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AD-P004 221
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SUMMARY

Aluminide coatings have been in use for some considerable time as a means of
protecting nickel and cobalt based supetalloys from cxidation and hot corrosion
attack in both aero and industrial gas turbines. Their practical usage however has
not been achieved without problems, In examining the overall role of coatings in
achieving or prolonging component life, their advantages and disadvantages have to
be considered most carefully, especially as the diversity of potential substrate
alloys i1ncreases. The primary objective of this paper is -thersfore to consider in
some Jdetail the nature of the difficulties incurred in the pack aluminising of
superalloys, especilally in terms of prolonging component life without prejudice to
performance, integrity and safety of the engine.

In considering this, the paper will first of all review the objectives and
requirements of using aluminide coatings, the processes currently commercially
available, the compatability of aluminide coatings with various superalloys
substrates as well as the more general question of overall quality control of both
the coating and the coated component. The properties of coatings themselves will
be considered in terms of their corrosion resistance, overall thermal and
structural stability, and effect on the mechanical properties of the substrate.
Finally, the problems of long term corrosion protection will be examined in terms
of the practicalities of reclaiming and recoating of ex-service turbine parts with
view to extending component life and conservation of critical materialg.

INTRODUCTION

Modern aero and i1ndustrial gas turbines are expected to function for prolonged
periods under a wide variety of operational and environmental conditions with the
maximum degree of reliability. Additionally, both operators and utilities expect
extended engine and component lives at progressively higher power outputs in a
climate where increased engine firing temperatures and decreasing fuel quality are
becoming the rule rather than the exception. As a result of such demands, current
engine development is aimed at improving efficiency and reliability as well as
extending component life and reducing operating costs. The use of higher component
stresses and engine firing temperatures in combination with progressively poorer
grade fuels leads to severe metalluryical problems in the selection of suitable
materials for prolonged and reliable hot component operation.

Historically, the demand for improved component life at higher stresses and
operating temperatures has been met by alloy developments which, while leading to
significant improvements in strength, have invariably been assocliated with poorer
corrosion resistance. Whilast in the age of pure fuels this did not constitute a
serious problem, the poorer corrosion resistance of these high strength alloys
could lead to significant reductione in component lives in turbines which are run
on low grade fuels, or in environments where agressive species may be present in
the turbine air intake supply.

During the past decade further alloy developments have taken place in an attempt to
fmprove corrosion resistance without loss of properties mainly by introducing
higher chromium levels. 1In the case of wrought nickel base alloys, corrosion
resistance variants of Nimonic 80A, 90 and 105 have emerged, viz. Nimonic 81, and
101, while in the field of cast alloys IN738 and IN939 are notable in having
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similar strength but 1mproved corrosion resistance to the well known workhorse
alloy IN713. Some improvementsa have also heen achieved in the field of cobalt
based alloys, FSX414 being a weldable, corrosion resistant derivative of X40.
Althought such developments ate highly desirable from the point of view of
improving component lives in agressive environments, components tend to be much
moie expensive to produce. This is due to the corrosion resistant alloys being
ticher 1n expensive alloying elements particularly chromium, as well as often
tequit ing more sophisticated and costly heat treatments to develop their
propetties. As a result of this, and in an attempt to conserve strategic
materi1als, there has been a movement to resort to the use of corrosion resistant
protective coatings on less sophisticated and hence less expensive alloys. Whilst
the cost of coating can be significant in itself, it is often the case that in
combination with a cheaper basic alloy the required component life and performance
can be achieved at an overall lower cost to the user. In situations where an
imptovement in life 18 achievel the overall financial benefit to the user is
further 1mproved,

During the past decade extensive developments and improvements have also been made
in the field of corrosion resistant coatings. As a result commercial coatings are
cutrently available in a wide variety of compositions and forms which are applied
to the substrate concerned by an equally wide variety of processes. Essentially
these coatings can be divided i1nto two groups which have been designated as
reaction or daffusion type coatings and overlay coatings. In the first type, the
coating 1s produced by a contrciled chemical reaction with the surface of the
component to be protected. Overlay coatings on the other hand are produced by
deposition of the protective covering by a variety of techniques such as
sputtering, physical vapour deposition (PVD), argon shrouded plasma spraying (ASPS),
and low pressure plasma spraying (LPPS) before being partially diffused into the
substrate by means of a suitably chosen heat treatment. Whilst the use of coatings
15 clearly advantageous from the point of view of protection of components from
agressive gpecies In the turbine, there are features of the processes involved
which, 1f not sguitably accounted for, could lead to teductions in component lives.
Whilst, as already noted above, there are a great number of commercially available
coatings and coating processes currently available for the protection of hot gas
turbine components, 1t is the intention of this paper to concentrate on those
produced by reaction or diffusion type processes, in particular the aluminides.

Aluminide protective coatings have been in use on nickel and cobalt based
superalloys in gas turbines with a considerable degree of success since the 1950's.
As a result a considerable amount of experience has been gained in service
applications. Initially this was primarily in the aero engine field where short
lives and high temperatures prevailed, the presence of the coating enabling the
design life to be achieved in situations where oxidation and hot <corrosion was life
limiting 1n the engine. As operating temperatures increased in 1ndustrial
applications, the use of aluminide coatings also became necessary in order that
blade design lives could be achieved and in certain circumstances even extended.

In these situations blade lives of 20,000 hours or greater were expected compared
with up to 1000 hours in the case of the aerc engines. Whilst the use of aluminide
coatings in these applications was generally advantageous a number of problems
emerged in their use. In considering the use of aluminide type coatings in
practice both the advantages and disadvantages have to be considered for each
particular service application.

As far as advantages are concerned, the following points are relevant:-

1. The use of coatings potentially prolongs the iife of the component in the
engine and as such conserves both materjals and resoutces. This means that
in the long term fewer engine sets of blading should be required over the total
life of the turbine.

2. The use of coatings allows cheaper and less corrosive resistant materials to
be used thus conserving strategic materials.

3. The use of coatings permits the use of cheaper fue]l without any penalty to the
life of the component.

4. The use of coatings permits the recovery and/or recycling of parts, by
limiting corrosion damage to the top part of the coating only.

5. All in all, the use of coatings results in significant economic savings in
materials, resources and fuels as well as limiting the exploitation of
strategic materials, i.e. their use is cost effective.

Whilst the above indicates that there are clear economic and technical advantages
in using coatings, there are a number of potential disadvantages:-

1. The coating process adds to the cost of producing the final component in
terms of the coating process used, e.g. platinum aluminide coatings are
significantly more expensive than simple aluminide coatings. Whilst there is
initially an added cost, this may be more than recovered by the expected
extension in component life.
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. The coating process may prejudice material properties leading to a reduction
in component laife,

ij. The use of coatings necessitates the use of expensive reheat treatment of
component s to achieve the 1equired specified properties.

4. The presence of defects 1n the coating can affect component and hence
turhine integraty.

Considered as a whole, however the advantages generally outweigh the disadvantages
since most disadvantayes can largely be overcome by the use of suitable post
coa’ing heat treatments and quality control measures.

The overall ai1m should therefore be to use the cheapest and most effective process
apptoptiate to the particular turbine application being considered consistent with
achieving the maximum deqgree of protection without compromising the mechanical
properties of the component or prejudicing the overall component life expectancy.
An awareness of the various coating processes and their effect on material
properties 1s therefore 1mportant. This will be considered i1n this paper
particularly from the point of view of aluminide coatings.

COATING PROCESSES
The commercial processes currently most widely used for the application of
aluminide coatings to superalloy substitutes are those of chemical vapour

deposition (CVD) and pack cementation (PC).

Chemical Vapour Deposition (CVD)

In the classical CVD technique the aluminide deposits are generally produced in
reactors 1nto which an appropriate gas mixture is introduced and where only the
components to be coated are heated to the required temperature. Both gas pressure
and flow rate are controlled to ensure that the desired coating is obtained and
that the reaction by-products are carried away from the vicinity of the components
being coated. The actual coating 18 produced by either chemical decomposition
(pyrolysis) of the gaseous phase or chemical reactions between the gaseous phase
and the component substrate. The composition of the gas phase used depends largely
on the type of coating required but can be composed of metal halides, metal
carbonyls, metal hydrides or complex organic-metallic compounds. In the CVD
process adequate control of parameters such as substrate temperature and gas
compositions, pressure and flow rzte are clearly essential if suitable coating
thicknesses are to be achieved on different superalloy substrates. In practice the
CVD technique is widely used for well defined applications and series production of
similar pieces such as cocatings on turbine blades, cutting tools etc.

