spreadsheet. This spreadsheet, developed by British Coal staff, 
matches the measurements of a particular sample before exposure (a series of 
diameters) vs. measurements after exposure (>24 x, y coordinates) using 
angles around the sample from the reference mark. As a part of this analysis, 
the non-exposure reference sample for each material system (uncoated alloy 
and /or alloy/coating) is processed through the spreadsheet, using these data as 
reference (each reference sample was measured three times on different times 
to consider measurement error). 

Then, the processed data are plotted in the fonn of-. 

* Calculated and/or measured parameters at specific locations around 
a sample (e. g. metal loss, internal penetration, sound metal loss. See Figure 
3.10). 

* Probability plot of the same data in which the probability intervals 
are calculated as proportions of the "number of data points +1" and the metal 
loss data ordered from the smallest to the largest [130]. From these data, a new 
maximum value, i. e. the 4% probability of exeedence, on which the criteria for 
further assessment is based can be extracted (in fact, the spreadsheet calculates 
data for four confidence levels). 
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Figure 4.43 is an example of the results obtained for uncoated IN738LC 
illustrating the effects observed from different exposure conditions: gas and 
deposit composition, and temperature for this material. 

These graphs illustrate the characteristic stochastic nature of hot 
corrosion around materials and, hence, the need for statistical analysis of such 
results. These raw data, obtained from combining the pre- and post-exposure 
metrology, have been further processed: 

9 by correcting for known errors (determined from reference 
samples) 

0 by ordering the data in terms of the decreasing extent of metal 
damage (or sound damage, i. e. metal damage + depth of internal penetration) 
to give probability distributions for each sample exposed in this study 
(reference [130]). 

Groups of these probability plots are given in this section to permit 
comparisons between materials and conditions (Figure 4.44 to Figure 4.64). 
For example, Figure 4.62 (b) shows data for the uncoated SC2 in 500vpm S02 
at 900'C after 500h exposure. The non-straight line plot for the 1.5pg/cm2/h 
deposition flux indicates that more that one mechanism could have operated 
around this sample since the line shows three regions: one, around 10%, is in 
propagation stage, the middle, -80%, appears to be in the incubation stage, 
and the rest could represent oxidation. 

On increasing the deposition flux to 5 ýtg/CM2/h' given the irregularity of 
the line and the range of change in sound metal (from -600 to 1500[tm), it is 
believed that the surface all around this sample is in the propagation stage. 
Similarly, the 15pg/cm2/h line, shows even faster consumption of the sample, 
since the data are in the range from -2100 to -2800gm change in sound metal. 
This trend and the resulting damaged morphologies can be seen in Figure 4.35, 
photomicrographs 10,11 and 12. 

An example of two modes of attack that operate is given in Figure 4.64 
(a), which shows the probability plot for CMSX4 in 500vpm S02 at 700'C 
after 500h exposure. The line corresponding to damage of 1.5ýLg/cm 2 /h 
changes from a pitting mode (-60% of the sample surface) to a broad front 
attack, up to -100pm of change in sound metal. Once the broad front attack 
has started, it moves forward with increasing flux deposit to 5Pg/cm. 2 /h and, 
again at 15gg/cm2/h. The resulting morphologies can be seen in Figure 4.38, 
photomicrographs 7,8 and 9. 

120 



An example of a good normal distribution set is given by the straight 
lines for SC2 at the three deposition fluxes in 50vprn S02 at 700'C after 500h 
exposure in Figure (a). The resulting morphologies can be seen in Figure 4.34, 
photomicrographs 1,2 and 3. 

The probability plots corroborate the relevance of statistical analysis: if, 
in Figure 4.62, the pure mean of the non-straight line corresponding to the 
1.5[tg/cm2/h line were taken, the SC2 in those conditions would be marked to 
have good performance, regardless of the deeper propagation values. 

Straight probability lines are often observed for PtAl-coated samples, 
an indication of the protection by the coating on the substrate. 

4.4.1 Probability Analysis Phase I 

4.4.1.1 Gas composition sensitivity 

The sensitivity of uncoated IN738LC to gas composition with a deposit 
of 50150 (Na/K)2 S04 at 700'C is plotted in Figure 4.44 (a). These data show 
that, for this material, the S02/11CI combination cause higher general 
corrosion damage as the S02 and HCI concentration are increased from 20 to 
300 vpm, and from 10 to 500 vpm respectively. 

When PtAl-coated shown in Figure 4.44(b), there is no obvious 
protection improvement for IN738LC since the coating has been depleted in 
all cases, except when exposed to the lowest gas concentration. This effect 
may be also seen in the micrographs displayed in Figure 4.3 1. 

In the case of the single crystal CMSX-4, the sensitivity towards the 
gas compositions shows the same trends as the reference material, IN738LC, 
although in different proportions (Figure 4.45 (a)). The general resistance to 
corrosion damage was improved by the PtAl coating (Figure 4.45 (b)). Unlike 
for the uncoated alloy, the higher concentration of HC1 (500vpm) now appears 
beneficial. 

The PtAl coating is not penetrated and does not seem to have been 
affected as much as for the 300vpm S02/100vpm HCI level; such effects can 
be visually appreciated in the micrographs in Figure 4.33. This tendency was 
also observed for IN738 LC when PtAl-coated. 
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Figure 4.43: Sensitivity of measurements of sound metal loss in gas composition (a), 
deposit composition (b) and temperature (c) for uncoated IN738LC. 
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a) Uncoated IN738,50150 (Na/K)2SO4 flUX 15pg/cm2/h at 700' C. 
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Figure 4.44: Change in sound metal as a function of the probability damage under 
different gas comPositiOn for uncoated IN738LC (a) and PtAl coated (b) after 500h exposure. 
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Uncoated CMSX-4,50/50 (Na/K)2SO4, flux 15pg/cm2/h at 700* C. 
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Figure 4.45: Change in sound metal as a function of the probability damage under 
different gas composition for uncoated CMSX4 (a) and PtAl coated (b) after 500h exposure. 
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a) Uncoated IN738, flux 15 pg/cm2/h in 100 SOjUCI at 700'C. 
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Figure 4.46: Change in sound metal as a function of the probability damage under 
different deposit composition for uncoated IN738LC (a) and PtAl coated (b) after 500h 
exposure. 
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a) Uncoated CMSX-4, flux 15jig/cm2/h in 100 vpm SOyUCI at 700'C. 
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Figure 4.47: Change in sound metal as a function of the probability damage under 
different deposit composition for uncoated CMSX4 (a) and PtAl coated (b) after 500h exposure. 
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4.4.1.2 Deposit composition sensitivity 

The next group of figures shows the sensitivity of the studied system 
materials to different deposit compositions i. e. (Na/K)2SO4and K2S04, NaCl 
and Pb(N03)2, in two different concentrations; 50150 and 80/20, with a flux of 
15pg/cm2/h inlOO VPM S02/HCI at 700' C. 

Figure 4.46 (a) shows that, for uncoated IN738LC, the alkali deposits 
caused much higher general corrosion damage (-200ýtm change in sound 
metal maximum penetration) than the deposits containing lead (-50[tm change 
in sound metal maximum penetration). This trend is observed for PtAl-coated 
specimens except at different proportions; i. e. less general corrosion damage 
(-80[tm change in sound metal), Figure 4.46 (b). However, little coating was 
left when either concentration of alkali deposits was applied; this is clear in 
the micrographs of Figure 4.3 1. 

In a similar manner to that observed for the uncoated IN738 LC, the 
uncoated single crystal CMSX4, see Figure 4.47 (a), exhibited more general 
corrosion damage in the alkali metal solutions than in the deposits containing 
lead which, by comparison with the data for uncoated IN738 LC, seem to have 
had more effect (-150 prn change in sound metal) on this single crystal alloy. 
A visible improvement in performance can be seen in Figure 4.47 (b), when 
the single crystal is PtAl-coated. The general corrosion dpmage is no more 
than -40 pm loss of sound metal, which is also better than observed for the 
PtAl-coated IN738LC (-80 pm). This improved performance can be seen in 
the photographs of Figure 4.33. 

4.4.1.3 Temperature sensitivity 

The sensitivities of hot corrosion of the materials to changing 
temperature are shown in the probability plots in Figure 4.48 and Figure 4.49. 
The uncoated IN738LC has been more extensively attacked at 700'C than at 
650 and 9000C Figure 4.48 (a). 

This susceptibility changes when the material is PtAl-coated (i. e., when 
coated, there is less general corrosion damage and this damage is less with 
increasing temperature from 650 to 900'C, Figure 4.48 (b)). As for the 
uncoated IN738LC, the CMSX4 was more affected at 7000C than at 650 and 
9000C and the general corrosion damage was slightly larger than observed for 
IN738LC, Figure 4.49 (a). PtAl-coated CMSX4 again shows more attack at 
7000C, Figure 4.49 (b), while at 700'C, the coating was penetrated and the 
substrate suffered severe attack. 
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a) Uncoated IN738,80/20 (Na/K)2flUX 15ýtg/cm/h in 300vpm SOý100 HCI. 
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Figure 4.48: Change in sound metal as a function of the probability damage under 
different temperature of exposure for (a) uncoated IN738LC and (b) PtAl coated after 500h 
exposure. 
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Uncoated CMSX-4,80/20 (Na/K)2 flux 15ýLg/cm 2 Ai in 300vpm SOJIOOHCI. 
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Figure 4.49: Change in sound metal as a function of the probability damage under 
different temperature of exposure for (a) uncoated CMSX4 and (b) PtAl coated after 500h 
exposure. 
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4.4.2 Probability Analysis Phase 2 

4.4.2.1 Sensitivity to gas composition and temperature 

The sensitivities of a new single crystal SC 2 and the commercial alloy 
CMSX-4 have been studied in the present work. Figure 4.50 to Figure 4.61 
present the effects of three gas compositions: 50VPM S02,, 500vpm S02 and 
50vpmSO2/500vpm HCI on uncoated and PtAl-coated material at 700 and 
900'C, with the 80/20 (Na/K)2 S04 at fluxes of 1.5,5 and 15[tg/cm2/h. 

Figure 4.50 shows the effects of the three gas compositions with a flux 
of 1.5pg/cm. 2/h on uncoated SC2 at 700'C (a) and 900'C (b). The least 
aggressive environment for this material was 50VPMS02/500vpm HCI and 
uniform internal damage was observed, as well as sulphidation of the sample 
exposed in 50vpm S02 (Figure 4.34, photomicrograph 15 and 3 respectively). 
At 9001C, uncoated SC2 was less sensitive to the gas containing 50vpm S02, 
and uneven internal sulphidation was observed (Figure 4.34 photomicrograph 
6); more internal damage was observed in the 50vpm, S02/500vpm HCI gas 
and internal oxidation/sulphidation occurred in the 500vpm. S02 gas; such 
effects can be seen in Figure 4.34 (photomicrographs 18 and 12 respectively). 

SC2 
Figure 4.51 (a) and (b) show the improvement in performance of the 

due to PtAl coating in the three hot corrosion environments, particularly 
at 900'C in the 500vpm. S02 gas. Less damage was observed in those samples 
exposed in the enviromnent with HCI addition at both temperatures. Features 
of the coating can be seen in Figure 4.36 (photomicrographs 3,9,15) for 
700'C and in Figure 4.37 (photomicrograph 6,12 and 18) for 900'C. 

Figure 4.52 (a) and (b) show the results for uncoated SC2 in identical 
conditions at 700 and 900'C respectively. The hot corrosion attack of CMSX4 
increased considerably in the three environments at 900'C. At both 
temperatures, the least aggressive environment was the 50vpm S02/500vpm 
HCI gas. Typical type I hot corrosion, internal oxidation/sulphidation, was 
observed at 9001C (Figure 4.39 photornicrographs 6,12,18) and internal 
attack was also observed at 7001C in the sample exposed in the HCI addition 
environment (as seen in Figure 4.38, photomicrograph 15). 

Figure 4.53 (a) and (b) show the results for the PtAl coated CMSX-4 at 
700 and 900'C respectively. At both temperatures, the PtAl/CMSX-4 system 
was more sensitive in the 50vpm S02 gas; however, a significant improvement 
can be appreciated in (b) at 9001C in the two corrosive environments, due the 
PtAl coating. Typical type II hot corrosion morphology can be seen in Figure 
4.40, photomicrograph 3, but not in photomicrograph 15, also at 700'C. 
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At 9001C, the coating is practically intact, as seen in Figure 4.41, 
photomicrographs 6 and 18. For uncoated SC2 with a deposition flux of 
5[tg/cm2/h, Figure 4.54 (a) shows a clear effect of a high concentration of S02 
(500vpm), with much less damage from a low concentration Of S02 (50VPM)- 
The mixture of S02+HCI (50/500vpm) gas showed a slightly higher value of 
sound metal loss due to the extent of internal attack. 

The distinct morphological characteristics may be appreciated in Figure 
4.34, photomicrographs 2,8 and 14. Comparing the differences in morphology 
between the uncoated SC2 exposed at 700 and 900'C (Figure 4.54 (a) and (b)), 
there is an enormous increase in metal loss with internal attack in general but, 
especially, at the higher S02 concentration. This effect is shown in the 
micrographs in Figure 4.35 (photomicrographs 5,11 and 17) where 
sulphidation in the alloy can also be seen. At 900'C, the low S02 gas 
concentration resulted in better performance in the presence of HCL 

SC2 with PtAl coating exposed at 700'C was more resistant and had 
less sensitivity towards S02, in particular, as seen for the high gas 
concentration (Figure 4.55 (a)). A similar effect was observed at 9000C 
(Figure 4.55 (b)), although little protective coating was left after exposure in 
the 500vpm. S02 environment. Figure 4.36 (photomicrographs 2,8,14) and 
Figure 4.37 (photomicrographs 5,11 and 17) present the features of such 
attack for 700 and 900' C respectively. 

In comparison with CMSX4, the uncoated SC2 is, in general terms, less 
sensitive to the effect of the gaseous environment at 7000C (Figure 4.54 (a) vs. 
Figure 4.56 (a)). The 500 vpm S02 environment is the most damaging for the 
uncoated CMSX4. The least damaging environment is the low S02 in 
combination with HCL These two materials at 900'C have reverse sensitivities 
from that at 700'C: i. e. the CMSX4 is less attacked at the high S02 
concentration than the SC2 which corrodes at approximately three times the 
rate of CMSX4, in terms of sound metal loss, i. e. section loss and internal 
sulphidation. In the 50vpm S02/500vpm HCl gas, SC2 is more resistant to 
attack (Figure 4.54 (b) vs. Figure 4.56 (b)). An interesting change in 
morphologies is observed on comparing Figure 4.34 with Figure 4.38 and 
Figure 4.35 with Figure 4.39. 

The PtAl coating on CMSX-4 provides some protection at both 
temperatures (700 and 900'C) (Figure 4.57 (a) and (b)). The coating provides 
good protection in the 50 vpm S02/500 vpm. HCI environment at both 7001C 
and 9001C. The PtAl coating performs better on SC2 , as can be seen in Figure 
4.55 (a) vs. Figure 4.57 (a). 
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Figure 4.58 shows the effect of the three gas compositions with a flux 
SC2 of 15pg/cm2/h on uncoated at 700'C (a) and 9001C (b). The greater effect 

was for the material exposed at 900'C in the three different environments. 
Catastrophic corrosion is observed for the SC2 in the 500vpm S02 gas. 