Pack Cementation (PC)

In the pack cementation procest the components to be coated are placed in
semi-permeable boxes filled with a powder mixture containing the metal or an alloy
of the metal to be deposited and a suitable halide which is volatile at the
temperature at which the coating is formed. During this process the container pack
and components embedded in the pack are held at the same temperature, surrounded by
an atmosphere of hydrogen to minimise oxidation. Unlike CVD, the gas flow rates in
the pack cementatlion process are almost zero. In one particular variation of this
process coating occurs exclusively through the vapour phase with no direct contact
between the pack and the component.

Although the chemistry of the coating process is complex, the essential processes
which occur =2re as follows. At the coating temperature interaction occurs between
the metal and halide in the pack, resulting in the formation of of a metallic
halide which 1n turn reacts with the surface of the component being coated. The
metal resulting from this reaction diffuses into the substrate with a consequential
lowering of 1ts activity at the substrate/pack interface. This transfer reaction
between the pack and the substrate continues during the coating cycle, with an
equilibrium condition between the gaseous phase in the pack and the substrate being
established. Coatings produced by this process may be based on packs containing
silicon, chromium or aluminium or in certain cases a combination of these elements
(1). In the case of aluminide coatings produced on nickel and cobalt based
superalloys, interaction between the metal applied and the substrate is a necessary
part of the production of the coating, this consisting essentially of NiAl and CoAl
respectively on these alloys.

ALUMINIDE COATING OF SUPERALLOYS

Nickel and cobalt bosed superalloys currently used in advanced gas turbine plant
often operate in agressive environments and as such require to be protected from
oxidation and hot corrosion attack in service. This is achieved by the use of
coatings, often of the aluminide type (eg NiAl or CoAl), these being applied using
varicus pack cementation processes similar to that desccribed above. The morphology
of the coatings produced is dependent on a number of factors the most important of
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which 13 the type of process, the composition of the pack and the composition and
structure of the substrate material. Apart from varjations in the process type and
substrate material, the overall formation of the coating is largely qoverned by the
aluminium activity of the pack, (2,3}

In ptocesses where the aluminium activity of the pack is low, the base element of
the alloy, viz nickel or cobalt depending on the superalloy substrate, diffuses
pteferentially through the coating being formed. This outward diffusion is a
characteristic of a low activity pack cementation process. On the other hand, when
the aluminium activity of the pack 18 high preferentjial diffusion of aluminium from
the pack through the 31lumin:de layer being formed and into the substrate occurs.
This type of inward diffusion 15 thus a characteristic of a high activity pack
cementation process.

Mluminide coatings produced on superalloy substrates by these processes do not
exhibit the same resistance to oxidation and hot corrosion attack. In conseguence,
1t may be necessary to carefully select the optimum aluminising process/substrate
combination for specific turbine service environments. In this respect the overall
coating/substrate stability is important especially 1in applications where extended
periods of operation are envisaqged, viz » 20,000 hours. A comparison of the
potential problems encountered in the aluminisation of nickel and cobalt based
superalloys using low and high activity processes 1s detailed below. Specific
problems pertaining to the aluminisation of carbide fibre reinforced and oxide
dispersioned strengthened (ODS) alloys as well as directionally solidified and
single crystal materials are also discussed.

NICKEL BASE ALLOYS

Low Activity Aluminide Coatings

As pteviously described, the formation of aluminide coatings on nickel base
superalloys in pack cementation processes in which the aluminium activity is low,
occurs as a result of the outward diffusion of nickel. In conseguence, the
original substrate surface is finally located withig the coatigg itself, As a
result, the coating which is formed at between 1000 °C and 1100°C, exhibits a two
zone structure, each zone lying 5n either side of the original substrate surface as
shown 1n Fig. la.

The outer zone consists of N1Al, containing various alloying elements in solid

solution which have diffused together with nickel from the substrate alloy during

formation of the coating. The internal zone, on the other hand, consists of NiAl

containing various precipitates formed from those elements in the substrate

materl1al which are insoluble or incompletly dissolved in NiAl. As a result of

diffusion of nickel from the substrate to the coating, the wunderlying zone becomes

denuded in nickel and enriched in various other substrate alloying elements,

especially aluminium. This leads to the formation of NiAl -phase. A further

characteristic of these coatings is their low aluminium content, which varies by

very little across the whole of the Ni1Al coating thickness. Due to this latter

fact-: these coatings are held to be particularly structurally stable in service.

Whilst the low activity aluminide coatings are generally succesful in protecting

components from oxidation and high temperature corrosion attack, certain problems

can arise which may affect their potential performance. Poreign particles on the t
surface of the component to be coated will, as described above, be (incorporated
into the coating in the position of the original metal surlace. These will not
generally affect the performance of the coating provided that they do not occur in
quantities which might result in local delamination of the coating between the
first and second zone. It is therfore important to ensure that the substrate
material is as clean as possible prior to the coating operation. Contamination of
the coating can also result from the cementation pack itself. This generally
occurs in the external zone of the coating and in the case of contamination due to
metallic inclusions from the pack, the oxidation/corrosion behaviour of the coating
may be considerably modified (4). Finally in alloys which are particularly rich in
chromium and certain other alloying elements, the internal coating zone may become
excessively brittle leading to delamination of the coating during service.

iy

High Activity Aluminide Coatings

In the high activity pack cementation processes, the nickel aluminide coating is ,
formed by diffusion of aluminium into the component substrate. As a result of this !

the coating is formed below the original surface of the component. Furthermore

this aluminisation process is carried out at @ low06 temperature than in the low J
activity process, usually in the range 700°C to 950°C. Initially the coating 1
consists of Ni,Al,, the desired NiAl structure being formed bx a post cgatlnq
diffusion treainegt carried out in the temperature range 1050°C to 1200°C. The
coatings thus obtained exhibit a high aluminium gradient through the NiAl layer and
are reported to degrade during high temperature utilisation due to interdiffusion
effects with the substrate, (5).

The N12A1 layer formed during the aluminising process contains all of the elements
in the suastrate material either in solid solution or as precipitates, pre-existing
in the alloy or which have formed during the aluminising treatment. Transformation
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of the anitial Ny AL, coating to the final NfAl forn during the post coating
diffusion heat tidathent 13 a complex process involving inward diffusion of
aluminiuam 1n the outer coating layers and outward di12fusion of nickel from the

substrate through the inner coating layer, Fiq. lb, This process reaults in the
coating exhibiting three Jdistinct zones, The outer zone consiats of NiAl which
contains various precirtates  eilther from the original substrate or which have
formed during the coating and subsequent diffusion treatment, together with

clements from the substrate material held in solid aolution. The internal region
formed by aluminising of  the subjyacent alloy, consists of two reqgions: one close to
the alloy similar  to the internal zone of the low activity process, and the other
carresponding  to the low activity outer coating zone.

Since the composition of the external layer of high activity coatings is strongly
dependent on the substrate composition, so must be the oxidation/hot corrosion
characteristics. In certain instances the corrosion resistance may 1in fact be
unsatisfactory, particularly 1f the substrate material contains titanium carbides
(4,6). Problems may also result from the use of high activity coatings on substrate
material containing massive carbide precipitates, particularly of the MC-type, Fig.
4. The presence of such features not only alfects the coating continuity but may
also provide gsites for preferential oxidation and/otr corrosion attack (4). Unlike
low activity pack processes, the presence of contaminants on the component surface
prior to coating or due to pick up from the pack, are less problematical in high
activity aluminide coatings.

Finally, whilst Kirkendall porosity is a significant feature of pack aluminised
nickel, no effect has been observed in pack aluminide coatings on superalloys
produced by either high or low activity pack cementation processes.

COBALT BASE ALLOYS

In the case of cobalt base superalloys aluminide coatings can 1n principle be
applied by both high and low activity processes. The thermal cycles associated
with the aluminising treatments are, on the whole, generally longer in duration or
conducted at higher temperatures than those used for nickel base alloys.

The protective coating in this class of alloys 18 the cobalt aluminide CoAl. As in
the case of the nickel hase alloys described above the CoAl will contain substrate
elements both 1n solid solution as well as in the form of precipitates. Tne
significant difference in the structure of aluminide coatings on cobalt-base alloys
18 the presence of a more or less continuqus layer of large chromium and/or
tungsten-rich carbides between the substrate and coating itself, Fig. 3. This may
lead to spalling of the coating in thick deposits or under thermal fatigue
conditions in service. In certain commercial processes such as CODEP Dll, packs
with relatively high aluminium contents are used which minimise the formation of
the intermediate carbide layer by pecrmitting a considerably reduced thermal cycle
to be used during coating. In general however low activity processes are preferred
for the aluminide coating of cobalt base alloys.

SPECIAL CASES

Directionally Solidified and Single Crystal Alloys

No significant problems have been encountered in the pack aluminising of ]
directionally solidified superalloys, since in general the substrate compositions

are similar to their equiaxed counterparts., In the case of alloys containing

hatnium additions some reduction in the oxidation/corrosion resistance of high

activity coatings may occur due to the presence of hafnium-rich precipitates in the

outer coating zone.

The absence of ma)or segregation effects and coarse carbide precipitates is a ’

positive advantage as far as aluminide coating of single crystal superalloys is

concerned. This advantage |s realised irrespective of whether the coatings are 4
applied using high or low activity processes A

Directionally Solidified Carbide Fibre Reinforced Eutectic Superalloys

In principle, the aluminide coating of fibre reinforced eutectic superalloys is
only possible using low activity pack cementation processes, Fiqg. 4. The use of
high activity processes would lead to very unsatisfactory aluminide coatings due to
the very poor oxidation/corrosion resistance of the HfC, TaC or NbC fibres in the
outer zone of the coating (6).

Oxide Dispersion Strenqthened Superalioys

The improved high temperature properties offered by oxide dispersion strengthened
% superalloys are of particular interest in gas turbine applications where extended
€ component life times are required at very high temperatures. It is anticipated
[4 however that protective coatings will be necessary if the full potential of these
5? materials is to be achieved. However serious proolems have been encountered with
é g reqard to the chemical andy mechanical stability of coatings on &lloys containing
& fine oxide particle dispersions.
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In eatly tests on aluminide and duplex chromium coatings, void formation and rapid
substrate interdiffusion effects led to premature coating spallation and failure.
Thas type of premature faflure mode has continued to persist despite the
introduction of new coating systems such as overlays and duplex overlay/diffusion
systems. Glasgqow and Santoro (7) noted that the substrate composition was clearly
impor*ant in that the tendency amongst oxide dispersion strengthend alloys to
hecome porous, decreased with the alloys® incteasing oxidation resistance. Boone
et al (8) have recently investigated this in further detail arriving at the
following conclusions:

1) The thickness and stiructure of aluminide coatings, particularly the inner
coating zone on ODS alloys, is a strong function of the composition of the
substrate alloy., Increased aluminum leveis and possibly refractory
strengthening elements appear to be beneficial.

The structure and stability of aluminide coatings on ODS alloys are functions
of both the coating type and deposition process.

e

3 Coating void formation and the resulting spallation occur in the inner coating
zone and are delayed but not prevented by the larger more dJdispersed zone
produced by low activity coatings on alloys with a high aluminium content.

4) For all ODS alloys and aluminide coatings studied, the coating systems
appeated to have insufficient protectivity to match the available mechanical
properties. The lack of stability was manifested both by void formation in
the coating and resulting spallation and by aluminum diffusion into the
substrate (8).

Clearly there are significant problems associated with the coating of the oxide
dispersion strengthened superalloys which must be overcome if the full potential of
these materials is to be realised.

Alternative Processes

In addition to the pack cementation and chemical vapour processes described above a
variety of other methods are available for producing aluminide coatings on
superalloys.

Slurry

In this process a mixture of powders of suitable composition is applied to the
component surface by painting, spraying or dipping. The components are then
subjected to a suitable heat treatment during which the protective surface coating
18 produced by:-

1. Melting of the powder mixture accompanied by superficial dissolution of the
substrate with the consequential formation of a multiphase coating by
diffusion.

2. Chemical reactions 1n the slurry occurring concurently with interdiffusion
with the subgtrate. i

This latter process 15 known as the reactive slurry process.,

Dipping

This process consists of dipping the components to be coated into a liquid metal
bath containing the elements to be deposited. The desired coating is formed by

di1ffusion either 1n the bath 1tself ot during a subsequent heat treatment cycle. ’

Electrolysis in Fused Salts

P

« In this process the component to be coatsd i{s immersed in a bath of molten alkali
flourides held at between 500°C and 1200°C under an inert atmosphere. Coating is
effected by electrolysis in the molten bath with the metal to be deposited acting
as the anode and the component to be coated as the cathode. During deposition the
metal from the anode interacts with the component to form the coating required.

L,

Whilst the above processes can be used to produce aluminide and other metallide
coatings on nickel and cobalt base superalloys they are not as widely used as the
high and low activity pack cementation processes already described in detail above.

i
{

COMMERCIAL PROCESSES

Coating Types

Apart from the high and low activity pack cementation variants already discussed,
commercial pack aluminising processes can be divided into two basic cateqories, viz
single stage or direct aluminising processes and the more complex two stage
aluminising processes.
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Ditect Aluminjsation

Ditect aluminisation tireatments were amongst the earliest processes developed for
the corrosion protection of superalloy components. Amongst the low activity types
commercially available were the CODEP and HI-15 processes introduced between
1964-66 while high activity aluminising processes, such as PWA7) were jntroduced in
1969. Recently a new single stage pack cementation process has been developed
involving the simultaneous codeposition of chromium and aluminium (1,9).

Two stage Aluminisation

Two stage aluminifation processes tepresent a more recent development in the
cotrosion protection of gas turbine components, essentially consisting of a
pretyeatment or predeposition process conducted prior to the final aluminising
stage.

Typical pretreatments used prior to pack aluminising include chromising,
particularly of low chromium contatning substrate alloys such as IN10O i.e. typical
alumina formers. Other chromtsing treatments are also used, such as HC12 and
PWA/0, these being designed to avoid the formation of -chromium precipitates in
the final coating. Some chromising treatments such as DP24 and Elcoat 240 actually
lead to the formation of a layer of -chromium. Finally, pretreatments are also
known 1n which other elements such as tantalum are co-deposited with chromium prior
to the final pack aluminising treatment (10).

In the case ot predeposition prior to pack aluminising, pure metals such as
platinum and ‘ot thodium have been used as well as deposits of certain nickel or
cobalt hased aloys. Perhaps the besgt known of the commercial processes making use
of the predeposition of platinum prior to pack aluminisation are LDC2 and RT22
{(11). 1n these coatings an electrodeposited platinum layer, 5 to 10 microns in
thlcknoﬁs,nls often gartxally diffused 1nto the substrate at a temperature in the
range 1000°C to 10507°C prior to the final pack aluminising treatment. Depending on
the thickness of the platinum deposit and the aluminising conditions applied the
final ~oating structure may ~onsist of elther

1) a continuous external zone of PtAl, approximately 10 microns in thickness
overlaying a 70 to 80 micron thick“zone of P-phase (NiPtAl).

2) a basic coating of B -phase the outer part of which contains PtA12 precipitates

3) a coating consisting solely of B-phase containing platinum in solid solution.

The oxidation and corrosion resistance of these platinum aluminide coatings has
been shown to te markedly superior to that of the simple aluminides (12). This
together with the fact that they exhibit excellent structural stability makes their
application 1n 1ndustrial turbines particularly attractive where components lives
in excess ot 30,000 hours are required (13,14),

Studies are currently 1n progress on coatings in which corrosion resistant nickel
and cobalt based alloys are predeposited using sputtering, PVD and plasma spraying
techniques prior to final pack aluminising (15). Whilst tests on some of these
combinations are providing i1nteresting and promising results, there are no
commercial coatings of this type currently available,

PRACTICAL PROCESSING PROBLEMS

Whilst there are many practical problems associated with the aluminide coating of
gas turbine components two of particular importance are considered here, viz, (a)
selective coating of specific areas of components (masking} and (b) coating of
cooled blades.

Masking

The masking of areas of gas turbine components which are not to be coated during
the aluminising treatment 1s effected by simply painting the areas concerned with a
refractory slurry e.g. 2r0,. Th.s process {s most successful in high activity
packs where the aluminisind treatment is carried out at relatively low
temperatures.

In low activity packs successful masking of components is much more difficult to
achieve due primarily to the higher temperatures required by this process.
Interactions occur between the refractory powder slurry, the superalloy substrate
and the pack powder with the result that some aluminide coating occurs in the
masked areas. Efficient masking systems have however been developed, for use with
the low activity aluminide process, using neutral alloy powder mixtures tailored to
match the composition of the superalloy to be coated. The actual details of the
masking procedures differ from one processor to another and may have to be modified
to sult the particular component being coated.

One process is based on a system of building up successive mask-coatings by
repeated dipping to obtain a protective shell. 1In this process the first layers
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consist of a mixture which is neutral with respect to the composition of the
superalloy. The final layers are almost pure chromium which, when sintered, become
the mechanically resistant part of the prote~cive shell.

Another commonly used comercial process cuusists of placing turbine blade roots in
a can filled with an appropriate masking agent and then placing the whole assembly
into the pack for the aluminising treatment. In processes making use of vapour
phase aluminisation masking can readily be achieved by covering the areas required
with a metallic sheet.