The resulting morphology can be seen in Figure 4.35 
(photomicrographs 4,10,16) and, for the uncoated SC', at 7000C in Figure 
4.34 (photomicrographs 1,7 and 13). Less damage was observed in the PtAl- 
coated material at both temperatures, except in that exposed in the 50vpm S02 
gas at 700'C. The resulting morphologies can be seen in Figure 4.36 
(photomicrographs 1,7,13) and in Figure 4.37 (photomicrographs 4,10 and 
16). 

The results for uncoated CMSX4 can be seen in Figure 4.60 (a) and (b). 
It can be seen that this material is very sensitive in the 500vpm S02 
enviromnent in both temperatures, but notably at 900'C. At 900'C, 
catastrophic sulphidation/oxidation damage is also observed for the uncoated 
CMSX4 in the 50vpm S02 gas and deep internal damage for the material 
exposed in the gas with the HCI addition. These results can also be seen in 
Figure 4.39 (photomicrographs 4,10,16) and, for 700'C, in Figure 4.38 
(photomicrographs 1,7 and 13). 

Results from the PtAl-coated CMSX4 at 700'C, Figure 4.61 (a) and (b), 
show no improvement in any environment compared with the uncoated 
material; even in the 50vpm S02/500vpm HCI environment the coating was 
consumed (Figure 4.40 photomicrograph 13); however, at 9001C, a huge 
improvement is seen in the 50vpmSO2/500vpm HCI environment. 

In the 50vprn S02 environment at 900'C, some coating was left and in 
that same environment at 700'C, the coating was penetrated and the alloy was 
attacked locally; such features can be seen in Figure 4.41 (photomicrograph 4) 
and Figure 4.40 (photomicrograph 1) respectively. 
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a) Uncoated SC2,80/20 (Na/K)2SO4, flux 1.5ýLg/cm2/h at 700"C. 
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Figure 4.50: Change in sound metal as a function of the probability damage under 
different gas composition and deposit flux of 1.5pg/cm2/h for uncoated SC2 at (a) 7000C and (b) 
9000C after 500h exposure. 
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PtAl Coated SC2 , 80/20 (Na/K)2SO41 flUX 1.5ýLg/cm% at 700*C. 
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Figure 4.51: Change in sound metal as a function of the probability damage under 
different gas composition and deposit flux of 1.5#g/cm 2 /h for PtAl coated SC2 at (a) 700'C and 
(b) 900*C after 500h exposure. 
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Uncoated CMSX-4,80/20 (Na/K)2SO4, flux 1.5 pglcm 2 /h at 700*C. 
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Figure 4.52: Change in sound metal as a function of the probability damage under 
different gas composition and deposit flux of 1.51tg/cm2/h for uncoated CMSX4 at (a) 7000C and 
(b) 9000C after 500h exposure. 
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a) PtAl Coated CMSX4,80/20 (Na/K), S041 flUX 1.5pg/cm2/h at 700"C. 
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Figure 4.53: Change in sound metal as a function of the probability damage under 
different gas Composition and deposit flux of 1.51tgtcm 2 Ih for PtAl coated CMSX4 at (a) 700'C 
and (b) 9000C after 500h exposure. 
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Uncoated SC 2,80/20 (Na/K)2S04. flux 5 gg/cm2/h at 7000C. 
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Figure 4.54: Change in sound metal as a function of the probability damage under 
different gas composition and deposit flux of 511g1cm2/h for uncoated SC2 at 7000C (a) and 
9000C (b) after 500h exposure. 
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a) PLAI Coated Se, 80/20 (Na/K), SO,, flux 5pg/cm 2 /h at 700*C. 
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Figure 4.55: Change in sound metal as a function of the probability damage under 
different gas composition and deposit flux of 5pg/cm2/h for PtAl coated SC2 at (a) 700"C and (b 
9000C) after 500h exposure. 
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Uncoated OVtSX4, M (NM2SO4, flux Spgbihl at 7WC 
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Figure 4.56: Change in sound metal as a function of the probability damage under 
different gas composition and deposit flux of 5jtg/cm2/h for uncoated CMSX4 at (a) 70011C and 
(b) 9000C after 500h exposure. 
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PtAl Coated CMSX-4,80/20 (Na/K)2SO41 flux 5pgtcm 2 /h at 700'C. 
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b) PtAl Coated CMSX-4,80/20 (Na/K)2SO 41 flux 5gm/cm2/h at 9000C. 
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Figure 4.57: Change in sound metal as a function of the probability damage under 
different gas composition and deposit flux of 5ttg/cm2/h for PtAl coated CMSX4 at (a) 700*C (b) 
and 9000C after 500h exposure. 
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Figure 4.58: Change in sound metal as a function of the probability damage under 
different gas composition and deposit flux of 15pg/cm2/h for uncoated SC2 at (a) 7000C and (b) 
9000C after 500h exposure. 
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PtAl Coated SC2,80/20 (Na/K)2SO41 flUX 15gglcm2/h at 700*C. 
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b) PtAl Coated SC2,80/20 (Na/K)2SO41 flUX 15pg/cm2/h at 900*C. 
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Figure 4.59: Change In sound metal as a function of the probability damage under 
different gas composition and deposit flux of 15pg1cm2/h for PtAl coated SC2 at (a) 7000C and 
(b) 900"C after 500h exposure. 
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a) Uncoated CMSX-4,80/20 (Na/K)2SO41 flUX 15pg/cm2/h at 700"C. 
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Figure 4.60: Change in sound metal as a function of the probability damage under 
different gas composition and deposit flux of 15, ug/cm 2/h for uncoated CMSX4 at (a) 700*C and 
(b) 90011C after 500h exposure. 
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PtAl Coated CMSX-4,80/20 (Na/K)2SO41 flUX 15pg/cm2/hat7OO"C. 
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Figure 4.61: Change in sound metal as a function of the probability damage under 
different gas composition and deposit flux of 15pg/cm2/h for PtAl coated CMSX4 at (a) 700*C 
and (b) 90011C after 500h exposure. 
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4.4.2.2 Sensitivity to deposition flux 

For both single crystal superalloys, CMSX-4 and SC2, the influence of 
varying the deposition flux in the range of 1.5,5 and 15 fig/cm2/h for 4/1 
(Na/K)2SO4, has been also studied. Figure 4.62 to Figure 4.64 illustrate the 
effects observed during exposure in gas with the highest level Of S02 (500 
vpm) at 700 and 900'C. The hot corrosion of uncoated SC2 is strongly 
dependent on the deposit flux; this affects corrosion damage significantly 
more at 9001C than 7001C. At 900'C, hot corrosion damage, up to 2800gin 
after 500h, has been measured. However, at 7001C, the damage (in this case 
type 11 pitting) only reached 150pm in the 500h exposure for otherwise 
identical test conditions (80/20 (Na, K)2 S04 at a deposition rate of 
15[tm/cm2/h in an air-500 vpm SO, environment). This effect may be seen in 
Figure 4.62 (a), (b) and visually appreciated in Figure 4.34 (photomicrographs 
7,8,9) and Figure 4.3 5 (photomicrographs 10,11 and 12). A similar trend is 
observed at both temperatures for PtAl-coated SC2 , Figure 4.63 (a) and (b). 
The coating provides protection and gives an improvement in the general 
corrosion damage at 7001C. However, for the medium and high deposit fluxes, 
the coating has practically been destroyed at 900'C; only small areas of the 
surface have remnants of the PtAl coating, approximately 5-8% of the surface 
area, depending on the deposition flux. Examples of this level of damage are 
given in Figure 4.36 and Figure 4.37. 

The uncoated CMSX4 at 7001C was more affected than the uncoated 
SC2 (Figure 4.62 (a) vs. Figure 4.64 (a)). At 900'C, SC2 was the more 
sensitive material (Figure 4.62 (b) vs. Figure 4.64(b)), with the extent of attack 
being 3x that of CMSX4 (excluding the lowest deposit flux). At both 700 and 
9000C for uncoated CMSX4, the observation of increasing corrosion damage 
with deposit flux, is clear (see Figure 4.62 and Figure 4.64), although this is 
not visually evident in Figure 4.38. 

Figure 4.65 to Figure 4.68 illustrate the effects observed during 
exposure in the 

2 
lowest S02 (50 vpm) gas at 700 and 900'C. The hot corrosion 

of uncoated SC is quite uniform for each of the three deposition fluxes (1.5,5 
and 15pg/cm2/h), with between zero and 50pm of damage. However, the 
dependency on the deposition flux is clear and slightly more damage can be 
seen with increasing deposition flux (Figure 4.65(a)). For uncoated SC2 at 
9000C, under the same test conditions as at 7000C, hot corrosion damage 
increased for the three deposit fluxes, up to -500pm for the 15pg/cm2/h 
concentration (Figure 4.65 (b)). This tendency can be seen in Figure 4.34 
(photomicrographs 1,2 and 3) for 700'C and in Figure 4.35 (photomicrograph 
4,5 and 6) for 900'C. 
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The PtAl-coated Se showed only a little improvement at 700'C, with 
the 1.5 and 5 ýtg/=2/h deposition fluxes. However, a huge improvement can 
be seen at 9001C; for example, for 15p/cm2/h flux, the depth of hot corrosion 
damage is decreased from -500ýLrn when uncoated to -20pm. Morphologies 
of the PtAl coating on SC2 can be seen in Figure 4.36 (photomicrographs 1,2, 
3) for 700'C and in Figure 4.37 (photomicrographs 4,5 and 6) for 9000C. The 
uncoated CMSX4 under identical test conditions to uncoated SC2 at 700 and 
900'C was more sensitive to the 50vpm S02 environment. It can be observed 
in Figure 4.67 (a) and (b) that the extent of hot corrosion increases with 
deposit flux concentration, with a gap between the 1.5pg/cm2/h trend and the 5 
and 15pg/cm2/h trends. These results are not evident at first sight at 700'C in 
Figure 4.38 (photomicrographs 1,2 and 3), but they are in the hot corrosion 
morphology in Figure 4.39 at 9000C. 

The performance of the RAI coating on CMSX4 is shown in Figure 
4.68 (a) at 700'C and (b) at 900'C. At 700'C, the PtAl coating only improved 
the performance of the CMSX4 with a deposit flux of 5pg/cm2/h; at the 
15pg/cm2/h deposit flux, the coating was penetrated, damaging the alloy. At 
9001C, an improvement can be seen for all the deposit flux concentrations; at 
both temperatures, the tendency of more damage with more deposit flux is 
observed and can be seen in Figure 4.40 (photomicrograph 1,2,3) and in 
Figure 4.41 (photomicrographs 4,5 and 6). 

Figure 4.59 to Figure 4.72 show the effects observed during exposure 
in 50vpm S02 plus 500vpm HCI gas at 700 and 9000C. The three different 
deposit concentrations were more corrosive at 9000C (up to -200[im of metal 

N2 loss) than at 7001C (up to-60pm). The dependency of the uncoated SC on 
deposition fluxes is very, clear at 7000C in Figure 4.69 (a), whereas, at 900'C, 
apparently the 5pg/cm /h flux had slightly less effect that the 1.5jtg/cmý/h 
deposit flux, Figure 4.69 (b). Typical type I internal damage is observed at 
9001C, but the internal damage has a different appearance compared to that 
observed on those samples exposed at 7001C. These results can be seen in 
Figure 4.34 (photomicrographs 13,14,15) and in Figure 4.35 
(photomicrographs. 16,17 and 18). 

A significant improvement in performance is appreciable when the SC2 
is PtAl coated: at 700'C, hot corrosion damage was reduced for the three 
deposition fluxes to <-101tm of metal loss; at 900'C, the damage was reduced 
to -Opm. The coating mode of damage can be seen in Figure 4.36 with 
internal damage at 7000C, (photomicrographs 13,14,15) and in Figure 4.37 
(photomicrographs 16,17 and 18) for 9000C with internal damage only in that 
sample for 15pg/cm2/h deposit flux. 
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The uncoated CMSX-4 also showed a strong dependency on deposition 
flux both at 700 and 900'C Figure 4.71 (a) and (b). The greater damage was 
observed for the deposition fluxes at 9000C, up to -550pm of metal loss for 
the 15pg/cm2/h. Internal damage is observed not only in those samples 
exposed at 900'C, but also in those exposed at 700'C. Morphologies of this 
damage can be seen in Figure 4.38 (photomicrographs 13,14,15) and in 
Figure 4.39 (photomicrographs 16,17 and 18). 

No protection was observed for the PtAl-coated CMSX4 at 7001C, 
especially with the 15pg/cm2/h deposit flux (as shown in Figure 4.72 (a)) since 
the coating was consumed. However, at 900'C, Figure 4.72 (b), the PtAl 
coating was more protective, particularly at the 15pg/cm2/h deposit flux with 
an improvement of up to -470pm of metal loss. Coating damage 
morphologies can be seen in Figure 4.40, showing the internal damage at 
7001C in the HCI-containing environment (photomicrographs 13,14,15) and 
in Figure 4.41 (photomicrographs 16,17 and 18) with internal damage in the 
sample exposed with a deposition flux of l5pg/cm2/h at 900'C. 
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a) Uncoated SC2,80/20 (Na/K)2SO4 in 500 S02 at 700'C. 
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Figure 4.62: Change in sound metal as a function of the probability damage under 
different flux concentration for uncoated SC2 in 500vpni S02 at (a) 7001C and (b) 9000C after 
500h exposure. 
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a) RAI Coated SC2,80/20 (Na/K)2SOin 500 S02 at 7000 C. 
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b) RAI Coated SC2,80/20 (Na/K), S04 in 500 S02 at 9000 C. 
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Figure 4.63: Change in sound metal as a function of the probability damage under 
different flux concentration for PtAl coated SC2 in 500vpm S02 at (a) 7000C and (b) 9001C after 
500h exposure. 
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Figure 4.64: Change in sound metal as a function of the probability damage under 
different flux concentration for uncoated CMSX4 in 500vpm S02 at (a) 7000C and (b) 9000C 
after 500h exposure. 
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Uncoated SC2,80/20 (Na/K), S04 in 50vpm SO, at 700'C. 
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Figure 4.65: Change in sound metal as a function of the probability damage under 
different flux concentration for uncoated SC2 in 50vpm S02 at (a) 700*C and (b) 900*C after 
500h exposure. 
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a) PtAl Coated SC2 80/20 (Na/K)2S)4 in 50vpm S02 at 700'C. 
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Figure 4.66: Change in sound metal as a function of the probability damage under 
different flux concentration for PtAl coated SC2 in 50vpm S02 at (a) 7000C and (b) 9000C after 
500h exposure. 
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Uncoatcd CMSX4,80/20 (Na/K)2SO4 in 50vpm SO, at 700'C. 
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Figure 4.67: Change in sound metal as a function of the probability damage under 
different flux concentration for uncoated CMSX4 in 5OvPm S02 at (a), 700"C and (b) 9000C 
after 500h exposure. 
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a) PtAl Coated CMSX-4,80/20 (Na/K)2SO4 in 50vpm S02 at 700'C. 
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Figure 4.68: Change in sound metal as a function of the probability damage under 
different flux concentration for PtAl coated CMSX4 in 50vpm S02 at (a) 700*C and (b) 900'C 
after 500h exposure. 
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a) Uncoated SC2,80/20 (Na/K)2 SO, in 50vpm SOý500vprn HCI at 7000C. 
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Figure 4.69: Change in sound metal as a function of the probability damage under 
different flux concentration for uncoated SO in 50vpm S02/500VPM IICI at (a) 7000C and (b) 
9000C after 500h exposure. 