Coatinqg of Cooled Blades

It has been well establised that in turbines using cooled blades in agressive
environments, the long small diameter (<0.5mm) holes of the internal cooling
passages must also be protected. The use however of conventional pack cementation
processes i{n meeting this objective faces several serious problems. Not only are
there great dii{liculties in feeding the reactants through the cooling channels but
also .n removing the pack mixture after the coating treatment. Obstruction of the
couling holes must be avoided at all «costs since it can lead to blade failures in
service due to local overheating effects. This is most likely to arise in the care
of low activity pack cementation processes where the high pack operating
temperature will favour sintering of the pack powder. Furthermore in this prucess
the formation of the NiAl layer by the outward diffusion nickel from the substrate
favours the embedding of pack particles in the coating, as well as leading to a
reduction 1n the diameter of the cooling holes themselves.

In high activity processes, such as PWA73 the pack temperature is much lower and as
such sintering of the pack powder in the blade cooling passages would not be a
problem. Moreover the formation of the coating by the inward diffusion of
aluminium is less likely to lead to entrapment of pack particles in the coating
1tself. Whilst there are clear advantages in using the high activity processes
from the cooling passage blocking point of view this process is no better as far as
efficient coating of these cooling passayes is concerned. Aluminide deposition by
a vapour or vacuum pack cementation may lead to more efficient corrosion protection
of blade cooling channels.

A process has recently been developed in which the substrate to be coated is
isolated from the powder mixture. During the treatment the powder generates a
metal carrying gaseous species within the coating chamber. These species then
reach the substrate by gaseous diffusion. The characteristic of the gaseous
transport agent required by this type of process is called "throwing power®. It is
related to the ability to deposit aluminium on internal surfaces which then
interacts with the base material to form the required aluminide coating. Various
transport agents have been evaluated and their relative deposition rate measured.
It has been found that complex halides of aluminium such as aluminium fluoride and
alkali metals such as sodium, have sufficient throwing power (16).

A novel method of simultaneously metallizing the internal ard external surfaces of
turbine blades has been developed by the National Gas Turbine Establishment and
Fulmer Research Institute, (17, 18). 1In this technique the components to be coated
are placed in a retort separate from a near-conventional coating pack which
consists of an alumlniug source, a halide activator and an inert diluent. The
retort is heated to 850°C and the pressure is then cycled by evacuating and
re-fi1lling with argon. Pressure cycle frequency may be in the range of up to about
ten times per minute. Usting this technique the coatings on the external surface of
a blade aerofoil are typically 50 microns in thickness while the internal surface
coatings are nearer to 25 microns thus minimising the danger of blocking the narrow
cooling channels. The method has also been shown to be suitable for the generztion
of graded composition coatings where the final stage in the coating operation may
include pulse aluminising, chromising or siliconising desiyned to seal microcracks
or other defects in the surfaces of overlay coatings deposited by plasma-spray or
other methods (19).

The coating of cooled blades has also been extensively investigated by G.E.
Aluminide coatings were first obtained by the thermal decoupgsition of a
metalorganic liquid (trisobutylaluminum - TIBA) at about 200 C (20). The aluminium
deposit is produced either by dipping the pieces into the liquid or by cirsulating
the liquid throughout the blades. A heat-treatment of a few hours at 10507°C is
then carried out in order to forim the aluminide coating. Other metallic deposits
havs also been produced by similar processes: nickel from nlcksl carbonyl at 150 to
250°C and chromium from liquid dicumenylchromium at 350 to 450°C. The deposition
ol successive layers of Ni, Cr, and Al allows the formation of alloy coatings.

More successful methods have since heen developed to coat internal surfaces:
electroless deposition of nickel and slurry with a halide activator for chromium
and aluminium deposition (21).

Quality Control of Coatings

The existence of coating defects has been recognised as a problem from the earliest
days of using protective coatings in turbines, Fig. 5. Not only are defects
undesirable from the point of view of potentially negating the value of the coating
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as reqards corrosion protection but also due to certain forms of them acting as
sub-critical defects which can lead to premature blade failure. In order therefore
to ensure high relifability in coated components, careful quality control procedures
must be excercised before, during and after coating (22). Such procedures are not
only desirable but necessary if the 1life of the component is to be achieved and the
integrity of the turbine during its operatiny life is to be guaranteed.

Most defects 1n coatings can be teadily detected using a number of well establised
techniques. There are however no generally accepted standards of testing nor
standards of defect acceptance or rejection of coated parts. The final control
measures are currently exercised by the turbines makers or the end user, where
component refurbishing is involved, and generally defined in the specification laid
down for the coating concerned. Apart from the usual auality audits of commercial
coating producers and the routine monitoring of the coating process 1tself, the
quality of coatings is generally determined on the basis of test coupons and/ot
randomly sampled component cut up tests. In cases where the components are large
and expensive, such as high power {ndustrial gas turbine blades the coating quality
may be largely assessed on the basis of cut-up tests on test coupons alone.

Evaluation of Test Coupons

The homogeneity of a coating is greatly dependent on the manner in which the
components being coated are distributed within the pack cementation box. This
being the case it 13 necessary to sensibly distribute test coupons of the substrate
material throughout the box in order that adequate checks on tne dquality can be
made after coating. Whilst the increase in mass of these testpieces is the first
valid indication of the coating quality, other tests may be nacessary to escablish
the final coating quality, such as

1) metallographic determination of the coating thickness and assessment of its
structure by comparison with established standard microsections

2) determination of the surface aluminium content (or platinum in the case of
LDC? or RTZ2 types) by X-ray fluorescence or é -backscattering techniques.

3) assessment of coating integrity using fluorescent dye penetrant, ultrasonic,
eddy current, radiographic, infra-red emission or other appropriate
techriques,

and

4) static and/or dynamic oxidation tests followed by visual and metallograhic
examination.

Evaluation of Coated Components

It is equally and argquably more important to carry out the quality control tests

Jescribed above on actual aluminised components randomly selected from each batch

being coated. Whilst there is a considerable degree of merit in this approach,

there 13 a danger of overkill, not to mention the increased commitment of resources

with a subsequent increase in costs, A compromise must therefore be reached with

respect to adequately assessing the coating process from the point of view of

achieving the required quality control standards without resorting to unjustifiable
commitment of resources and consequent expenditure, all of which will reflect 0
itself in the final cost of the component. JTn other words, the proper and most

efficient use of resources must be exercised without compromising the quality of

the end product. This is especially important in the assessment of actual coated

components since, as is the case in large industrial turbines, they can

individually cost several thousand pounds each. 1In this case the assessment of

quality must largely rely on the use of non-destructive tests of components in

assocliation with a more rigorous background of testing based on test coupons which

have been coated in the pack at the sam= time.

e

In assessing the quality of coated components two principal sources of defects
have to be considered, viz. (a) those originating from the component and (b) those
originating from the actual coating process.

With regard to defects arising from the substrate belng coated, it is necessary to ]
distinguish between new (virgin) components and those which have undergone repair. 4

The latter being more complex are dealt with pelow in the section dealing with 3
repair and recovery of ex-service components. In the case of new components,

certaln defects detected after coating are generally associated with residues from

the precision casting moulds which have not been adequately removed from the

component surface by sand-blasting after casting. In practice only 0.3-0.5% of all

pieces tested are rejected on this basis and these are generally recoverable by

stripping and recoating. Defects arising £from surface porosity in investment

castings are relatively rare since these would be dressed out prior to coating. )
Some defects may also aris> due to large carbide outcrops in the substrate. Again

these are relatively rare.
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Defects arising from the coating process itself include various types of cracking,
porosity, entrapment of inclusions, compositional variations, thickness variations
and 1nterfacial separation, Figs. 5 & 6. Whilst many of these defects can be
detected by visual and/or other non-destructive testing techniques, others may
depend on the destructive examination of test coupons and indeed actual components
themselves. Defects may also arise during the finishing of the coated parts such
as locally too severe sand-blasting leading to overthinning of the coating. This
can often be reclaimed by use of a supplementary coating treatment without
resorting to stripping of the part concerned. In the case of the other defects
described above a complete recycling of the component is necessary to recover the
part.

Repair and Recovery of Coated Turbine Parts

In order to conserve bott materials and energy, and prolong the service life of hot
sectinon, stationary and moving gas turbines, repair and recovery procedures ace
becoming generally accepted practices (22, 23). These procedures include recoating
of turbine parts, repair welding/brazing of cracks, replacement of aerofoils and
hat 1sostatic pressing (HIP) to recover the effects of creep damage. In pursuing
this philosphy however, the quality control procedures which must te exercised are
even more vigorous than those imposed in new components. Not only must it be shown
that the recovered part is indeed fit for service, but this must be done in a
situation where extremely difficult technical problems must be overcome to ensure a
sound part. The main problem t> be overcome in attempting the recovery of used
turbine blades is to ensur2 that they are sufficiently clean before che

refurbishing operation is commenced. This will be highlighted in the discussion of
the basic procedures outlined below.

The recoating uf turbine components may be nccesary due to a number of causes
such as

1) faults which have developed during the original coating treatment, Fig. 5.1)

2) ger.eral or local corrosion attack whereby after a period in service the
cuating can no longer fulfi1l its protective function, and

3) local damage to the component by impact etc.,

Recoating may also be carried out as part of an overall refurbishing programme on a
component 1n association with brazing and welding reprir work. In e=2ch case the
original coating has to be effectively stripped from .he component before recoating
can proceed. This 18 generally achieved uding a combination of aorasive blasting
and chemical stripping procedures. Great care is necessary to ensure that the old
coating 18 effectively stripped down to the unimpaired base material and in the
case of corrosion damaged parts, below any effects the corrosion attack may have had
on the substrate. This means that the dimensions of the component will be reduced
after each stripping operation, thus reducing the effective load bearing cross
section of the aerofoil. Stripping and recoating can therefore only be carried out
a limited number of times expecially in blading where the aerofoil wall sections
are thin, e.q. high perftormance cooled aircraft blades. For example, if a 60
micron thick aluminide coating which has penetrated the base materjal by 25 microns
1s stripped from a blade having a wall thickness of 0.5 to lmm, a 2 to 5% reduction
1n the cross section of the aerofoil will occur with a corresponding increase 1in
the nett section stress (24).

It has been suggested that the problems associated with the reduction in aerofoil
cross section can be avoided by simply rcemoving the corrosion products without
stripping the coating as a whole (24, 25). This means that the effective substrate
beiny recoated will have a higher aluminjium content than the original substrate
alloy. VLehnert and Meinhardt (24) have however shown that this technique can
successfuly be applied %o LDCZ2 cratings and that the recoated product exhibits the
normal chemical composition ana structure expected in this platirum aluminide
coating. Further work has suggested that low activity pack cementation processes
are the most suitable for coating repair using this procedure (25,. If the
original coating however is not removed the risk of spallation after recoating is
likely to increase due to the new coatirg thickness being incraased by a factor of
approximately 2, (23).

The success of any recoating operation will be largely dependent on the
availability of stripping and cleaning techniques which can remove bcth the
~orzrosion products and remaining coating without undue damage to the turbine parts
(26). Whilst stripping and cleaning procedures must be effective in order to
ensure a successful end result they must not be tuo vigcrous. Grain boundary attack
or preferential dissolution of the substrate alloy must be avoided c- at least
minimised especially in thin walled components such as cooied aerofoils. In such
components it is particularly difficult to remove oxides and sulphides from
internal cavities and narrow cooling channels. In such cases it has been found to
be advantageous to subject the parts, after chemical stripping, to a~ additional
cleaning step in hydrogene. Even more efficient cleaning of these difficult areas
is achieved by treatment in gaseous fluorine or using the Fluor Carbon Clearing
procz:as (26). These procedures significantly reduce the reject rate after

¢
i

S




e e

tecoating. In the case of chemical stripping a reject rate of approximately 5% is
experienced compared wich 1-2% using the additional fluorine cleaning step.
However, a reject rate of 5% on recoating ts poor when compared with the 0.3-0.5%
recorded in the coating of new components. Finally, should the stripping
procedures described above have been unsuccessful in fully removing all traces of
sulphur penetration in the substrate, 'sponge-like' features may occur on the
component sutface after recoating.

Following stripping ard cleaning the new surface to be coated may differ in

chemical composition and structure from that of the original alloy, primarily due
to coating/substrate interdiffusion effects which have occurred during service. In
consequence, both the structure and composition of the 'new' coatings are likely to
differ from those produced on virgin substrates. Currently relatively little is
known regarding the behaviour of recoated compunents in service, particularly with
regard to their long term corrosinn protection capability. Nevertheless reliable
c2atings appear to be generally achieved with records of both blades and vanes in
aero engine applications having been recoated up to 12 times (25).

Successful repai:r of coatings which have been locally damaged due to impact etc.,
has been reported using the Sermalloy I procedure, in which a powder containing 88%
aluminium and 120% silicon is applied to the surface. Coating 6epalr is effected by
a thermal treatment of anproximately 15 hours duration at 1000°C, this being often
incorporated into “he quality heat treatment cycle required by the component alloy.
Certain users however ac:tomatically reject impact damaged components on the basis
that the coating crack may have extended into the substrate. These become
candidates for stripping and inspection before resorting to possible salvage by
recoating.

1f repairs by brazing or welding are necessary, stripping and cleaning of the
component has to be meticulously controlled since the presence of any coating or
contaminant will seriouely affect the repair procedures, as has recently been shown
by Haafkens, {26). Repair welding is usually effected using a TIG process with a
filler wire which may differ considerably ir ~omposition from the original
component raterial. The differing compositi.nz of the filler weld materials will
result in a zone in which the final coating .aay be significantly different in both
1ts composition and hence potential corrosion resistance. [t has been reported
that these compositional differences are more marked when high activity rather than
low activity processes are used during recoating. A further complication is the
formation of Kirkendall porosity during recoating, particularly when simple filler
metals such as IN62 are used in the weld repairs. Amongst other problems
encountered in the use of simple weld metals, such as 80Cr20Ni, is the formation of
chromivum rich layers at the coating/weld metal interface which might lead to
spallation of the coating, (22, 23).

Recoatiny of components after brazing repairs may lead to problems associated with
coating composition and integrity, due to the formation of complex low melting
point ternary eutectics such as M-Al-Si or M-Al-B. In the case of cobalt-base
alloys repaired using nickel base hbraze metals, the coating in the brazed areas is
much thicker and of a different composition to that on the rest of the component.
This may lead to a reduction in the anticipated life expectancy of the coating in
service e'ther due to differential corrosion effects or thermal fatigue damage at
compositional interfaces in the coating ({tself.

The repair of thin walled sections associated with cooled components create complex
problems in their (wn right. Not only is there a lirited availability of adequate
material to support the repair but in many cases . epaired areas will
effectively prove to be non-load carrying and ever 38 so0 due to further
reductions in load car:ying area resulting from di.fusion effects associated with
the recoating process.

Finally should hot isostatic pressing be used as part of a component refurbishing
programme to recover creep damage or other microstructural defects, it is essential
that any coating present is completely stripped beforehand. In the case of
aluminide coatings, rapid diffusion of aluminium into ths substrate would occur at
the high temperatures associated with the process (>1200°C) resulting in a
signf{ficant loss in surface ductility.

It is clear from the points made above that repair and refurbishment of high
temperature gas turbine parts is not only feasable, and cost effective but also
desirable from the point of view of conservation of energy and materials. Great
attention to achieving and maintaining the quality of the refurbished parts must be
exercised {f the safety and integrity of the turbine is to be assured. The user
has the final say in this respect, since should components exhibit defects after
repair, they can be rejected, reprocessed or, if not too serious in nature,
life-limited in engines operating under less demanding conditions.

CORROSION BEHAVIOUR

Severe hot corrosion attack and degradation, particularly of components in the hot
sections of marine and stationary gas turbine may occur cdue to deposition of
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sulphate/chloride salts originating from the presence of sulphur and chlorides in
the fuel or in the ingested air. This degradation principally occurs as follows.

During the course of a short incubation period, a protective scale develops on the
surface of the component, which i{s comparable to that observed under conditions of
pute oxidation. 1In the case of components protected by aluminide coatings a
protective layer of Al,0, will be formed during this stage. After this incubation
or initiation period, taPid attack occurs by hot corrosion, the rate of this being
controlled by the actual composition of the coating. For example, the presence of
chromium prevents basic fluxing of the A120 scale during the incubation period
while yttrium and platinum prevent access ol agressive salts to the subadjacent
coating by reducing the risk of cracking and spallation of the surface protective
oxide (27). Besides basic fluxing, other mechanisms such as acid fluxing may be
induced by certain substrate elements or gas contaminants, leading to further hot
corrosion degradation. In addition to this, the rate of coating degradation is
considerably increased if the surrounding environment periodically fluctuates from
oxidising to reducing conditions. Under these conditions pure -phase nickel
aluminide coatings have been found to provide hetter corrosion protection than
those containing noticeable amounts of chromium (28).