155 



a) PtAl Coated SC2,80/20 (Na/K), SO4 in 50vpm SOJ500vpm HCI at 700T. 
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Figure 4.70: Cbange in sound metal as a function of the probability damage under 
different flux concentration for PtAl coated SC2 in 50vpm S02/500 vpm HCI at (a) 7001C and 
(b) 900"C after 500h exposure. 

156 



a) Uncoated CMSX4,80/20 (Na/K)2SO4 in 50vpm SOý500vprn HCI at 7000C. 
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Figure 4.71: Change in sound metal as a function of the probability damage under 
different flux concentration for uncoated CMSX4 in 50vpm S02/500vpm IICI at (a) 7000C and 
(b) 9000C after 500h exposure. 
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a) PtAl CMSX4 Coated, 80/20(Na/K), S04 in 50vpm SOJ500vpm HCI at 700'C. 
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b)PtAl CMSX4 Coated, 80/20(Na/K), SO, in 50vpm SOý500vprn HCI at 900'C. 
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Figure 4.72: Change in sound metal as a function of the probability damage under 
different flux concentration for PtAl coated CMSX4 in 50vpm S02/500 vpm HCI at (a) 700'C 
and (b) 9001C after 500h exposure. 
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5 Discussion 

5.1 Introduction 

Industrial gas turbines are being developed to be used at higher firing 
temperatures and pressures to increase the efficiency of power generation (as 
explained in sections 2.1 and 2.2). The requirements for materials in the hot 
gas paths of gas turbine are very demanding; in particular the vane and blade 
materials for the hot combustion gas paths must give acceptable and 
predictable in-service lifetimes. Hot corrosion of turbine materials can occur 
very rapidly and can be an important life limiting factor. For hot corrosion to 
occur, a liquid (usually sulphate) deposit is required on the surface of 
components. The formation of these deposits depends on the presence of trace 
alkali, or other metal, species (e. g. sodium compounds) in the gas streams as 
well as other reactive gas species (e. g. sulphur dioxide (SO2), sulphur trioxide 
(SOA, HQ. 

To explain the rates of corrosion, in 1979 a hot corrosion degradation 
sequence was proposed by Giggins and Petit in their Unified Theory [61] 
which remains true to this day. The basis for this theory is that hot corrosion 
data appear to indicate two stages of attack: an initial stage (initiation or 
incubation) during which the growth and dissolution of the protective oxide 
layer occurs and formation of deposits takes place and a second stage 
(propagation) where the attack rate increases considerably. The incubation 
stage can vary from seconds to thousands of hours and a number of factors 
have been identified upon which this phenomenon depends that are related to 
the service conditions, material composition and design. 

1. Factors related to service conditions: 
0 Temperature (hot corrosion is a characteristic degradation 

mechanism in gas turbines in the metal temperature range of 600 to 9500C in a 
given environment). 

* Gas composition and pressure (influence both the initiation and 
propagation mechanisms of hot corrosion attack, e. g. S03 presence). 

0 Deposit composition (two effects: one effect occurs because the 
deposit transforms from solid to liquid with compositional changes and 
another effect involves changes in the mechanism of the hot corrosion attack). 

e Deposition flux (effect varies within the corrosion mechanism and 
flux level). 
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0 Other factors include thennal cycles, physical state of the salts, 
erosion and gas velocity. 

2. Factors related to the material and design are: 
* Alloy composition (the length of the initiation stage can vary due to 

the aluminiurn content of nickel-chromium-aluminium or cobalt-chromium- 
aluminium alloys). 

e Microstructural (the presence and/or removal of grain boundaries, 
e. g. in a single crystal superalloy) 

9 Geometry of the component (it is common to observe scale spalling 
at sharp angles of components) 

* Other factors such as alloy fabrication conditions and methods. 

Two general types of hot corrosion in gas turbine environments have 
been identified to date: Type I hot corrosion at - 750-900'C and Type II hot 
corrosion at - 600-800'C. Similar types of materials degradation can be 
expected in gas turbines using solid-derived fuels. The contaminant species of 
particular interest for corrosive degradation are those containing sulphur, 
chlorine, alkali metals (i. e. sodium and potassium) and other trace metals (e. g. 
lead). The levels of these contaminants are significantly different in the 
various potential solid fuels. 

During the past approximately 40 years, efforts have been made to 

extend the incubation period of the material systems used in industrial gas 
turbines for power generation (development of new suPeralloys, coatings, 
surface treatments, etc. ). As a part of these efforts, predicting the service life 

of new and known materials/coatings systems has become a relevant issue in 
the development of materials for power generation. In order to make precise 
prediction models, it is necessary to review the factors influencing the context 
and the material systems performance. Hence, this chapter discusses 
individually the corrosive effects of some of the factors related to service 
conditions of a gas turbine (i. e. deposition fluxes, deposit composition, 
temperature and gas composition) and those factors related to vane and blade 
materials and design (i. e. alloy composition and microstructure) on the 
initiation/incubation and propagation stages of the hot corrosion degradation 
sequence of the new single crystal superalloy SC2, the already in use CMSX4 
and the corrosion resistant IN738LC (as a reference), both uncoated and PtAl- 
coated. 

The material performance data in terms of metal loss have been 
statistically interpreted in section 4.4 for each material system (alloy/coating) 
and form the basis for the development of corrosion models for platinum- 
aluminide coated/uncoated CMSX4 and SC2 single crystals superalloys. 
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5.2 Effect of Varying Deposit Flux in Different 
Hot Corrosion Environments 

As previously mentioned, among the factors that influence the 
incubation/propagation transition is the time of exposure (and thermal 
cycling); research on how this factor affects the hot corrosion of nickel-based 
superalloys has been carried out in the past. It has been observed for the alloy 
IN738LC, that up to 200h of exposure, there is low uniform dam 
indicating an incubation time for the develODment of the g ýam eat low 

'we ýg. -v'-"at a higher flux (e. g. 5pjic_m_"2; ý), djp_o`sitiorfl_ux-_ý_. j, 5p PK'ifo - er, : iýý 
the same uniform distribution of corrosion damage developing around the 
samples is observed, but in this case, from the start of the exposure, leaving no 
evidence of an incubation period [71]. Therefore, for IN738LC, with a 
deposition flux between 1.5 and 5pg/cm2/h, the transition from incubation to 
propagation commences before 200h of exposure. 

The corrosion damage levels were only measured are after 500h of 
exposure and therefore, no incubation periods could be seen. However, 
information on the incubation periods for the materials tested in this study can 
be deduced as a function of time from the mass change data presented in 
section 4.2. Approximate incubation times for all the materials/conditions 
tested are summarised in Table 5.5 and Table 5.6 in this chapter. By way of 
example for the uncoated CMSX4 material with a low deposit flux 
(1.5pg/cm2/11) at 700'C in 50vpmSO2/500vpm HCI environment (Figure 4.17) 
and in 50vpmSO2gas (Figure 4.18), an incubation period of no greater 50h 
can be seen. Slightly longer incubation periods are observed for SC2 (no 
greater 100h) in the same corrosive environments (Figure 4.23 and Figure 
4.24). As seen in the mass change data, incubation periods can be extended as 
a function of time by the application of coatings, in this study, the 
platinum/aluminium. diffusion coating, the performance of which is discussed 
further in section 5.6. 

Little research has been carried out to investigate the effect of changing 
or single crystal superalloys. However, f the deposition flux f g, _OepqndencC_0 

corrosion-rate on the deposition flux has been observed in previous work for 
the nickel-based suppralloy, IN738LC [71]. This dependence has an 
approximately and consists of three distinct characteristic 
bchaviours: at low deposition fluxes (-0.25 to 1.5pg/cm2/h) low corrosion 
rates are observed; at intermediate deposition fluxes (- 5 to 15 pg/cm 2/h), 
much faster corrosion rates are found, with a dependence on deposit flux close 
to linear, the "flux limited hot corrosion regime"; and, at high deposition 
fluxes (>15pg/cm2/h), a thick scale/deposit layer is found which effectively 
creates a buried-in-ash scenario and slightly reduces the corrosion rate with 
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Further increases in flux. Despite IN7381, C superalloy being a hot corrosion 
resistant superalloy, similar behaviour was observed for the two single crystal 
superalloys examined in this study, i. e. of the three distinct types ofbehaviour, 

, 
iinc- under tile they appear to fit into the "flux limited hot corrosion rcg 

conditions tested in this study, but with higher corrosion rates thau IN7391, C; 
this is possibly due to the different alloy compositions and/or nlicrostructures, 
subjects that are discussed in section 5.4. 

The effect of changing fluxes can be appreciated on specimens at first 
sight, as seen on the sets of photographs shown in Figure 5.1 For uncoated SC 2 

samples recoated with the 90/20 (Na/K)2 S04 solution. The pictures show an 
unexposed reference sample and samples coated with a low deposition flux 
(1.5 ýtg/CM2 /h), an intermediate deposition IlLix (5Vg/crn 2/11) and a high 
deposition flux (15 ýIg/CM2 /h) exposed in air-500vprn SO, at temperatures of 
(a) 700'C and (b) 900'C after 500h of exposure and before being 
metal lographical ly processed (the appearance of all samples tested was 
documented in such photo-sets). 

a) 

h 

'UI 
Figure 5-1: DO-1posit 80/20 (Na/K)2 S04 from an unexposed reference sample to low 

M2 flux (z; pg/CM2 deposition flux (1.51tg/c /h), an intermediate deposition /h) and a high deposition 
flux (15lig/em 2 /h) on uncoated SC2, in WVPM S02 at temperatures of (a) 7000C and (b) 9000C. 
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The corrosion damage of these uncoated single crystal superalloys, SC2 
and CMSX4, has been surnmarized in Figure 5.2 to Figure 5.5 by selecting a 
particular probability level of confidence (4% chance of being exceeded) firorn 
the ordered sound metal loss data presented in section 4.4. These illustrate the 
effects of varying the deposition flux of 80/20(Na/K)2SO4 from a low 
deposition flux (1.5pg/cm 2 /h), to an intermediate deposition flux (5pg/cn, 2 /h) 
and then a high deposition flux (15[tg/cn, 2 /h) with changes in the various 
environmental parameters for three different SO-, and I ICI concentrations (50 
VPM S02,500vpm SO, and 50vpi-n SO-, /500 vpm HCI) at temperatures ot'700 
and 900'C. 

The performance Of Uncoated SC2 is presented in FiPUre 5.2 For the 
700'C test conditions and shows the effect of the three different deposition 
fluxes, (1.5,5 and 15 ýtg /CM2 /h) of 80/20 (Na/K)2SO4 in terms of sound metal 
loss with a 4% probability of being exceeded, after 500 hours in three different 

gas compositions (air-50vpin SO-,, 500vpm SO, and 50vpm SO, /'500vpIII 
HCI). Uncoated SC2 has corroded with a power law dependence on deposition 
flux, following an approximately straight line when plottcd on a log ax Is when 
the flux deposit is increased from the lowest value, 1.5 Vg/CM2/11. to the 
intermediate value, 5ýtg/cni 2 /h and then to the hip ý )ICI, 12111. , 

hest value, 15 g 
Little increase in damage from flux to flux was seen in the line for the 50vpin 
SO-, /500FICI environment (only 4pm and 8[im respectively), still following a 
straight line but with a small gradient; this decrease in the total gradient could 
be due to changes in the gas composition, i. e. I ICI addition on the 
correspondent environment; these effects are discussed in section 5.5 of this 
chapter. The hot corrosion damage seems to be lower only at the 1.5 pg/cni 2/1, 
flux with no I-ICI. 

Changes in flux concentrations also have repercussions ill tile resulting 
damage morphologies, as can be seen in Figure 4.34 by comparing vcl-tically 
the sets of photomicrographs 1,2 and 3; 7,8 and 9,13,14 and 15, \\, here a 
progression ofminor to nlajor damage is seen due to the increase in deposition 
flux. This effect confirms the belief that some hot corrosion inechall 1 sills tire 
not self-sustaining and. therel'ore, tile greater in the salt present, the grcatcr is 

the attack. The salt reaches certain compositions, fornied at tile salt-alloy 
interface. by modifications of the as-depositcd salt as a result of'reaction vvith 
the alloy [61]. Typical hot corrosion type 11 morphologies call be apprcc lilt ed 
in the photomicrographs I and 8 (Figure 4.34). However. tile addition off ICI 
to the 50vpm S02 gas appcars to suppress the typical pitting damage and leads 

to a broader 4ront attack, with some internal darnage. This call be seen Ill 
photomicrographs 13,14 and 15 (Figure 4.34). Photomicrographs 1,7 and 13 

show the characteristic thick scale/deposit that resulted from a high deposit 
flux (15 ýtg/CM2 /h). 
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Figure 5.3 shows the performance of uncoated SC2 under the same test 
conditions as Figure 5.2 but at 900' C. Compared to the 7000C results, similar 
trends in behaviour were observed for the uncoated SC2 at 9000C regarding 
sensitivity to deposition flux but the corrosion rates are much more severe 
(except the gradient from the 50vpmSO21500vpm HCI environment with a 
deposit flux of 5pg/cm2/h, which showed a lower level of attack). The 
sensitivity of this uncoated single crystal material increases more significantly 
at 900'C than at 7000C for the three different hot corrosion environments. 
Very high corrosion rates, representing catastrophic hot corrosion, are 
observed with the intermediate and high deposit fluxes in the 500vpm S02 
gas, the most aggressive environment (Figure 4.35, photornicrographs 10 and 
11). Typical type I hot corrosion involving, internal oxidation/sulphidation 
damage is evident in all photomicrographs in Figure 4.35. Trends of 
increasing damage with increasing flux deposition can be seen by comparing 
vertically photomicrographs 4,5 and 6; 10,11 and 12; and 16,17 and 18 
(Figure 4.35). 

Figure 5.4 shows the effect of deposition flux of 80/20 (Na/K)2 S04 on 
the hot corrosion performance of uncoated CMSX-4 in terms of sound metal 
loss (with a 4% probability of being exceeded) after exposure at 700'C in the 
range of different gas compositions. This material shows practically the same 
corrosion rate with the 1.5[tg/crn2/h flux (only 2[trn of metal loss difference) in 
the low S02/HCl environments. Increasing to the intermediate deposition flux, 
5pg/cm2/h, corrosion increased rapidly, especially in the 500VPM S02 

environment. In the 50vpm S02 environment, the corrosion damage continues 
to increase, but more slowly, on increasing the deposit flux. However, with 
increasing flux in the 50vpm S02/500vpm HCI gas to 15 [Ig/CM2 Ah, the damage 

slightly decreases (4ýLm). This effect could be due to rapid formation of a thick 
scale/deposit layer which could reduce the corrosion rate at/after this particular 
flux concentration by burying the metal in a thick corrosion deposit [71]). This 

scale/deposit can be seen in Figure 4.38, photomicrograph 13, good examples 
of this effect can be seen in same figure in photomicrographs I and 7. 