Assessment of the corrosion resistance of coastings and determination of the
mechanism of the degradation process has been the subject of extensive laboratory
based studies (29). These include a variety of hot corrosion s8studies conducted on
salt coated material exposed in 50,/S0, environments under both isothermal and
thermally cycled conditions. Simi?ur egts have also been conducted in
ash-mixtures the composition of which are based on deposits removed from ex-service
turbine blades. Electro-chemical methods wusing .olten salt baths have also been
used in an attempt to ascertain the conditions under which breakdown of the
protective scale on the coating may occur. Tests have also been performed using
burner rigas where a closer approach to ‘real' gas turbine conditions can be
simulated in terms of gas pressures and velocities 38 well as thermal fluctuations.
In addition, various of these tests have been performed on coated materials under
stress in order to determine the penalty that this additional factor has on the
overall likely performance and hence life expectancy of a coated component (30, 3l).
All of these approaches are valuable from the point of view of selecting the most
likely coating/substrate combination to succeed in a particular turbine

application, as well as enabling some of the fundamental processes of the corrosion
process to be studied. In the final analysis however, it is the performance in the
turbine which will be the ultimate determining factor in deciding whether the
correct selection has been made in terms of achleving improvement in overall
reliabiltty and li1fe expectancy.

Degradation and Corrosion Behaviour of Alumninide Coatings.

The primary objective in using coatings is to provide protection of the component
substrate from corrosion due to agressive species in the turbine environment for as
long a period as poosible. It therefore follows that the coating composition and
thickness ate of significant importance since it is these which determine the
availability of protective scale forming elements during the life of the coating.
Furthermore the overall integrity of the coating is vitally important since once it
becomes breached, either due to cracking or chemical attack, it is at the end of
its useful life in terms of protection of the component. Another factor which may
lead to a reduction in the effectiveness of the coating as far as protection of the
substrate is concerned, is its overall thermal stability. Due to coating/substrate
interaction effects the chemical composition of the coating may be changed such
that its overall corrosion resistance may be reduced to even less than that of the
substrate material it is designed to protect (13).

During service, two basic coating degradation mechanisms have been observed on
aluminide coatings.

1) outward diffusion of nickel in combination with inward diffusion of aluminium
leading to an effective increase in the overall coating thickness with
consequential reduction in the aluminium content of the outer coating zone,
and

2) consumption of aluminium due to Alzo scale formation and spallation at the
outer surface of the coating. This“cln lead to significant consumption of
aluminium in the coating resulting in the D -NiAl being converted to the less
oxidation KOIIItIntx'-phllG (NijAL) .

This process occurs progressively with service exposure untll'r' fingers penetrate
throught to the outer coating surface after which rapid failure of the coating
occurs, (32, 40). These effects are noticeably accelerated by other processes such
as hot-corrosion, erosion and thermally or mechanically induced spallation damage
to the coating during its service life.

The joint effect of the two basic processes described above leads to an initial
increase in coating thickness followed by a decrease which can be described by the
equation
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where h, is the coating thickneas, Q is the activation of energy of nickel
diffusion in NiAl.

Substrate compdsition also plays an important role with regard to the overall
potential corrosion resistance of the coating, due primarily to coating substrate
interaction effects such as those described above. This has been amply demonstrated
for a number of different coating/substrate combinations, Fig. 7, (32).

Aluminide-coatings were originally developed for protection against oxidation (i.e.
enhanced formation of Al1,0,) in aero-gas turbines. Under hot corrosion conditions,
such as that typically e&c untered in stationary gas turbines, such aluminide
coatings can only provide limited protection since by interaction with molten
sulphate deposits, the Al,0, is being converted into unprotective aluminates (basic
fluxing). However, it hag geen shown that even under corrosive conditions some
noticeable extension of service lives can be achieved, Fig 8.

As already described, the presence of chromium in aluminide coatings promotes and
sustains the Al1,0, formation snd therefore reduces the effect of basic fluxing.
However due to Ehg limited solubility of chromium (and other elements) in the
~phase there is also only limited potential to improve the hot corrosion
resistance of the simple aluminides.

A significant advance in the field of aluminide coatings has been the development
of the two stage processes utilising electrodepostion of platinum. In these systems
the improved oxidation and corrosion resistance is associated with the formation of
PtAl, in the outer zone of the coating together wi:h the presence of platinum in
soxxé solution in the P-phase. The presence of Pth\z results in the retention of
aluminium at the coating surface and as such promotcs Al,0, scale formation with
the minimisation of spallation. Purthermore the PtAl aétg as an aluminium
resevoir, also reduces the rate of inward diffusion o? aluminium towards the
substrate. Finally extensive studies by Strang and Cooper {(32) have demonstrated
that the thermal stability of the platinium aluminide coatings is markedly superior
to that of the simnle aluminides, the presence of platinum suppressing the
transformation of[) ~-phase to the less corrosion resistant Ni.,Al observed {n simple
aluminide coatings,. The overall improvement in thermal atab}llty exhibited by the
platinum-aluminide coatino:s has been particularly exploited in {ndustrial gas
turbine applications, where compcnent lives in excess of 30,000 hours in agressive
environments {s expected.

EFFECTS OF COATINGS ON THE PROPERTIES OF SUPERALLOYS SUBSTRATES

One of the most significant difficulties associated with the use of pack

cementation coating processes is that their associated and often protracted thermal
cycles are generally imcompatable with that which is required to develop the
desired mechanical properties, particularly creep strength of modern superalloys.

The presence of a coating can also affect other important properties, e.g. high
cvcle and low cycle fatigue. Care must therefore be taken to ensure that the
choice of coating isn optimised with respect to the corrosion protection, mechanical
property and hence life requirements of the component. The application of a
coating may therefore affect the properties of the substrate and hence, of the
basic component in a variety of different ways. These are now considered in
detail.

CREEP AND TENSILE PROPERTIES

Coating Thermal Cycle

The prolonged periods of exposure at high temperature and slow cooling rates
associated with pack aluminisiig processes are generally imcompatible with the heat
treatments required to develop the required properties in modern superalloys. In
particular the creep properties of nickel base alloys are likely to be severly
reduced due to an unsatisfuctory distribution of ‘' being produced during the
coating thermal cycle. Unsatisfactory grain boundry carbide distributions may also
occur, resulting i{n poor high temperature ductility in the material. If coating of
gas turbine parts is necessary, it is therefore important to eliminate any
deleterious effects on material properties arising from the coating process. This
can generally be achieved by implementing the full quality heat treatment for the
alloy after the coating process has been carried out, (32). In certain alloy
systems, coating can be carried out with the material in the as-cast or fully heat
treated condition without the properties being unduly affected, Pig. 9. In other
alloy systems deleterious changes in the microstructure of the substrate due to the
coating process can only bs reversed using the normal quality heat treatment for
the alloy, Fig. 10. Certain other cases exist where it is possible to guarantee
the substrate alloy properties by combining the coating thermal cycle within the
quality heat treatment cycle required by the alloy.

In certain sftuations minor modifications to the substrate alloy composition can
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make the application of a coating feasable where previously no success was
possible. This is well illustrated in the case of the commercial alloy CoTac744,
which requires the following quality heat treatment.

Solution treatment 30 mins. @ 1zzogc AC
Ageing 16 hours @ 850°C AC

As already discussed high activity pack aluminising processes are unsatisfactory
for coating carbide fibre reinforced eutectic superalloys. The alternative low
activity processes whilst being more suitable can still be detrimental due to the
effect of the slow cooling rate associated with the coating thermal cycle. In work
conducted by ONERA, (33) the creep rupture léfe of C0T8c744 was found to be reduced
by a factor of 3 at temperatures between 850°C and 900°C, when aluminide coated
according to the following fprocess;

30 mins. @ 12202C AC - solution treatment stage
10 hours @ 10500C slow cool - low activity sluminide coating
16 hours @ 850°C AC - ageing stage

At temperatures of 10006°C and greater no loss in properties were recorded due to
the fact that at these high temperatures the creep properties are dictated by the
properties of the carbide fibres, while at lower temperatures the strength of the
matrix dominates.

A significant xmprovegenl in crgep strength and transverse ductility in the
temperature range 900°C to 1000°C can be achieved by modifying the composition of
the alloy (CoTac784) and utilising a modified 3-stage quality heat treatment, viz.,

Solution treatment 30 mins. @ xzzogc - 1240% ac
First ageing treatment 16 hours @ lOSOOC AC
Second ageing treatment 16 hours @ 8507C AC

By combining a low activity pack aluminising process with the first high

temperature ageing step it is possible to coat the modified alloy without affecting
the creep properties, provided that the cooling rate after the coating cycle is not
unduly slow. The improvements described are due to an increase in theq, ' stability
resulting from an increase in the qx'-solvus temperature brought about by the
modified alloy composition.

The quality heat treatment for monocrystalline alloys such as CMSX2 normally
consists of a 3-stage process, vit.,

Stage 1 2-3 hours @ 1zaogc to 1320°C Ac o
Stage 2 15 hours [ lOSOOC, AC or 4-6 hours @ 1100°C, AC
Stage 3 15-24 hours @ 850°C, AC

Low activity or high activity aluminising processes can be incorporated into the
guality heat treatment cycle for this alloy without detriment to the creep
properties provided the cooling rate from the stage 2 cycle is fast enough.

Should, in the case of a low activity process, the post coating cooling rate prove
to be too slow, theomlcrostructure can be restored by incorporating an additional 4
hour treatment 1050°C, followed by a rapid cool, into the total heat treatment
cycle. This procedure s also valid in the case of the coating procedure adopted
for the modified CoTac744 alloy. The above example clearly i{llustrates how coating
processes can be incorporated into the normal quality heat treatment cycle for the
component material, as well as indicating the need to ensure that both the coating
and quality heat treatment procedures are compatible.

Reduction of Cross-section

Aluminjde coatings are normally assumed to be non-load bearing. Furthermore as a
result of their application a certain portion of the substrate is consumed thus
effectively reducing the cross-sectional area of unaffected substrate material.
This means that the nett section stress in a coated component, such as a turbine
blade will be effectively higher than in the same component in the uncoated
condition. This effect has been recognised in the study of the effects of coating
on the creep rupture properties of superalloys, stress correction factors having to
applied in the case of coated testpieces, (32, 34).

For example, the formation of a 60 micron thick aluminide ccating on IN100 will
result in the consumption of approximately 40 microns of substrate material. 1In
the case of thin walled component lmm in thickness, the load bearing section after
coating on both sides will be reduced to 0.92mm. The corresponding 9V increase in
stress at a constant load implies a reduction in Creep rupture life by a factor of
two times, viz 500 hours inatead of 1000 hours at 850°C. According to Hauser et al
(34), the creep rupture life would De reduced by more than 60% for a wall thickness
of 0.5mnm.

Practical considerations such as this are clearly important in the case of thin
wall sections assoclated with cooled gas turbine Llades, Fig. 1l1. It should be
noted that thin section materials are already known to exhibit reduced rupture




lives whten compared with normal thickness materfals, and that application of a
coating would reduce this further (35). As a regult of such factor the repeated
coating of thin wall blades {s clearly limited.

Finaily, the additional weight of the aluminium in the coating may, in the case of
very *hin walled blades, lead to increase in the overall section stress and hence a
signiticant reduction in component life, Fig. 12, (36),.

Coating/Substrate Interdiffusion

In vari1us studies orn the efrfects of coatings on the high temperature properties of
nickel and cobalt bhaced superalloys, significant coating/substrate interdiffusion
rffects have been obaerved. This is hardiy surprising since the composition of the
coatings are substanticaily different from the substrate upon which they lie and as
sdch, strong chemcial interdiffusion effects during high temperature expostre in
service would be e<pected. These not only lead to changes in the structure of the
coatings, which .n time may change their effective corrosion resistance, but also
to substantial moli“ications to the microstructure of the alloy zone adjacent to
the coating. In th regpect Strang has reported the presence of extensive O -phase
precipitation at the coating/substrate interfaces of both simple and platinum
aluminide coatings o+ IN738LC. (37,38,39). 1In studies cogducted on creep rupture
testpieces exposed ‘or up to 40,000 hours duration at 750°C and B850 °C platelets of QO
-phage were shown t . extend from the coating/substrate interface for up to 100
microns into the su. strate i1tself, Under certain conditions theQ-platelets were
also observed to ofi»r an easy path for crack propagation from the coating into the
substrate material, 3?). Lang and Tottle have made similar observationa on coated
IN738LC specimens exjosed for various periods at temperatures up to 1000°C, (40).
In these studies R-ph::» was detected at the coating substrate interface in
addition to the -pha'e already reported, Fig 13.

Whilst the presence of t“~se plate-like phases in the subcoating zone has so far
nct been found to be de i :mental to either the creep or low cycle fatigue 1life of
super-alloys, (14,38,4]1, -5 studies have so far been reported on thin section
material. Their potenti i effect on the high cycle fatique properties of a number
of nickel based superallc 'w is currently under investigation in a number of
laboratories, (42,43). W ‘ist no detrimental effects on basic high temperature
ptoperties have been repor ¢4 due toO-platelets in the =sub-coating zone of
aluminised nickel base allc 's, Strang has suggested that they may be potentially
dangerous on the basis of s.b-critical crack growth considerations. In the case of
a normal aluminide coating a through thickness crack or defect may be 75 to 100
microns in depth. Should how»ver extensive O -phase precipitaton occur during
service in the subscoating zo: =, say up to a depth of another 100 microns, then the
total defect to be considered s now 200 microns in sjze. Under certain
circumstances such a defect may extend by sub-critical growth processes such as
thermal and/or high cycle fatig.e and thus lead to failure of the component.

It can generally be concluded tha provided that all of the necessary precautionary
steps are taken, the application ¢* aluminide coatings should not lead to a
deterioration in the basic creep runture or tensile properties of the substrate
alloys. On the other hand, since tie presence of a coating does not confer any
strength to the substrate, any benef t can only be expected under conditions where
environmental effects are likely to L2 life 1limiting. A useful coating will
therefore, by appropriate protection :(cale formation, effectively seal the
substrate off from ingress of any agre sive species likely to reduce component life
by grain boundary attack (44) or reduc-ion of load bearing cross section due to
corrosion, Fig. 14, (495).

COATING DUCTILITY

Survival of the coating, in terms of its mechanical integrity, will be critically
dependent upon {ts inherent strain tolerance capability or ductility. Strains
imposed unon the coating during operation of the turbine will be due to the thermal
and mechanical stress cycles experienced by t!e components concerned. As a result of
this, the strains generated will be a combina ion of those resulting from thermal
expansion mismatches between coating and subst ate as well as those transmitted by
mechanical deformation of the substrate itself. The ability of the coating to
accommodate such strains will be dependent not caly upon their magnitude and
frequency ofapplication but also on other factor: such as coating type, thickness
and the temperature range over which the maximum :trains have to be tolerated.

ODue consideration of these factors is especially important if premature mechanical
failure of the coating is to be avoided.

A certain disadvantage of aluminide coatings in this cointext is that while at high
temperature they possess fairly high ductility, below a certain temperature, known
as the ductile/brittle transition temperature (DBTT), th-~ir failure strain drops to
less than 0.2%, f{.e. they are effectively brittle. Whils the ductility behaviour
of MCrAlY overlay coatings can now be adjusted by compositional modifications, the
ductility of aluminides however varies only slightly with composition, CoAl being
generally more brittle than NiAl, PFig. 15. To a minor extert aluminide coating
ductility is also dependent on the substrate alloy composition, coating process
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route, straining rate and on coating thickness. However this typical behaviour of
aluminides need not be detrimental provided that proper actions are taken to ensure
that (thermal) strains are minimized, particularly at temperatures below DBTT so
that the maximum strain range level experienced by a coated component does not
exceed the fajlure strain of the coating. This can generally be achieved in
practice by careful control of turbine start-up and shut down cycles.

FATIGUE PROPERTIES

Varying results have been reported concerning the effect of aluminide coatings on
the low cycle, high cycle and thermal fatique properties of superalloys. Since
fatigue failure is generally (in the absence of internal flaws and porosity)
initiated at the surface, and affected hy the environment the application of a
coating on the surface may potentially affect fatique properties of coated
components. Whether it does or not will depend on the relative intrinsic
mechanical and physical properties, and their temperature dependence, of both the
coating and substrate alloy, respectively. These properties include yield
strength, elast!c modulus, thermal expansion coefficients, ductility and DBTT. If
the relevant properties of the coating are worse than those of the substrate then
cracks can be generated in the coatirg, whereby the coating will lose its prime
function to provide corrosion protection. Furthermore such cracks may propagate
into the substrate by subcritical crack growth process and lead to premature
failure of the entire component (3ee above). On the other hand, if the coating
(fatigue) properties are better than those ot the substrate, then an improvement of
the overall behaviour can be anticipated, in air and even more so under corrosive
environment.

For the fatique behaviour of coated parts residual (or intrinsic) stresses in the
coating will also be of vital importance to its behaviour under cyclic 1loading
{(47). It is know that such stresses will increase with thickness of the coating,
however little is known about their relative magnitude for the various
coating/substrate combinations. Betz et al.(48) have reported some results on how
coating ductility and LCF-endurance decrease with increasing coating thickness,
Fig. 16,

Low Cycle Fatigue

Relatively few studies have been conducted on the low cycle fatigue properties of
coated nickel and cobalt-based superalloys, and variable results have been
nbtained, this being mainly due to differences in testing technique, coating type,
test temperature range and so on.