Figure 5.5 shows the effect of deposition flux for 80/20 (Na/K)2SO4 on 
the hot corrosion performance of uncoated CMSX-4 in terms of sound metal 
loss (with a 4% probability of being exceeded) after exposure at 900'C in the 
three different gas compositions. By comparing with Figure 5.4, the effect of 
changing temperature on the uncoated CMSX4 can be seen; clearly, at 900'C, 
this material is more sensitive than at 7000C and catastrophic corrosion was 
observed on those samples exposed in 500vpm S02 gas (Figure 4.39 photos 
10,11,12) and deep internal damage in 50vpm S02/500 vpm HCI gas with 
flux of 15[tg/crrý/h (Figure 4.39 photo 16). As well as at 700T, in the 50vpm 
S02 environment, the damage seems to be slightly more than in the other two 
environments when deposits are in the range of 1.5 and 5pg/cm2/h but, with a 
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deposit flux of 15ptg/cm2/h, damage seem have stabilised (33ptm of 
difference). Comparing the uncoated single crystals superalloys, CMSX-4 
with SC2 under the same tests conditions at 700'C (Figure 5.4 vs. Figure 5.2), 
in general, CMSX4 appears to have higher corrosion rates, whereas at 9001C, 
(Figure 5.5 vs. Figure 5.3) uncoated SC2 is much more sensitive than CMSX4, 
showing excessive corrosion rates. 

Uncoated SC2 at 7001T 
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Figure 5.2: Effect of deposition flux of 80/20 (Na/K)2S04 on the hot corrosion 
performance of uncoated SC2 in terms of sound metal loss (with a 4% probability of being 
exceeded) after 500h of exposure at 700*C in a range of different gas composition. 
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Figure 5.3: Effect of deposition flux of 80/20 (Wlý)2S% On the hot corrosion 
performance of uncoated SC2 in terms of sound metal loss (with a 4% probability of being 
exceeded) after 500h exposure at 900'C in a range of different gas composition. 
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Uncoated CMSX-4 at 7000C 
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Figure 5.4: Effect of deposition flux of 80/20 (Na/k)2SO4 on the hot corrosion 
performance of uncoated CMSX-4 in terms of sound metal loss (with a 4% probability of being 
exceeded) after 500h exposure at 7000C in a range of different gas composition. 
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Figure 5.5: Effect of deposition flux of 80/20 (Nafl02SO4 on the hot corrosion 
performance of uncoated CMSX-4 in terms of sound metal loss (with a 4% probability of being 
exceeded) after 500h exposure at 900"C in a range of different gas composition. 
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5.3 Effect of Varying the Deposit Composition 

As explained in section 2.2, the environments found within the hot gas 
path of gas turbines depend on the contaminants present in the fuel and air 
entering the turbine. The levels of contaminants are different: fuel gases 
derived from coal, biomass and their mixes, release different contaminant 
levels of SO., HCI, Na, K, and of heavy metals such as Pb and Zn. 

This section compares the effects observed by changing the levels of 
such contaminants (e. g. Na, K and Pb) with a deposition flux of 15pg/cm2/h, 
on IN738LC and CMSX4, both platinum/aluminide coated and uncoated, in a 
lOOVPM S02/100vpm HCI environment at 7001C after 500h exposure for 
damage levels which have a 4% probability of being exceeded. The values 
obtained from the statistical analysis methods explained in sections 4.4, 
illustrate the comparative performance of these deposit compositions in the 
form of histograms in Figure 5.6 for comparison with the alkali solutions, 
(50150 (Na/K)2SO4 vs. 80/20 (Na/K)2SO4), and in Figure 5.7 for different 
levels of Pb; (50150 (Na/K)2SO4/PbCI2 vs. 80/20 (Na/K)2SO4/PbCI2)- 

In both figures, similar trends can be observed, both for the different 
concentrations within alkali solutions, and for the different Pb concentrations: 

* Damage is observed to be less for the 4: 1 concentration of alkali 
sulphate solutions, (80/20(Na/K)2SO4 and 80/20 (Na/K)2SO4/PbCI2), than for 
the 1: 1 concentration (50/50(Na/K)2SO4 and 50150 (Na/K)2SO4/PbCI2). 

* Uncoated CMSX4 is more sensitive to deposits than IN738LC. 
The four material systems tested were more sensitive to the alkali 

solution concentrations ratio than to the addition of lead (Figure 5.6 vs. Figure 
5.7). 

eA significant improvement was observed when these materials 
were PtAl-coated. 

The uncoated CMSX4 was more sensitive to changes in deposit 
compositions, possibly because this alloy was not originally designed to 
perform under 'dirty environments', but for aero-engines and, therefore, was 
intended to perform in cleaner environments, with different service-lives than 
land based gas turbines, (which are expected to run more continuously and 
with 'dirtier' hot gas environments). By comparing the chemical compositions 
of these two superalloys (see Table 2.2, section 2.3.2), significant differences 
can be seen: i. e., IN738LC contains practically ten times more Cr, known as 
an important element for corrosion resistance, for its capacity to form the auto- 
healing Cr2O3 layer. Low Cr concentrations will form external scales also 

are susceptible to the basic fluxing-mode o ýaack. V\ 

167 



Other elements (e. g. refractory metals, such as W and ta). are in higher 
concentrations in CMSX4 (given it was designed to perform with streligIth). 

As discussed in detail in the next section. tile oxidcs of' tungsten, 
molybdenum or vanadium can make the NaS04 too 11ý21d'C such that a 
different corrosion mechanism is possible, i. e. degradation via alloy-induced 
acid fluxing. This is a result of the oxides ofthe metals tungsten. molybdenum 
and vanadium dissolving into the Na2SO4 to form tungstates. molybdates and 
vanadates, and displacing some S03 from tile Na, S04- 

Both alkali solutions (50/50 and 80/20 Na-, S04) causcd niorc damage to 
the four materials systems than lead-containing soluti iIa ry jons. PbC12 I IS VC 
low melting point (4970C) and may have I higher vapour pressure at the test 
temperature, leading to a gradual loss of' lead and so, e1'1cct1\ClY. giving a 
lower deposition flux to react with the samples. It is bchevcd that tile 
50/50(Na/K)2SO4 concentration had more etl'cct than the 80/20 concentration, 
because increasing the K level changes the nielting point and so \\III change 
the solubility of gas phase species in the inelt. 

To compare the morphologies of the samples tested at 700'C for 

various alkali levels, as illustrated in Figure 5.6, compare photoinicrographs 2 

vs. 6 in: Figure 4.30 for uncoated IN7381. C, Figure 4.31 (or PtAl-coated 
IN7381-C, Figure 4.32 for uncoated CMSX4 and Figure 4.33 lor PtAl-coatcd 
CMSX4. To compare the morphology of' the samples at 700'C tested in tile 
Icad-containing salts, as illustrated in Figure 5.7, compare photonlicrographs 4 

vs. 7 in Figure 4.30 for uncoated IN7381, C, Figure 4.31 for PtAl-coated 
IN7381, C, Figure 4.32 for uncoated CMSX4 and Figure 4.33 l'or PtAl-coated 
CMSX4. 

Regardless of the lead content, the 50150 deposit compositions produce 
more damage, even in the reference material IN7381, C, the 80/70(Na/K004 
solution was applied lor stage 2 of the experimentation, since this is 

considered to be the standard solution for hot corrosion testing (near the 
eutectic cornposition). In order to define the propagation mode that took place 
in samples exposed to Icad-containing salts, SEM/EDX element distribution 
mapping was carried out on one sample of each uncoated material (IN7381, C 

and CMSX4). Such maps can be seen in Figure 5.8 and Figure 5.9. Figure 5.8. 

uncoated CMSX4 map, compares well with the type 11 hot corrosion element 
distributions reported in the literature (Figure 2.26 in section 2.5-5): 

0 There is a NiO-rich layer close to the deposit/corrosion product 
Surface 

40 The reaction products in the pit are rich in Cr and Al (a zone rich in 
Al is at the base ofthe pit) 

0 Cr and A] have transformed into chromia and alumina scalcs on the 
product surface. 

168 



Similar features are observed for uncoated IN738LC in Figure 5.8, 
although, M this alloy, a thin sulphur-rich layer has formed in the base of the 
pit and the Al-rich layer in the pit is not as dense as that for CMSX4. These 
characteristics are consistent with the samples having undergone a gas- 
induced hot corrosiori degradation mode. 
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Figure 5.6: Effect of var-, ing the Na and K concentration in the deposit composition oil 

materials exposed for 500 h at 700'C with a deposit flux of 1511g/cly, 2 /h in air-100%pin 
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Figure 5.8: Example of gas phase induced hot corrosion attack in uncoated CMSX4 
With l5fI9/cm'/h of 80/20 Na/K/lIb in IOOVPM So2/1()OVPnl IICI at 7000C aftei-5001i exposure. 
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5.4 Effect of Alloy Composition Different Hot 
Corrosion Environments 

Alloy composition is an important factor in the performance of material 
systems, since the concentration of every element will modify the alloy 
characteristics needed to deal with the environment in which the material is 
exposed. The element/quantity will define (together with the deposit/gas 
composition, and temperature) the length of the initiation period and the 
propagation degradation mode i. e. basic fluxing, alloy/gas-induced acid 
fluxing or sulphur-induced hot corrosion. As a result, alloy behaviour 
prediction and future alloy improvements can be carried out. 

The results shown in Figure 5.2, Figure 5.3, Figure 5.4 and Figure 5.5 
are useful to compare the performance of the two uncoated single crystal 
alloys tested in this study (i. e. SC2 VS. CMSX4), from the alloy composition 
point of view. From comparison of the uncoated materials under the same test 

, conditions (i. e. deposit flux and gas composition) at 7000C (Figure 5.4 vs. 
Figure 5.2), and at 9000C (Figure 5.5 vs. Figure 5.3), in general it is observed 
that CMSX4 has higher corrosion rates than SC2 . However, in the 500vPM 
S02 environment at 900'C, the SC2 is much -TRorq=sensitivte than the CMSX4 
in showing excessive corrosion rates. Since this is believed to be mainly an 
effect of the highS02 concentration,. it is discussed further in section 5.5 of 
this chapter. 

SC2 , 
in general, shows lower corrosion rates than CMSX4, but these are 

still high compared with the reference material, IN792, because every alloy 
has been designed to perform in different contexts; different chemical 
elements/concentrations are chosen to satisfy the requirements of such 
conditions. For example, since efficiency enhancement is normally achieved 
by increasing the -firing temperatures of the gas turbine, or reducing the level 

Xof cooling air required, the component temperatures are increased. Together 
with efficiency, the use of renewable sources of fuel gases, such as biogases 
and those derived from coal gasification, is desired (as explain in section 2.2); 

such fuel sources contain significant quantities of corrosive compounds. Thus, 
the single crystal SC2 was designed for use as turbine blade material with 
higher strength and corrosion resistance after consideration of these two main 
drivers. SC2 is a single crystal superalloy derived from SC16, a single crystal 
superalloy previously developed by ONERA for industrial gas turbine blade 

applications. SC2 differs from SC16 in the wtO/o of chromium; with the aim of 
achieving sulphidation resistance comparable to that of IN738LC or IN792, in 
the temperature range 900-1000'C, but with creep strength significantly 
greater than that of IN792 [37]. 
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CMSX4 is a superalloy developed for aero-engines and therefore, 
aimed at performing in different environments and with different service-lives 
than land-based gas turbines, which are expected to run more continuously and 
with 'dirtier' hot gas environments. 

The chemical compositions of these two superalloys are given in Table 
2.2 (section 2.3.2). It can be seen that SC2 and CMSX4 are made from 
practically the same elements, but they vary in their contents [61]. SC2 
contains more: 

Chromium and silicon: elements that promote the formation of slow 
growing and-Stable oxide scales (section 2, Figure 2.11). 

0 Nickel: an element that is very useful in combination with other 
elements and contributes to the alloy corrosion-resistance, excellent ductility, 
malleability and formability; 

Titanium: small additions of this element promote Cr203 formation 
on Ni-; OCr alloys (but do not significantly affect the Cr203 growth rate). 

SC2 contains less of the four refractory elements: vanadium, 
molybdenum, tungsten and tantalum. These elements could, under certain 
conditions, influence the corrosion degradation mechanism. The content of 
aluminium. in SC2 is also less. [148; 149]. Since the hot corrosion degradation 
modes affect each other and the interactions are also temperature-dependant, 
in order to understand the effect of varying the element contents in an alloy, it 
is necessary to review the hot corrosion mechanisms explained in section 2.5; 
by way of example, these are quoted generally in this section. 

At the beginning of the attack, an 0 gradient develops across the 
Na2S04 layer and an unstable oxide scale of A1203 and Cr203 is formed. The 
sulphate ions decompose forming oxygen ions (Equation 16) which react with 
the oxide scale (A1203 and Cr203); the sulphur is freed and fbrmýý_sulphides 
with elements such as nickel at the surface of the alloy, leaving 
the melt QLa2O). Chromgc and aluminate ions that form via basic fluxing 
(Equation 17 and Equation 18), di s and, at higher oxygen pressures 
(i. e. towards the outer surface of the deposit), they precipitate out from the 
melt, realising oxide ions (Equation 19 and Equation 20) in exchange for 
sulphate ions. 

When there is a supply of sulphate ions from the Na2S04. the hot 
corrosion proceeds approximately at a linear rate (as in 

Figure 2.22 in section 2.5.4) but, as the source of sulphate- ions is 
depleted, the attack diminishes and oxygen becomes more'plentiful in the 
corrosion product. The nickel sulphide particles in the scale are'oxidized and 
some of the sulphur from this process moves deeper into the alloy where, for 
example, chromium sulphides can form (Figure 2.33 (b) section 2.5.8). 
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Thus, in order to keep this reaction going, a supply of oxygen/sulphur is 

needed. Hence, this type of mechanism, basic fluxing, common in type I hot 

corrosion, is not self-sustaining and needs to have more salt deposited to 
continue. The total amount of attack becomes greater as the amount of salt is 
increased, a feature discussed previously (in section 5.2 of this chapter). Since 
basic fluxing requires that an oxygen gradient be developed across the 
Na2S04. the formation of oxide scales that grow slowly and consume as little 

oxygen as possible is an effective means to combat basic fluxing. The addition 
of more chromium and aluminiurn to alloys results in improved resistance to 
basic fluxing, provided continuous barriers of A1203 or Cr203 are formed. 

It has been underýýood that the chromium content in an alloy 
composition can contribute good hot corrosion resistant (although very high 
levels of chromium, to improve the hot corrosion resistant, have an adverse 
effect on the stress-rupture strength of the alloy). The IN738LC alloy, often 
used as a reference, as in part of this work, contains 16 wt% of chromium (a 
relatively high chromium content), CMSX4 contains 6.5 wt% (a low- 
chromium content alloy) and SC2 contains 11.8 wt%. This content of 
chromium has influenced the performance of CMSX4. Such lower chromium- 

ý ontaining alloys tend to develop non-continuous layers Of Cr203 and external 
cales, also containing NiO, which are susceptible to the basic fluxing mode of 

attack. 

Other elements in binary nickel- and cobalt-based alloys can produce 
effects similar to chromium at low concentrations; aluminium, molybdenum or 
tungsten can be used to prevent attack of nickel-or cobalt-based alloys via 
basic fluxing. However, the oxides of molybdenum, tungsten or vanadium can 
make the Na2S04 too acidic, such that a different corrosion mechanism is 

possible, i. e. degradation via alloy-induced acid fluxing. This is a result of the 
oxides of the metals: tungsten, molybdenum and vanadium dissolving into the 
Na2S04 to form tungstates, molybdates and vanadates, displacing some S03 
from the Na2S04. A zone of liquid is formed immediately above the alloy due 
to the accumulation of the refractory metal oxides, e. g. M003, W03 V205 in 
the Na2S04 and the oxides norinally relied upon for protection against attack, 
e. g. A1203, Cr203, NiO, CoO, become non-protective due a solution- 
reprecipitation process. This attack is self-sustaining because a small amount 
of salt appears adequate to cause the development of the refractory metal 
oxide zone. 

Alloy-induced acidic fluxing results from the accumulation of oxides, 
such as M003, W03 or V205, in salt deposit on alloys. This form of hot 

corrosion attack can be inhibited by decreasing the concentrations of the 

refractory elements, molybdenum, tungsten and vanadium. 
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Tantalum does not have the same effect as the other refractory metals, 
and therefore, appears to be a good replacement for Mo, W and V in the alloys 
[61]. SC2 is thought to show lower corrosion rates than CMSX4 because the 
chromium is present in higher concentration. This, combined with aluminium 
(although aluminium concentration is less in SC2 that CMSX4), makes SC2 
more resistant to basic fluxing degradation. which is a precursor to acidic 
Luxing; i. e. when basic fluxing eventually stops if the Na2S04 is not 
replenished, the propagation mode may change to acidic fluxing as the activity 
of, for example, M003 in the salt is increased to appropriate levels. The 
interaction between basic and acid fluxing has been modelled by Rapp [76] 
(Figure 2.3 1, section 2.5.5). The lower concentration of the refractory 
elements in SC2 is thought to prolong the time before alloy-induced acid 
fluxing attack starts to take place. 

When the oxygen pressure at the alloy/Na2SO4 or oxide-Na2S04 
interfaces is very low, the, su 

- 
lphur)pressure can be high, enough to form 

sulphides of aluminium. and chromium (and, in some cases, even sulphides of 
cobalt, nickel and iron, unless the S63 pressure/content is very low), then the 
accumulation of these sulphides in the alloy (in alloys exposed to S02'02, 
sulphide formation occurs due to sulphur from the gas rather ' 

than from 
sulphur in the Na2S04) can result in substantial degradation during subsequent 
oxidation as a result of the formation of less protective oxide scales; this mode 
of hot corrosion attack is sulphur-induced degradation. 

Sulphide formation in the alloys can cause the formation of non- 
protective oxide scales by involving effects produced by internal sulphides on 
the selective oxidation process: i. e., when sulphur diffuses into the surface of 
an alloy, it usually reacts with the same elements that are diffusing to the 
surface, and combines with oxygen to form continuous oxide barriers. The 
formation of such sulphides causes the flux to the surface of the element being 
selectively oxidized to be decreased. 

The greater susceptibility of nickel-based alloys to sulphur-induced 
attack, is generally observed only when aluminium is present in the alloy at 
levels between 1-6% wt. From previous work [6 1 ], it appears that nickel-based 
alloys with aluminium contents between 6 to 12 weight percent, are relatively 
resistant to this attack and that degradation takes place after the aluminium has 

YA 

been lost by oxide spallation in a cyclic test. Because the aluminium contain in 
SC2 is less than in CMSX4 (4.2% and 5.6% respectively) and both are out of 
the beneficial range of aluminium. content in nickel-based superalloys, these 
two alloys could have been degraded via sulphur-induced attack, but the 
CMSX4 with greater corrosion rates. Increased chromium concentrations are a 
very effective means to inhibit degradation via sulphidation. 
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An example of the sulphur-induced propagation mode, degraded by the 
mechanism previously explained, is the shown by the analysis for SC2 after 
exposure at a flux of 5pg/cm2/h in 500vpm. S02 gas at 900'C in Figure 5.10 
and, a higher magnification, in Figure 5.11: 

* Traces of the oxidation/sulphidation progression are seen in the 
chromium map 

0 Sulphur is concentrated in the zone of lighter grey precipitates 
within the alloy. 

Aluminium levels are higher in the oxide scale 
Chromium levels are higher in the area of sulphide, particles 

Another example of the sulphur-induced propagation mode, degraded 
by the same mechanism shown by the analysis for SC2 after exposure at a flux 
of 5pg/cm2/h in 50vpm. S02 gas at 7001C in Figure 5.12 and Figure 5.13: 

Sulphur-rich particles are present in the alloy underneath the oxide 
scale. 

Gas phase-induced acid fluxing is a propagation mode that becomes 
more evident in the presence Of S03 in the envirom-nent and thus, is observed 
at lower temperatures (peak concentrations Of S03 are generated at 
temperatures between 650-700'C); further discussion about the effects of this 
propagation mode is given in section 5.5. From the corrosion rate data 
obtained by the methods described in section 3.5, it is possible to carry out an 
analysis as a function of alloy composition by using multiple linear regression 
to calculate a straight line that best fits the data by the least square method; 
thus returns an equation that describes the line. The equation for the line is: 

Y=M I X1 + M2X2 + M3X3+b 

Equation 22 

where the dependent y -value, corrosion damage, is a function of the 
independent x -values, relevant elements that influence the hot corrosion 
mechanisms, i. e. chromium, alurninium, molybdenum and tungsten. The m- 
values are coefficients corresponding to each x -value, and b is a constant 
value. The corrosion damage (y -value) considered was that with a confidence 
level of 4% of being exceeded (i. e. the maximum rate of attack expected). 
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Materials CMSX4/SC2 JN792 
Temper ure 700"C 9000C 

Gas (vpm) Flux 
pg/cm2/h 

Cr 
(ml) 

Al 
(m2) 

Mo/W 
(m3) 

Cr 
(MI) 

Al 
(m2) 

MOM 
(m3) 

1.5 1 4 6 0.45 85 -11 
50SO2 5 0.3 25 16 74 -679 1001 

15 5 -9 68 1 301 -242 
1.5 5 17 17 5 16 -43 

500SO2 5 9 8 49 53 199 -662 
15 15 9 86 4 708 -1811 
1.5 0.06 9 7 -1 47 -40 50S02/ 
5 4 0 29 0.3 50 15 500HCI 15 3 -29 36 15 137 

, 
146 

Table 5.1: Corrosion coefficients as a function or alloy composition for the uncoated 
CMSX4, SC2 and IN792 in type I and type 11 hot corrosion. 

Thus, it is possible to assess the influence that each element had on the 
type I and type 11 hot corrosion environments under each test condition carried 
out in stage 2 of this study. Such coefficients (m values) are displayed in 
Table 5.1. 

A high value of m is indicative of a negative influence of that element 
on alloy corrosion. For example; at 700'C, the m value for the effects of 
molybdenum/tungsten is always higher that the m value for the effect of 
chromium in the three environments with the three different deposition fluxes. 
At 9000C, aluminiurn shows, in general, higher m values than the refractory 
metals, making alurninium. the element with most negative influence. 
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Figure 5.10: Example of sulphur-induced hot corrosion attack in uncoated SC2 with 
5ftg/crn'/h in 500vpin S02 at 900"Cafter 500h exposure. 
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Figure 5.11: Higher magnification of the example of sulphur-induced hot Col-rosioll 
2 With Spp attack in uncoated SC /Cn, 2/h in 500vpm S02 at 900'C after 500h exposure. 
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Figure 5.12: Example of mixed mode hot corrosion attack in uncoated SC2 with 
51tg/cni2li in Mvpin S02 at 70011C after 500h exposure. 
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Figure 5.13: Higher magnification of the example of mixed mode hot corrokion attack ill 

uncoated SC2 with 5ýtg/cni 2 /h in 50%, pni S02 at 700'C after 500h exposure. 
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5.5 Effect of the Gas Composition in Different 
Hot Corrosion Environments 

In the results shown in Figure 5.2, Figure 5.3, Figure 5.4 and Figure 
5.5, a comparison on the effect of changing the gas composition on the 

performance of the two uncoated single crystal alloys tested in this study, i. e. 
SC2 VS. CMSX4, can be seen. 

The uncoated materials under the same test conditions of deposit flux 
and gas composition at 700*C are shown in Figure 5.4 vs. Figure 5.2 and at 
900'C in Figure 5.5 vs. Figure 5.3. However, for easier interpretation of the 
effect of changing the gas composition, Table 5.2 for type II and Table 5.3 for 
type I hot corrosion, summarise the values of corrosion loss, at a confidence 
level with 4% probability of being exceed, for the two uncoated materials 
under all the test conditions. A comparison between the values has been 
carried out, marked as positive (V), negative (x) or neutral (0) (a tolerance of 
+- lOpm was given to mark a difference as neutral). Two main effects are 
noted: 

9 It can be seen that the 500vpmSO2 gas is the most aggressive 
environment for both CMSX4 and SC2 at 700 and 9001C when exposed with 
the lowest, medium and highest deposit fluxes (1.5,5 and 15[tg/cm2/h). 

9 The addition of HC1 to the 50vpm S02 environment could be 
beneficial, detrimental or neutral; it appears beneficial/neutral under type I hot 
corrosion conditions (Figure 5.3), but may be detrimental under type II 
conditions. In Table 5.2, type II, it seems that the HC1 addition has a rather 
positive effect on the uncoated CMSX4, since it showed a beneficial effect 
when ex P osed to the medium and high deposit flux concentrations (5 and 
15pg/cm /h) and no apparent effect with the lowest deposit flux concentration 
(1.5pg/cm2/14). 

In contrast, SC2 generally had a negative performance due the HC1 
addition in the environment when exposed with same deposit fluxes as 
CMSX4, although it was beneficial with the 1.5 gg/cm2/h flux concentration. 
Thus, there is a double effect (and neutral) by the addition of HC1 to the 
environment, apparently depending upon alloy composition and temperature. 
At 900'C, internal oxidation/sulphidation damage that is typical of type I hot 

corrosion is observed. However, at 700*C, the typical type II pitting damage 

appears to be suppressed leading to a broader front attack and internal damage. 
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The SC' The SC' The SC' 

Temp. Material/Gas CMSX4 SC2 
performs 

b tt CMSX4 2 SC 
performs 

b tt CMSX4 SC2 
performs 

b tt 
0C (Vpm) e er 

than 
e er 

than 
e er 
than 

CMSX4 CMSX4 CMSX4 

Flux 
(ug/cm 2/h) 1.5 

15 1 
15 

50SO2 28 16 V, 85 20 V, 99 28 V 

500 103 70 171 123 227 148 S02 

700 - 5OS02/ 
30 60 63 34 59 60 0 

500HCI 
The ECI addition 
to the environment 0 X ic 

is beneficial 

The 500vpm SOý 
is the most V, aggressive 

environment 

Table 5.2: Values of corrosion loss (with the confidence level of the 4% probability of 
being exceed) from type It hot corrosion for the uncoated CMSX4 and SC2 materials under all 
the test conditions; marking as positive (V'), negative (x) or neutral (0) result (a tolerance of 
101im was given to consider a difference as neutral). 

The SC' The SC' The SCI 

Temp. Material/Gas CMSX4 SC2 
perflorms 

better CMSX4 SC2 
performs 

better CMSX4 SC2 
performs 

better 
oc (Vpm) than than than 

CMSX4 CMSX4 CMSX4 

Flux 1 5 5 15 
(PWCM21h) . 1 

50SO2 - 96 210 288 540 474 

500 194 268 x 433 1513 X 849 2794 X S02 
I I I 

900 50S02/ 
112 98 185 79 548 163 

500HCI 

The HCI addition 
to the environment - 

0 0 
is beneficial 

The 500vpm S02 Z 
ost is the -j V, %001 iv, aggressive 

I t It environme nt 

Table 5.3: Values of corrosion loss (with a confidence level of the 4% probability of 
being exceed from type I hot corrosion for the uncoated Cr*ISX4 and SC2 materials under all the 
test conditions; marking as positive (v), negative (x) or neutral (0) result (a tolerance of +- 
lopm was given to consider a difference as neutral). ((, /) assuming IICI additions are neutral or 
beneficial). 
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Varying the gas concentrations is another factor that can alter the gas- 
deposit-alloy reaction. It is known that the combination of Na2S04 and S03 is 

very effective in producing attack (a significant amount of attack at 649'C is 

not observed for Na2S04 or S03 acting independently). The Na2S04 deposit 

could become more acidic (sulphides of aluminiurn and chromium can be 
formed) [6 1 ]. 

Comparing the results obtained with data from the literature, it is 
believed that some samples were degraded by the propagation mode of 
sulphur-induced hot corrosion and/or gas-phase induced hot corrosion. For 
example, Figure 4.34 photornicrograph 8, illustrates a sample that was further 
studied in the scanning electron microscope (SEM) by energy dispersive X-ray 
(EDX) to analyse the distribution of elements in the corrosion product. This 
analysis can be seen in Figure 5.14. Some characteristics of gas-phase induced 
hot corrosion can be seen: 

e Na2S04 is distributed throughout the corrosion product; 
cobalt/nickel diffuse through the deposit/corrosion product to the gas interface 

where oxides and sulphates of these elements are formed 

e Non-uniform appearance, growth of pits and sulphur-rich 
precipitates around their edges 

" NiO-rich layer close to the deposit/corrosion product surface 
" Reaction products in the pits are Cr (and Al)-rich 
" Evidence of a residual Cr203/ A1203surface scale above the pits 

The distribution of Na2S04uniforrnly throughout the corrosion product 
indicates that the Ný! 2SO4w li Ltýid at the temperature where hot co osion Kas li( rr 4---- 

took place. Thermodynamic considerations can show that liquid deposits may 
form with moderateS03 levels in the gas, i. e., liquid solutions of Na2S04and 
NiS04 or COSO4. Na2S04+NiSO4has a melting point of 67PC which is lower 

that of pure Na2S04 (884'C); at temperatures below 884'C, very low 

corrosion rates would be observed forS03 levels below the minimum required 
to stabilized the liquid (see Figure 2.37 section 2.5.9). At higherS03 levels, 
the 1ýq*id phasiz-can-foqn, thereby accelerating the corrosion process, in other 
words, accelerating the transition from -Che 'incub-a-tion to the pro agation stage. 
Thus, the increased corrosion rates observed of this work -in-creasing the 
S02 concentration from 50 to 500VPM S02 can be understood. If the exposed 
temperature exceeds the pure Na2S04melting point of 884'C, even at lowS03 
levels, high corrosion rates could be expected since, as seen in Figure 2.37, 
that is above of the minimum required to stabilize the liquid. By comparing 
the corrosion values in 500vpmS02gas in Table 5.2 with Table 5.3, it can be 

seen that the values for the two single crystal materials are higher at 900'C 
than at 7001C. An identical effect is observed for those values in the 50vPM 
S02environment for the two materials. 
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The excessive po sion rates observed on SC2 VS. CMSX4 in the 
500vpm S02 gas 9006 are due to both degrading via sulphur-induced 

c os COO Z_ 

-S attack. The greater susceptibility of the nickel-based alloys to sulphur-induced 
attack, is generally observed only when aluminium is present in the alloys; 
although both alloys contain aluminium, the SC2 concentration of 4.02 wt%, is 
further from the beneficial range of 6-12 wO/o than the 5.6twO/o of CMSX4. An 
indication of the less beneficial effect of the aluminium for SC2 in the 500vpm 
S02 gas at 900'C can be seen in results of the multiple regression analysis 
showed in Table 5.1, section 5.4. 

The mechanisms and characteristics of the ý2, sjpýyced. acid. attack are 
explained and referred in section 2.5.9 (Chapter 2). The significant features 
are: 

'0 The hot corrosion attack is non-uniform and has a pitting-like 
appearance 

* Liquid solutions of Na2S04+MS04 (M=nickel or cobalt) are present 
on, or in, the scale in the regions of local attack 

0 Sulphur, in the form of sulphides, is present at or near the interface 
of the metal and the reaction products 

The reaction products in the pits consist of the sulphate mixture, 
Cr203 

L/or 
A1203 (depending upon the alloy composition). 

'0 The external region of the reaction products (corrosion-gas 
interface) mainly comprises NiO and CO-OIC0304 on nickel- and cobalt-based 
alloys respectively (a schematic representation of these features from the 
literature is show in Figure 2.26). 

Regarding the effects of the HCI addition to the 50vpm S02 gas 
previously mentioned, which have been shown to have 
beneficial/detrimental/neutral effect, depending on the environment and the 
alloy/coating system being studied. This effect together with the 
morphological features, is a result of the effect of HCI on the acid/base 
balance of the deposit. Selected uncoated samples exposed to the 50vpm 
S02/500vpm HCI gas with 5pg/cm2/h deposition flux were analysed by EDX 

analysis in the SEM to identify the effects on the propagation degradation 

modes of the HCI addition to the environment. For example, Figure 5.15 
displays a backscattered image and mapping for SC2 at 700'C. Figure 5.16 
displays the results under same test conditions for CMSX4, and Figure 5.17, 

an SC2 sample at 900'C. 

It is believed that SC2 in Figure 5.15 could have undergone HCl- 
induced attack, giving an internal damage zone underneath the scale that is not 
common at -/UU'U (similar internal damage has been observed in the Al-Khyat 

work [150]). AIC11, CrCl3 and TiC14 vapour chlorides are formed in the alloy- 
depletion zone. 
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Thus, chlorine could remove the species from the alloy by vapour 
transport outward into scale. Thus the Al, Cr and Ti have been removed from 
the alloy; leaving pores and channels behind, the alloy could then oxidize. 

Figure 5.16, shows that CMSX4 could undergo, unlike SC in Figure 
5.15 in identical test conditions, ýý02/5ý03 gas-phase- induced acid fluxing since 
the corrosion morphology has the same typical characteristics or Figure 5-14. 
However, the pit internal damage of these two samples is different, i. e. in 
CMSX4 (Figure 5.16) precipitates in the internal damage have a 'dispersed 
whisker' appearance throughout the alloy edge (see also photornicrograph 14 
in Figure 4.38)-, whereas in SC2 (Figure 5.14), internal damage seems to be 
more localized. 

This may be in part be due to the presence of the HCL Preferred 
depletion channels/pores may be formed initially, which later oxidized to give 
alumina filled channels, providing a short circuit diffusion path for sulphur 
inward. Thus, it may started as type 11 corrosion but propagating as type 1; 
possibly depending on the quantity of SO, to which it was exposed. 

Gas 
(V 

Flux 
2/CM2 [t, /h 

SC, 2 CMSX4 

Tem r). (OC) 700 900 700 900 

ý0110) 
155 

Mixed Sulphur- Gas 
phase- 

Sulphur- 
- 15 Mode induced induced induced 

1 5 G'Is- 
Sulphur- Gas- Sulphur- ý00 SO) 5 phase- induced phase- induced 15 induced induced 

Gas- 
50SO, / 1.5 1 Icl- Basic phase- Sulphur- 
500110 5 

- induced Iluxing induced induced 
I 

Table 5.4: Final propagation modes in uncoated SC2 and CMSX4 materials considering 
test conditions of the stage 2 of this work based in morphologies and SEM/EDX analysis. 
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NiS, CrS 4hý 

'�4 

90prn Electticin Image 1 

' 

"ý "I,,,, I li I1 11 ., ý ., 1.111.1 .1 

I ý, ý ". ", I 11 ý, t, ".,., I, "ýI. 

Figure 5.14: Example of gas-induced hot corrosion attack in uncoated SC , J%ith 

ýSýLg/CM2 
/h in 500vpin S02 at 7000C' after 500h exposure. 
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The alloy composition could also have influenced the damage; since the 
high concentrated layer of Al. observed in SC2 (Figure 5.15) is not observed in 
CMSX4, Figure 5.16. However, a morphological comparison between the 
photomicrographs sets 1,2,3 and 13,14 and 15 in Figure 4.38, provides 
evidence of the HCl benefit in the 50vpm S02 environment; in the first set 
(photos 1,2 and 3), pit progression is well advanced, whereas, in the second 
set (photos 13,14 and 15), pits are progressing (values of this in terms of 
metal loss are summarized in Table 5.2). Figure 5.17 seems to show basic 
fluxing degradation; based on these features: 

" Deposit/corrosion product contains Cr203 and A1203 rich layers 
" Internal damage zone with mostly A1203 precipitates in a nickel- 

rich matrix 
9 Test temperature of 9000C 

Further SEM/EDX analysis at higher magnification (dotted square) was 
carried out to determine the nature of the internal damage. Sulphate ions may 
have diffused through the deposit, towards the alloy surface and nickel 
sulphides (NiS) had also formed. These sulphides (NiS) can be seen in Figure 
5.18. 

In a normal hot corrosion environment at 700'C, S03 is formed and is 
in equilibrium with the melt (gas/deposit/alloy); it reacts with the NiO in the 
oxide scale to form NiS04, decreasing the melting point of the deposit 
corrosion product, making it liquid and more susceptible of degradation. The 
S03 also reacts with the deposit, e. g. (Na/K)2SO4 to form (Na/K)2S207 
(Equation 23), making the deposit more acidic and so dissolving the alloy 
elements and their oxides. 

(NaIK)2SO4+SO3 
-+ (K / Na)2 S2 07 

Equation 23 

When HCI is added to the system, it could react with the deposit in the 
surface, forming sodium/potassium chloride, water and S03 that could go back 
to the environment. 

Na2 S04 + HCI <* Na Cl + H2 0+ S03 T 

Equation 24 
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Thus, Equation 23 and Equation 24 could take place at the same time in 
the deposit. By varying the concentration of S02 or HCI in the environment, 
either Equation 23 or Equation 24 will govem the degradation mode and the 
partial pressure of sulphur available for intemal sulphidation. 

Thus, at 700*C with higher HCl concentrations, the levels Of S03 in the 
deposit may be decreased due to the displacement of Equation 24 to the right, 
leaving less S03 in the deposit to attack the alloy but would result in an 
increased solution of NaCl in the deposit. As a result, no sulphides are formed 
underneath the pits and, rather, internal oxidation attack takes place. Excess 
chlorine/chloride species can lead to more rapid breakdown of the protective 
oxides, plus outward transport of AIC13 or CrC12 vapour chlorides, where they 
then oxidise. 

At 900'C, with much lower levels of S03 in the gaseous environment, 
the HCI addition could increase the extent of internal oxidation by further 
reducing the S03 levels in the dT osit via Equation 24. The negative effect of 
the HCI addition observed on SC samples exposed at 7001C, is perhaps due to 
the influence of temperature and the different alloy composition. 

Having considered the main factors that influence the hot corrosion 
degradation modes (alloy composition, deposition rates, gas composition, and 
temperature), the resulting morphologies can be analysed to determine the 
final propagation modes that took place in the materials exposed in this study, 
considering all test conditions. Table 5.4 summarizes such information based 
on the morphologies shown in Figure 4.34, Figure 4.35, Figure 4.38, Figure 
4.36 and the SEM/EDX analyse reported in this chapter. 
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SC2 Figure 5.15: Example of chlorine-induced hot corrosion in uncoated with _, Fg/CM2 /h 

in . 50vI)m S02/500vpm IICI at 7000('after 500h exposure. 
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Figure . 5.16: Example of gas phase-induced [lot corrosion A(ack ill t"Ic-ted CMSX4 

after 500h exposure with 5pg/cm 2 /h in 50vprn S02/rý()OVPnI 11CI at 700"C. 
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Figure 5.17: Example of basic fluxing hot corrosion attack in uncoated SC2 after 500h 

eX[)()Slll, e With 5pg/el"2 /h in 50vpm S02/500vpm IICI at 900'C. 
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5.6 PtAl Coatings Perforinance in Different Hot 
Corrosion Environments 

The corrosion rates of CMSX4 and SC2 with PtAl coatings are shown 
in Figure 5.19 and Figure 5.2Q. respectively for the three different 
environments (50vpm S02,500vpm S02 and 50YPMS02/500 vpm HCI) with 
the three deposition fluxes (1.5,5 and 15 [ig/cm 2 /h), at 7000C at a particular 
level of confidence (4% of exceedance). Corrosion rates under identical test 
conditions at 900'C are shown in Figure 5.21' and Figure 5.22. 

As for the previous section, for easier interpretation of the results, the 
values (4% of exceedance) for the main features of the PtAl coating have been 
summarized in Table 5.5 and Table 5.6. These data give a comparison 
between CMSX4 vs. SC2 

, 
both with and without a PtAl coating, on whether or 

not the coating was protective for the base alloy, i. e., if the coating showed a 
deposition flux dependence and extended the incubation time of the based 
materials (marking as positive (--/), negative (x) or neutral(O)). 

Five main features of the PtAl coating performance are observed: 
9 Corrosion damage to the single crystal alloy/PtAl coating systems 

increased with increasing flux deposition. 
* On the CMSX4, the PtAl coating was protective at 9000C but not at 

700'C. (one exception was observed in the 50vpm. S02 gas). On SC2, the PtAl 
coating was protective at both 700 and 9001C (one exception was observed in 
the 50vpm S02 gas) 

9 The PtAl coating on SC2 showed lower corrosion rates than the 
PtAl coating on CMSX4 in all the cases (it was not possible to compare the 
excessive corrosion rates of this system in the 500vpm S02 gas, due a lack of 
PtAl/CMSX4 samples being provided) 

* Comparing the corrosion values for each PtAl/alloy system in terms 
of temperature, at 9000C, often the values are lower than those at 700'C 

* The PtAl coating appears to extend the incubation time period for 
the CMSX4 and SC2 alloys (observations based on the mass change data in 
Figure 4.17 to Figure 4.28, presented in section 4.2.2). 

The dependence of corrosion rate on deposition flux for the PtAl 

coating appears to be within the characteristics of the "flux limited hot 

corrosion regime"[71] (discussed in section 5.2). In general, the corrosion 
rates for the coated materials have a lower dependence on flux than those of 
uncoated materials. Qualitatively, an indication of these changes -in corrosion 
rate as a function of deposition flux for the PtAl/single crystal samples, as well 
as when uncoated, can be seen on the sets of photographs in Figure 5.23. 
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This figure shows the surface appearance of damage from the 
unexposed sample, and samples with the lowest deposition flux (1.5pg/CM2 /h), 
the medium (5 pg/cm2/h) and the highest flux (15 pg/cm2/h) on SC2 coated with 
PtAl at 700'C in (a) 500vpm S02 gas and (b) in 50vpm S02 gas after 500h 
exposure (and before being metallographically processed). 

The protective effect of the PtAl coating on SC2 in the most aggressive 
environment (500vpm S02 gas) at 700'C can be seen by comparing the set of 
photos in Figure 5.23 (a) with that in Figure 5.1. 

Alloy CMSX4 

Gas 
VpM 

Flux 

pg/cm'lh 700'C 

uncoated 
Vs. 

PtAl 

coated 

Incubation 
time 

uncoated 
Vs. 

coated 

9000C 
uncoated 

Vs 
PtAl 

coated 

Incubation 
time 

uncoated 
Vs. 

coated 

uncoated coated uncoated coated 

1.5 28 so X 10 vs. 65 - 44 30vs 180 

50SO2 5 85 62 VO" 2 vs. 45 210 117 5 vs. 45 

15 99 112 X 3 vs. 35 540 434 10 vs. 50 

1.5 103 0- 194 10- 
500SO2 5 171 0- 433 7- 

15 227 - 0- 849 - 3- 

1.5 30 50 X 10 vs180 112 32 V, 35vslOO 

50S02/ 
500HCI 5 63 64 0 10 vs. 90 185 49 V 0 vs. 0 

15 59 154 X 7 vs. 30 548 71 V, 6 vs. 0 
PtAl 
Corrosion 
Rate dependant on deposition flux 

V, 

Table 5.5: Values of the confidence level with the 4% probability of being exceed from 
type I and type 11 hot corrosion for the comparison of theCMSX4 PtAl coated material under all 
the test conditions; marking as positive (V'), negative (x) or neutral (0) result (a tolerance of 
101tm was given to consider a difference as neutral). 
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PtAl coated SC2 at 700*C 
90 - coating thickness 
80 ---------------------------------------------------------- 
70 ---------------------------------------------------------- 

5 60 ------------------------------- ------------------------- 
50 --------------------------- ----------------------------- 
40 ----------------------------------- ----------------------- 
30 ------------------ 

>- 
---------------------------- 

20 ---------- ------ ------------------------------------ 
----------- ------------- ---------------------- 0 

1 10 100 

flux (Itg/cm 2 h) 
50vpm S02 500vpm S02 A 50vpm S02 + 500vpm HCI 

Figure 5.19: Effect of deposition flux of 80/20 (Na/K)2SO4 On the hot corrosion 
performance of PtAl coated SC2 in terms of sound metal loss (with a 4% probability of being 
exceeded) after 500h exposure at 700'C in a range of different gas composition (red dashed line 
indicates - costing thickness). 

PtAl coated SIEý at 9000C 
90 - 

coating thickness 

80 ---------------------------------------------------------- 
70 ---------------------------------------------------------- 

=L 60 --------------------------------------------------------- 
50 ---------------------------------------------------------- 
40 ---------------------------------------------------------- 
30 ------ of --------------------------------------------------- 20 ---------------------------------------------------------- 
10 ----------------------------- --- ----------------------- 0 ----------------------------------- 

-10 

iI 

1 10 100 
flux (pg/cm2h) 

--*- 50vpm S02 --w- 500vpm S02 A 50vpmS02 + 500vpm HCI 

Figure 5.20: Effect of deposition flux of 80/20 (Na/K)2S04 On the hot corrosion 
performance of PtAl coated SC2 In terms of sound metal loss (with a 4% probability of being 
exceeded) after 500h exposure at 9000C in a range of different gas composition (red dashed line 
indicates - coating thickness) Only the 1.5lLtg/cM2/h value of the 500vpm S02 plotted due 

catastrophic corrosion rates of the other two values. 
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PtAl coated CMSX-4 at 7000C 

180 ------------------------------------------------------- 
160 --------------------------------------------------------- 

e 140 ------------------------------- ------------------------ 
120 ---------------------------- --------------------------- 
100 ------------------------- --- ------------------------- 
80--. -------------------- ? ... ......................... . ..................... .. 60 ----- !c js- .......... ..... ........... ------------------ ----- 

40 --------------------------------------------------------- 
20 --------------------------------------------------------- 
01 

10 100 
flux (Ftg/cm2h) 

4 50vpm S02 A 50vpm S02 + 500vpm HCI 

Figure 5.21: Effect of deposition flux of 80/20 (NaN- 2SO4 on the hot corrosion 
performance of PtAl coated CMSX-4 in terms of sound metal loss (with a 4% probability of 
being exceeded) after 500h exposure at 70011C in a range of different gas composition (red 
dashed line indicates - coating thickness). 

PtAl coated CMSX-4 at 9000C 

500-r -------------------------------------------------------- 

, -, 400 -------------------------------- ------------------------- s 
=L "" 300 ---------------------------- ----------------------------- 

200 ------------------------ --------------------------------- 

loo -------------- --------------------------------------- I 
........................... .................. . ................................ ..................... ........... .c-0- ill n'g*'ff ii cl: n'e*ss"' 

0111 

1 10 100 

flux (Itg/cm 2 h) 

50vpm S02 --*- 50vpm S02 + 500vpm HCI 

Figure 5.22: Effect of deposition flux of 80/20 (Na/K)2S04 On the hot corrosion 
performance of PtAl coated CMSX-4 in terms of sound metal loss (with a 4% probability of 
being exceeded) after 500h exposure at 9000C in a range of different gas composition (red 
dashed line indicates - coating thickness). 
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Alloy S("2 
G 

as 

vpIll 
700'(' 

Cýý(, 
Al 

xed 

;:: ý, t 

uncoMcd 
v 

Coa'l ed 

900 

I I, kIaII 

11111c 

LHICOXCd 
V. s 

Comed 

uncoated coated uncoaled coated 
1.5 16 10 1/ ý10 4() 96 0 '(1 ý "(10 

50SOI 5 20 21 0 25 ýs 5 288 3 s\s 400 

1 r, 29 42 x 3 474 14 40 

1.5 70 15 0 ýs 20 268 27 i\s IS 

ý()OSOI 5 123 33 4 1513 627 -1 10 

15 148 67 3 ýs 2 
1 

2794 1814 
ýd 

7 l- 

I. i 6 3 35 vs 10 98 2 V*' . 
"i \, 40() 

50SO, / 
R-l 34 11 15 vs 10 79 6 V*' 30 %s ýO 

1 15 1 60 12 10ýs 7 163 7 

dc 
Orrol R 

L11, 
: 

pcndant on deposition flux 

"Fable 5.6: Values of the confidence level with the 4/(, probability of being exceed from 
type I and type 11 hot corrosion for the comparison of theS( -2 PtAl coated material under all the 
test conditions, marking as positive (v/), negative (X) or neutral (0) result (a tolerance of 
I Opm "as given to consider a difference as neutral). 

, 11 

I'l 

4" ý 4ý 

Figure 5.23: Deposit 80/21) (Na/K)2 S04 from a non exposed reference sample to low 

deposition flux an intermediate deposition flUX (5"g/CM2/h ) and a high deposition 
,, (, 2 Flux (15pg/cm2/11) on uncoated S at 7001C in 500vpin S02 (a) and in 50vpm S02 (b), after 500h 

C%posed. 
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The progression troni minor to major damage due increasing deposition 
fluxes, can also be seen in the resulting morphologies, by comparing vertically 
the sets of' photoinicropraphs in Figure 4.36, Figure 4.37, Figure 4.40 and 
Figure 4.4 1. The morphologles/structures of the unexposed reference PtAl 
samples used in this study can be seen in Figure 4.29 (section 4.3.3). By 
comparing these figures, different thickness and appearance can be noticed 
within the samples. 

This is due to the three different base alloys (IN7381-C, CMSX4 and 
SC2)' therel'ore, different structure/morphology characteristics of the PtAl 
coating were obtained. These PtAl coating morphologies, as explained in 
section 2.6. arc dcpendant on pack activity (the rate at which At is released); 
this determines the direction of diffusion ofthe elements forming the coating. 
Inward diffusion of At, from a high activity pack where an outer layer of 
PtAl, + P(Ni, Pt)AI forms, or outward diffusion of Ni, from a low activity 
pack. In this study, the PtAl coatings were applied as high activity coatings on 
the IN7381-C, CMSX4 and SC2 alloys. Prior to aluminising, platinum was 
electro-depositcd on all samples (details of the PtAl coatings are given in 
section 2.6.6). 

However, the PtAl coating on CMSX4 tested in stage I of' this Study 
differs in structure from that tested in stage 2, because they were supplied 
from different batches. Regardless ol'the aluminising processes carried out I'or 
difIcrent tinies/conditions, it is believed that the di ITe rc nt 
morphologies/structures obtained could have influenced the hot corrosion 
resistance of the PtAl coating for only a short period ol'time at the start of' tile 
exposure. Comparative studies of' different PtAl coatings on CMSX4 carried 
out by Angenctc 138; 1511, show that, after 2011 oxidation with differem PtAl 
coatings, the dominant oxide phase appears to be (x-A], O-,, and no spinel grains 
were observed. An example of an optical image ol'a sample Croin each batch 
can be seen in Figure 4.29. section 4.3.3. A backscattcred image 1rom a 
sample 1rom the batch used in stage 2 is shown in Figure 5.25. 

The performance ofthe PtAl coating at 700'C is different oil each alloy 
because the properties of a diffusion coating depend not only oil tile 
processing conditions. but also oil the substrate composition and subsequent 
heat treatment. As the PtAl is applied as a platinum electro-dcl)ositioll process 
heat treatment, followed by a diffusion altiminizing process, a consequence of' 
the inward growth will be that slowly difflusing alloying elements from tile 
substrate will be entrapped in the coating. The result is that the Cr 
concentration is different and elements such as W, Mo. Ta, Re. etc, may be 
present in precipitates and/or in solid solution in the coating matrix. Thus (lie 
PtAl coating composition will not be the same oil each substrate. 
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Interdiffusion of the coating and substrate elements will continue 
during exposure in the corrosion environments, although at lower rates than in 
coating processing (900 to I 1001C) due to the lower exposure temperatures 
(: 5900'C). Since the coating composition that forms is influenced by the 
substrate elements, amongst other factors, the result of having different 
concentrations of the refractory elements, as well as different concentrations 
of Cr and Al, will be that, in different corrosion environments, different 
degradation modes and corrosion rates on the coating/alloy system could be 
expected. 

Corrosion data for the coated samples displayed in Table 5.5 vs. Table 
5.6 show that this is the case. At 700'C, the PtAl coating on SC2 showed lower 
corrosion rates for all the different exposure conditions (deposition flux, gas 
composition and temperature) in comparison with the PtAl coating on 
CMSX4. The PtAl coating was protective practically for all the SC2 uncoated 
samples under the two temperatures (700 and 900'C), but on CMSX4, showed 
little effective protection at 7000C (only two exceptions, see Table 5.5). This 
could be, as when uncoated, due to the alloy composition, i. e. the different 
element contents, in particular the protective oxide formers chromium and 
aluminium. It is known that the presence of chromium decreases the minimum 
aluminium. content needed to form a continuous alumina scale. In the NiAl 
system, the minimum concentration of Al at which alumina is the dominant 
oxide is about 35 at%, but, with the addition of 5 at% chromium, the limit for 
A1203 is pushed to about 12 at% [39; 38]. This mechanism is explained in 
detail in section 2.3.6. 

Thus, chromium has an important effect on the selective oxidation of 
aluminium and formation of a continuous A1203 scale. Since the corrosion 
resistance of the coating relies on the formation of a protective A1203 scale 
(with a reservoir of Al, typically in excess of 30wt% aluminium deposited to 
thicknesses of 30-100pm), the alloy with higher concentration of Cr (that 
gives a higher Cr containing PtAl coating), i. e. with SC2 as substrate, is likely 
to form and maintain more stable A1203 and Cr203 oxide scales than the 
system PtAVCMSX4, thereby making the PtAl/SC2 system more resistant to 
the corrosive environments. 

The RAI coatings on both alloys were more protective at 900'C than at 
700'C. This is believed to be a result of the formation of a more protective 

--/---C xide scale at the higher temperature; alumina grows fast enough at 900'C to 
allow the formation of thicker alumina-rich scale. At 7000C, the slower 
growth of alumina will result in a thinner scale with a more mixed 
composition (chromia/alumina), giving less protection. This effect is greater 
(i. e. gives less protection) for CMSX4 than SC2 at 7001C, as the lower Cr 
content of CMSX4 reduces the stability of A1203growth (as described above). 
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The hot corrosion propagation modes will degrade the 
coating/superalloy systems according to the substrate and gas compositions, 
the deposition fluxes and the temperature. The mode(s) by which the coating 
is consumed may vary: for example, as suggested in section 4.3.2, the 
progression of damage, removing the coating layer by layer, suggest an 
electrochemical form of attack, with the underlying material layer being 
protected until the outer layer has been removed. The resulting morphologies 
will remain with the typical hot coffosion characteristics, e. g. localized pitting 
attack at low temperatures (7001C) or broad internal sulphidation/oxidation at 
higher temperatures (900'C). 

A representative example of the substrate influence can be seen by 
comparing photomicrographs I in both Figure 4.36 vs. Figure 4.40. 
Backscattered image /SEM mapping analysis were carried out on these two 
samples, as well as on the unexposed coated reference samples. Unexposed 
PtAl coating on SC2 is shown in Figure 5.24 and PtAl coating on CMSX4 in 
Figure 5.25. Comparing the unexposed PtAl coatings on CMSX4 and SC2 in 
Figure 5.24 vs. Figure 5.25 respectively, the differences between the 
morphology/structure due the influence of the base alloy can be seen: 

SC2 has a bright layer of P(Pt, Ni)A1 outer layer. 
CMSX4 has a PtA12+P(Pt, Ni)A1 outer layer. 
In CMSX4, the Cr that is present is scattered at a low level through 

the alloy/coating, whereas in SC2, Cr is additionally concentrated in the 
interdiffusion/alloy zone. 

To compare the elemental distributions and identify the degradation 
modes for the systems, SEM mapping analysis can be seen in Figure 5! 26-'and 
Figure 5.27. In Figure 5.27, corrosion damage has commenced in the outer 
layer of the coating and continued to penetrate inwards through the coating 
towards the substrate, producing deep localized damage in the alloy, CMSX4. 
The mapping analysis indicates that the propagation mode was gas phase- 
induced acid fluxing, given the characteristics: 

Non-uniform pits around the sample surface 
Cr203 and A1303 in the pit 
External regions of NiO and CoO 
A sulphur-rich reaction product layer along the boundary of the pit 

In comparison with Figure 5.26, corrosion damage did not penetrate the 
interdiffusion zone of the coating. This is evidence for benefit provided by the 
SC2 alloying elements to the PtAl coating under these test conditions. 

The elemental distribution from mapping analysis of this system, 
ptAl/SC2 , showed the same characteristics previously listed, suggesting that its 
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degradation mode was gas phase-induced acid fluxing. Regarding the effects 
ofdifrcrent gas cornpositions on the PtAl coating, reference is made to Figure 
5.28, Figure 5.29 and Figure 5.30; the same deposition flux of 5ý1g/CM2 /h was 
applied on these samples and they were all exposed at 700'C. 

Figure 5.28 shows the effect of the 50vpin SO-, environment on tile 
PtAl coating (at a lower flux than Figure 5.26). It is believed that this sample 
was attacked via gas phase-induced acid fluxing, given the characteristics 
listed above, but, in this case: 

Chromium was left mainly in the interdiffusion zone 
Sulphur is present in a thin layer on the pit/coating boundary, and 

also in thick outer layer. 
" Al is depleted below corrosion boundary. 
" Ni is enriched in the outer corrosion product/deposit layer. 

Figure 5.29 shows the effect ot' increasing the So-, concentration ten 
tinics (i. e. to 500vpm S02). The sample has undergone the same degradation 
mode (i. e. gas phase-induced acidic fluxing) as that exposed to 50vpm S02 
but the reaction is more severe. 

Figure 5.30 shows the result of adding 500vpm I-ICI to the 50vpm S02 
environment. It can be seen that the 1ICI addition has changed the propagation 
mode from gas phase-induced acid fluxing to basic fluxing. The mapping 
analYsis shows the following features of basic fluxing attack: 

0 Oxygen, chromium and aluminium are concentrated in the exterior 
region ofthe corrosion scalc/deposits; this may be because the aluminatc and 
chromate ions diffuse away From the alloy and are precipitated at higher 
oxygen preSSUre as Al203 and Cr,, 03, together with oxide ions that diffuse out 
into the bulk ol'Na, S04 in exchange for sulphate ions 

0 Nickel is left in the coating/alloy 
the means by which I ICI could have changed the acid/basic balance of 

the deposit corrosion product system are believed to be the same as when 
samples were Uncoated; these are discussed in section 5.5 of this chapter. 

Figure 5.3 1 shows an example of the damage to the PtAl/SC2 system 
flor a flux of' 5pg/cm 2 /h in 500vpm gas at 900'C. This sample underwent 
uneven catastrophic corrosion which consumed most ofthe coating. However, 
the only bit of' the PtAl remaining was analysed. Probably this sampic Was 
degraded by stilphur-induccd corrosion since it shows: 

0 Clear traces of' chrorniurn sulphidc in a thin layer in the 
intcrdiffLISiOn zone and in the alloy. 

0 Cr-103 and Al-, O,, in the corrosion product layer. 
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Figure 5.24: Backscattered image/mapping of the un-exposure reference sa ,, pie S(, 2 
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Figure 5.26: SC' PtAl coated with 15pg/CM2 /h in ; Ovpni S02 at 700'(' after Sooll 
exposure. 
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Figure 5.27: CMSX4 PtAl coated with 15 gg/CM2 /h in 50vpm S02 at 700'C after 500h 
exposure. 
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Figure 5.28: SC2 PtAl coated with 51ig/cin2/h in 50vpm SO, at 7000C aftel- 
expos"re. 
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Figure 5.30: SC2 PtAl coated with 5pg/CM2 /h in 50vpm S02/-; OOVPIII IICI at 7001C after 
l; OOh exposure. 
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5.7 Life Prediction Models in Hot Corrosion 
Environments 

Having addressed the main factors influencing the hot corrosion 
degradation sequence (i. e. incubation and then propagation periods) which 
describe the hot corrosion phenomena, it is now possible to derive models that 
allow predictions of the service life of both uncoated and PIAl coated CMSX4 
and SC2 

. 
These models are based on an analysis of the quantitative data 

obtained during the course of this research. 

Options for improving the high-tenipcrature corrosion resistance of' 
material systems include extension of the incubation period and/or reduction 
of the propagations rates of hot corrosion. Future alloy/coating improvements 
are possible if quantitative intlormation is available on the sensitivity of' 
alloys/coating corrosion rates to changes in exposure conditions. Thus, this 
section discusses the results obtained and an analysis using the methods 
explained in section 4.4, to produce models that allow prediction ol'the Idle of' 
the single crystals studied: 

0 Firstly, models that describe the incubation period in terms oftline 
(hours) as a function of deposition flux, So, and I ICI levels, for eacli single 
crystal/PtAl coati ng/tem peratu re combination. 

0 Models that describe the propagation rate are then discussed in 
terms ofmetal loss rate (ftm/h, at 4% probability of'exceedance) as functions 
of' deposition flux, SO, and HCI levels flor eacli single wy, stal/lItAl 
coati ng/tem perature combination. 

5.7.1 Incubation Models 

To generate the incubation period models, in oxide scale break do\\ n 
value was taken from the mass change data (graphs presented in section 4.2) 
from the intersection point of the mass change trend with 0.1 pg/cin 2 (a value 
chosen to correspond to an oxide scale of' approximately 0.5pin Illick). The 
incubation times that have been calculated are summarized in Table 5.5 all(] 
Table 5.6 flor the CMSX4 and SC2 SVSICIIIS respect I vclý,. 'I'llesc \, alu cs 110 r 
incubation times were analysed using multiple finear repression of the 
logarithms offlux. SO, and IICI to CalCUIite a po\\cr law that best fits the (1,11,1 
by the least square method. The veneric equation for the incubation times is: 

I= (flia)" * (SO, + 1)" * (110 + 1)' *K 

F(pation 25 
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The unit corrections to the SO,, level and HCI level permit zero levels 
of SO., and HCI to be modelled. The incubation time, t, is modelled as a 
function of the factors that have been discussed in sections 5.2 and 5.5: Le. 
deposition flux and gas composition (i. e. SO,, and HCI concentrations). The a, 
b, c values are coefficients corresponding to the power law exponent of each 
factor and K is a constant. The coefficients, constants and correlation 
coefficient (r) values for all the single crystal/PtAl coating/temperature 
combinations are summarized in Table 5.7. Thus, the calculated incubation 
time can be plotted as a function of deposition flux for each gas composition 
environment to describe the behaviour of the materials/coating systems 
studied: Figure 2.1 is an example of such a plot. 

Incubation 
Materials/ 

Temp. 700T 9000C 

Flux 
(a) 

SO. 
(b) 

HCI 
(C) K 

Flux 
(a) 

SO. 
(b) 

HCI 
(C) K r2 

- CMSX4 -0.22 -0.90 0.13 194 0.92 
. -0.28 -0.28 . 

0.21 55 0.79 
SC2 0.02 -- 4.3- T-0.11 6545 082 -0,28 0, -0.36 1 0.24 53 . 88 
PtAl/CMSX4 -0.52 n/a TO. 08 106 0.82 82 

L 

-1.41 -1, n/a 1 -0.27 692 
I PtAl/SC' 1 -0.86 -0.19 1 0.04 70 

E 

0. 0.85E -1.30 -0.83 

Table 5.7: Incubation time exponents (a, b, c), constants (K) and correlation e for 
all materials systems at 700 and 9000C. (n/a = no sample to analyse). 

CMSX4 at 7000C 
14 --------------------------------------------------------- 
12 --------------------------------------------------------- A-ý 

lo ------------- ------------------------------------------ 

------------------------- ------------------------------ 

6 --------------------------------------------------------- cl lljll, ýý .0 
4............................................. ----------------------- 

0 
-------- ---------------------------------------------- 2 

10 100 
flux (pg/cm2h) 

--*- SOVPM S02 --0- 500vpm S02 A 50vpm SO2/500vpm HCI 

Figure 5.32: Example of the calculated incubation times for the CMSX4 at 7001C. 
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The trends in the incubation time described by the models can be 
summarized as follows: 

o Uncoated CMSX4 and SC2 at 700'C: 
* The incubation time depends on deposition flux: it decreases as the 

deposition flux increases from the lower, to medium and then the maximum 
flux (the ten times change in deposition flux gave 0 to 0.5x change in the 
incubation time for CMSX4 and no change in incubation time for SC2). 

The incubation time decreases by changing the gas concentration 
from 5; vpm S02 to 500 vpm S02 (the ten times change in gas concentration 
gave 2-3 times change for CMSX4 and 3 times change for SC2). 

e For CMSX4, an increase in the incubation time by the addition of 
500vpm HCI to the 50vpmS02 environment is observed (the HCI addition 
gives a 2x change in the incubation time with gas composition). 

o Uncoated CMSX4 and SC2 at 900'C: 
* The same deposition flux dependency is observed at 9001C as at 

700'C (the ten times change in deposition flux gave 2 times decrease for the 
both alloys). 

0 The same sensitivity to the change in S02concentration is observed 
(the ten times change in gas concentration gave 2 times change for both 
alloys). 

0 HCI increased the incubation time for both materials in a 50vpm 
S02environment (the HCI addition to the gas gave 2-3 times improvement for 
both alloys). 

o PtAl/ CMSX4 and PtAl/SC2 at 700'C: 
9 The incubation time dependence on deposition flux decreases with 

increasing deposition flux from the lower, medium and to the maximum flux 
(the ten times change in deposition flux gave 3-6 times decrease in incubation 
time for the Pt/Al SC2). 

9 The incubation time decreases by changing the gas concentration 
from 50vpm S02 to 500 vpmS02 (the ten times change in gas concentration 
gave 1-2 times change for the PtAl/SC2). 

'D For the PtAl/CMSX4 system, a decrease in the incubation time is 
observed by the addition of 500vpm HCI to the 50vpmS02environment (this 
HCI addition gave a 0.5-1 times decrease for both alloys) 

o PtAl/ CMSX4 and PtAl/SC2 at 900oC: 
eA similar deposition flux dependency is observed as that at 7001C 

(the ten times change in deposition flux gave 1-6 times change for the PtAl/ 
SC2 system). 
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0 The sensitivity to the change Of S02 concentration is similar to that 
at 700'C (the ten times change in gas concentration gave 6 times change for 
the ptAl/SC2 system). 

9 The PtAl/CMSX4 alloy showed an increased incubation time 
through the addition of HCI to the 50vpm S02 environment (this HCI addition 
gave between I -10 times change for both alloys). 

5.7.2 Propagation Models 

To produce the propagation period models, the propagation rate was 
calculated as follows: 

PR = (CR 
- 0.5) --. 

(500 
- 

Equation 26 

This assumes that, during the incubation period 0.5pm of metal/coating 
is lost in the incubation time (t). CR is the sound metal loss at particular 
confidence level of 4% probability of being exceeded after 500 hours of 
exposure (summarized in Table 5.5 and Table 5.6). 0.5 is the equivalent of 0.1 
Mg/CM2 mass gain expressed in pm. Having calculated the corrosion rate 
values, in the same way as for the incubation time, the main factors that 
determine the propagation rate were analysed by multiple linear regression to 
log(flt"), Iog(SO, ) and log(HCI)+]) to calculate a straight line by the least 
square method. The equation used for describing the propagation period is: 

PR = (flux) a* (SO, + I)b * (HCI + I)o *K 

Equation 27 

The propagation rate, PR is a function of the various factors discussed 
in sections 5.2 and 5.5 that influence the propagation modes: i. e. deposition 
flux and gas composition, i. e. SOx and HCI concentrations. The exponents a, 
b, c are independant coefficients corresponding to each factor and K is a 
constant. The coefficients, constants and correlation coefficient (r) values for 
all the materials are summarized in Table 5.8. 
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Propagation 
Materials/ 

Temp. 
700T 9000C 

Flux 
(a) 

SO,, 
(b) 

HCI 
(C) 

IK Flux 
(a) 

SO. 
(b) 

HCI 
(C) K 

CMSX4 0.39 0.41 -0.03 0.01 0.91 0.59 0.17 -0.02 0.11 0.91 
SC2 0.52 0.70 0.00 - 0.85 0.64 0.64 -0.11 0.01 0.89 
PtAl/CMSX4 1 0.32 1 n/a 1 0.04 0.09 0.82 1 0.54 1 n/a -0.17 0.13 0.85 

1 PtAl/SC2 1 0.63 1 0.19 1 -0.17 , 
0.00 0.96 1 0.83 1 n/a 0.05 0.00 0.78 

Table 5.8: Propagation rates exponents (a, b, c), constants (K) and correlation 1.2 
values for all materials systems at 700 and 9000C. (n/a = no sample analysed). 

The trends in the propagation rates described by the models are shown 
in Figure 5.33 to Figure 5.40 and can be summarized as follows: 

o Uncoated CMSX4 and SC2 at 700'C (Figure 5.33 and Figure 5.34) 
The propagation rate depends on deposition flux: it increases with 

increasing deposition flux from the lower, to medium and then maximum flux 
(this ten times change in deposition flux gave 2-3 times change in propagation 
rate for the CMSX4 and 1.5-2.5 times for the SC2). 

The propagation rate increases by changing the gas concentration 
from 5; vpm S02 to 500 vpm S02 (this ten times change in gas concentration 
gave 2-4 times change for the CMSX4 and 6-35 times for the SC) 

* For CMSX4, the propagation rate decreases with the addition of 
500vpm HCI to the 50vpm S02 environment (this HCI addition to the gas 
composition gave no change to 2 times reduction in propagation rate for the 
CMSX4 and 2 times decrease for the SC2). 

o Uncoated CMSX4 and SC2 at 900'C (Figure 5.35 and Figure 5.36) 
0A similar deposition flux dependency is observed to that at 700*C 

(the ten times change in deposition flux gave a5 times increased in 
propagation rate for the CMSX4 and 2-5 increase for the SC2) 

* The sensitivity to the change Of S02 concentration was also similar 
to that observed at 700'C (the ten times change in the gas concentration gavc 
1-4 times change for the CMSX4 and 0.5-4.5 times change for the SC2). 

0 For both materials a decrease in the propagation rate was observed 
for the addition of 500vpm HCI to the 50vpmS02 environment (this HCI 
addition gave 0.5-1 times change for the CMSX4 and no change to 0.75 times 
increase for the SC2). 
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For the Pt/Al coatings, in several cases, the corrosion damage had 
penetrated through the coating and progressed into the substrate. For these 
cases, the propagation damage rate calculated consisted of a mixture of 
damage to the coating and damage to the substrate. Therefore, these values 
could not be used in the models. These data on the graphs (in Figure 5.37 to 
Figure 5.40) are shown by open symbols and linked to the true coating data by 
dashed lines. 

o PtAl/ CMSX4 and PtAl/SC2 systems at 7001C (Figure 5.37 and 
Figure 5.38). 

9 The propagation rate depends on deposition flux; it increases with 
increasing deposition flux from the lower, to medium and then maximum flux. 
(this ten times change in deposition flux gave between no change and 0.5 
times change for the CMSX4 and 4-100 times for the SC2). 

e The propagation rate also increases by changing the gas 
concentration from 50vpm S02 to 500 vpm S02 (this ten times change in the 
gas concentration gave 0.5-2 times for the SC2). 

e For the PtAl/SC2 system, a decrease in the propagation rate by the 
addition of 500vpm HCI to the 50vpm. S02 environment is observed (this HCI 
addition to the gas composition gave 0.5-4 times change in propagation rate). 

o NAY CMSX4 and PtAUSC2 systems at 900'C (Figure 5.39 and 
Figure 5.40) 

e At 900'C, the same deposition flux dependency as observed at 
700'C was found (a ten times change in deposition flux gave a2 times 
increase in propagation rate for the CMSX4 and 2-10 times for the SC2). 

9 For the PtAl/CMSX4 alloy system, a decrease in the propagation 
rate was observed by the addition of HCI to the SOVPM S02 environment (this 
HCI addition gave a2 times decrease in propagation rate). 
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Figure 533: Propagation rate model of the uncoated CMSX4 at 70011C as a function of 
deposition flux and gas composition. 

SC2 at 7000C 
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Figure 5.34: Propagation rate model of the uncoated SC2 at 700*C as a function of 
deposition flux and gas composition. 
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CMSX4 at 9000C 
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Figure 5.35: Propagation rate model of the uncoated CMSX4 at 9000C as a function of 
deposition nux and gas composition. 
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Figure 536: Propagation rate model of the uncoated SC2 at 9000C as a function of 
deposition flux and gas composition. 
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Figure 5.37: Propagation rate model of the PtAl coated CMSX4 at 700"C a3 a function 
of deposition flux and gas composition. 

PtAVSC2 at 700*C 
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Figure 5-38: Propagation rate model of the PtAl coated SC2 at 7000C as a function of 
deposition flux and gas composition. 
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Conclusions 
0 The main factors that determine the hot corrosion degradation of 

materials were successfully reproduced in laboratory tests, i. e. variations in 
deposition fluxes and compositions, gases concentrations and compositions, 
and temperatures by the methods described in this work. 

e The methods used and data collected from these tests have allowed 
a systematic study of the hot corrosion process and both a qualitative and 
quantitative assessment of the materials systems performance. 

e Typical type I hot corrosion morphologies were observed; broad 
non-unifonn distributions of pits around the sample surfaces. 

9 The typical type II morphologies were not observed on those 
materials exposed with an HCI addition to the environment; these tended to 
show more damage. 

* From these quantitative metal loss and qualitative mass change 
data, life prediction models for CMSX4 and SC2 , both PtAl coated and 
uncoated, have been developed to describe/predict the commencement of hot 
corrosion failure under the different conditions in the type I and type 11 hot 
corrosion temperature ranges. 

* All material systems investigated showed that the hot corrosion 
regime, and corrosion rates, directly depend on the deposition flux: corrosion 
rates increased from the low flux to the medium flux approximately by a 
factor of 1-2, and then to maximum flux approximately by a factor 2-3, for 
both type I and type II hot corrosion. 

0 The alloying element contents define the modes of attack under the 
hot corrosion conditions. Elements such as chromium are shown to have an 
important role in the hot corrosion resistance of the materials, both for PtAl 
coated and uncoated materials. 

a Materials/coatings have been shown to be very sensitive to changes 
in their environment: corrosion rates increased significantly (approximately as 
a factor of 2-7 times) with a ten times increase in theS02gas concentration. 
This S02 increment influenced the mechanism of attack only for SC2 , at both 
type I and type II hot corrosion temperatures. 
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* The FICI addition to the environment proved to be beneficial for the 
uncoated materials at 900'C. This effect is believed to be due to the HCI 
reducing the amount Of S02 in the deposit/surface. 

* In most cases, the Pt/Al coating extended the incubation time of the 
material/systems, approximately by a factor of 2-10 times. 

9 Separate models have been developed for the two single crystals 
superalloys: CMSX4 and SC2, in both the uncoated and platinum aluminide 
coated condition. The goodness of fit as defined by the regression coefficient 
varies from 0.88 to 0.99 for the propagation models at 700 and 9000C. The 
incubation models are as precise at 700'C but less precise at 900'C with 
regression coefficients of 0.78-0.94. 

SC2 
* The corrosion rates of the uncoated single crystals, CMSX4 and 

, are too high for them to be used with confidence in gas turbines fired 
with gases derived form coal and/or biomass, without some form of protective 
coating. 

9 Platinum/aluminium coating 
environments studied i. e. a flux of 1.5 
50vpm S02/500vpm HCI gas mixtures. 

provided protection in the most mild 
pg/cm2/h flux for 50vpm S02 gas and 

o Under the more severe combinations of gas composition, deposition 
flux and metal temperature, the corrosion rates of these single crystals with 
platinum/aluminium coatings are also excessive and, therefore, the coatings do 
not provide sufficient protection. This high lights the need for improved 
coating designs to combat highly corrosive conditions. 
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7 Suggestions for Future Work 
9 The HCI beneficial/neutral effect on the hot corrosion reactions 

should be fully investigated to establish a more detailed mechanism model. 

* The incubation times could be thoroughly investigated by 
examining specimens after 20,20 and 100 h of exposure in cycles of 20,50 
and 100 hours. 

* To extend the studies on the effects of contaminants from biomass- 
and waste-fired gas turbine generation. For example, the increase in corrosion 
rates from the 50150 (Na/K)2SO4. or the decrease corrosion rates by the 
presence of lead. 

e Other coating systems, e. g. silica-modified aluminides and/or 
overlay coatings (e. g. smart coatings), could be investigated under a range of 
hot corrosion conditions. 

0 For exposure in severe hot corrosion conditions, single crystals 
alloys could be developed that have more inherent corrosion resistance, by 
increasing the chromium levels and redistributing the other elements. 
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