Wells and Sullivan (41) have demonstrated that significant improvements in the low
cycle push-pull fatique ptoperties of U700 can be achieved by pack aluminising this
alloy. 1In tests conducted at 927 °C, the cyclic strain t. lerance of coated material
was up to 508 higher than that of the uncoated alloy. Althouyh crack initiation
resistance was i1mproved by the use of a standard pack-aluminising treatment
followed by the normal quality heat treatment for the alloy, further benefits
resulted by the inclusion of an intermediate coating diffusjion treatment, Fig. 17.

The effects of pack-aluminide coatings on the push-pull low cycle fatigue
characteristics ot Rene 80 have been evaluted using a strain range partitioning
analysis technique by Kortovich and Sheinker (48) and Halford and Nachtigall (49),
Fiqg 18.

In tests conducted at 871°C and 1000°C under ultra high vacuum conditions,

Kortovich and Sheinker indicated that whilset the fatique life was significantly
affected by the strain cycle type, the introduction of a creep factor reducing the
1i1fe considerably, there was little or no effect of the «oating or test temperature
on the fatique properties, In a parallel programme, Haltord and Hachtigall
demonstrated that there were no significant differences Letween uncoated and
packaaluninised Rene 80 in push-pull low cycle fatigue tests conducted in air at
1000°C.

A comparison of these data on Rene 80, however, indicated that whilst there is a
significant effect due to environment, viz the fatigue strength is higher in vacuum
than in air, there is no difference between material in the coated and uncoated
conditions within a particular environment, Fig. 18.

Although this situation wou!ld be expected to be maintained in long-term tests
conducted in vacuum, a progressive weakening of uncoated material compared with
coated might be expected to occur in high temperaturs, long-term tests conducted in
att. This would be especially true in thin section material. In the Rene 80 work
the coating treatment waa {ncorporated into the normal quality heat treatment
schedule for the alloy.

The effects of various aluminide and platinum-aluminide coatings on the reverse
bend low cycle fatigue properties of IN738LC and FPSX41l4 have been reported by
Strang (39). In tests which incorporatcd 8 30 ninuts dwell period between each
cycle, at various temperatures between 500°C and 900°C, no significant differences
between coated and uncoated msterial were found for durations of up to 700 hours
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and 1500 hours in the case of FSX414 and IN7I8LC respectively (Figs. 19 and 20).
In all of these teats the full quality heat treatment appropriate for IN 738LC and
FSX414 was carried out after coating.

In practice the actual coating response will be the result of the atrain cycle
imposed by a combination of mechanical and thermal effects. As a result of this
there has been a move towards achieving tests which are more representative of
actual turbine blade operating conditions by carrying out programmed
thermo-mechanjical fatigue tested on coated material. Whilst relatively little work
has been reported in this area, the data reported indicates that cracking {s likely
to occur in the coating in relatively few cycles {f a sufficiently high strain
level occurs below the coating transition temperature. Conversely, should the peak
strain be 1mposed ahove the transition temperature, crack inftiation may take many
thousands of cycles to occur, and be in the substrate below the coating rather than
in the coating itself.

On the basis of the work reported to date it can therefore be concluded that there
appears to be no significant negative effect due to coating on the low cycle
fatigue properties of nickel and cobalt superalloys, although premature cracking of
the coating can occur, if it is is too thick, or is excessively strained below its
DBTT.

High Cycle Fatique

The effects of coating on the high cycle fatique properties of nickel and
cobalt-based superalloy blading material have not been comprehensively reported to
date. Various workers have reported the results of limited studies indicating that
the application of coatings can have both positive and negative effects. The wide
variance in coating influence is due to factors such as variations in testing
techniques, viz push-pull, rotating bend, cantilever bend and so on, as well as
variations due to other factors such as tyoe of coating, method of application,
coating thickness, use or otherwise of a post-coating heat treatment.

In a general way, the high cycle fatigue response can be favorably i{nfluenced |f
the coating provides a surface that jis fatigue resistant, especially at low
stresses, if favorable residual stresses are introduced as a result of the coating
deposition, or if the coating protects the substrate from the environment. On the
other hand, the fatigue lives could be reduced if the coating is less fatigue
resistant thar the substrate, if the diffusion zone which usually cxists between

S the coating and the substrate significantly reduces the load bearing capability of
the coating/substrate composite, or if unfavorable resjdual stresses are introduced
during coating deposition.

Bartocct (50) found that aluminide coatings lowered the 107-cycle fatigue strength
of the alloy SEL _19; the thicker the coating the g.eater the effecs. In testy
perforned at 415°C, 25 and 50 micron thick coatings reduced the 10 cycle fatigue
strength by approximately 8% and 15% respectively, even though a post-coating heat
treatment had been carried out. Similar reductions in the fatigque strength of
aluminide coated U500 have been observed by Betts (51) in tests conducted at 734%.

Pack aluminising was also reported by Llewelyn (52) to lower fatique strength of
Nimonic 105 tested at 900°C, but use of a corrective poat-coating heat treatment
improved the fatigue strength beyond that of the uncoated alloy. Belgaew et al.
{53) reported that protection of the nickel bass alloy znsgu with aluminide
coatings did not reduce fatigue strength at 950 °C and 1000°C and led to improved
properties at RT proviled coating thicknesses were controlled to between 40 and 60
microns. At thicknesses of greater than 60 microns premature failure occurred
primarily as a result ot cracking in the less ductile aluminide layer.

Improvements in the room temperature fatigue properties of aluminide coated nickel

. and cobalt based alloy have also been reported by Puyear (54) as well as by Lane J,
and Geyer (56).

] i

« A more comprehensive study of the effects of pack aluminide coatings on the high 1
cycle fatigue properties of nickel based alloys has been reported by Paskeit, Boone =
and Sullivan (56). In studies conducted on U700 in the temperature range RT to

ST

900°C, using reverse bend specimens, they were able to demonstrate that application
of a 7% micron thick alumlnéde coeting could lead to improved properties in the
tenperaaute range RT to 500°C and impaired properties at temperatures between 500°C
and 900°C, FPig. 21. The enhancement of properties in the lower temperature range
was attributed to the aluminide coating having a higher crack initiation resistance
than the substrate. This was based on data indicating that the room temperature
yield strength of NiAl is greater than 689MPa at strain rate equivalent to that
& achieved in these tests. A room temperature endurance limit of approximately
11 448MPa is therefore not inconsistant for a material consisting principally of NiAl
phase. It is of interest to note that in spite of the substrate strength being
lower than that of the coating, initiation is reported to occur at RT in the
coating. As the temperatura increases the endurance llnltad for NiAl decreases
while that for the substrate increases, at least up to BOOOC. A cross over |n
properties therefore occurs with the result that above 550 C the coated material is
marginally weaker. This occurs in spite of a post-coating corrective treatment
being carried out and is a reflection of the relative properties of coating
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and substrate. At 900°C the fatigue properties of costing and uncoated U700 are
the same and it may be that at still higher temperatures, due to a further cross
over effect, coated materjal is again superior, due to the substrate being
protected {rom oxide finuering effects leading to the early failure of the
material.

In more recent work the push-pull high cycle fatigue properties of platinum
aluminide and plasma spray overlay coated IN738LC and IN939 have been evaluated by
Grunling et al. (57) in collaboration with other COST 50 Round Il gorkers o
(58,59,61). Tests on LDC2 and RT22 coated IN738LC conducted at 650 °C and 850°C
indicate that provided the appropriate gquality heat treatment is carried out after
coating there is no significant loss in the high cycle fatigue strength and in some
cases an improvement. These da&n are supported by independent stuil.es on RT22
coated IN738LC conducted at 750°C by Cocper (61).

In the studies described above, inftiatfon of the fatiqgue crack always occurred in
the substrate and not in the coating and as such {t can be arqgued that the coating

has no neqative effect. This was however reversed when samples were aged prior to
testing. This resulted in a lowering of the fatigue strength and the observation
nf initiation occurring 1n the coating. Whilst other evidence indicates that Q

-platelets form below the diffusion zone, these play no part in reducing the
fatigue strength in the sectjon thicknesses considered here, viz appproximately
dmm. It must, theretore, be concluded that some reduction in the strength and/or
ductility of the coating occurs and that may be in part responsible for effects
observed,

Summarizing the effect of coatings under cyclic conditions, it may be suggested
that 1n order not to degrade the fatigue properties of a substrate over the entire
range nf cyclic stresses, the coating must have not only the ductility of the
substrate at high stess levels (LCF) but must also have the strength of the
substrate at low stress levels (HCP), i.e. high yleld strength or low elastic
modalus. In additjon, the coating must protect the substrate from oxidation during
high temperature exposure. A coating with optimum properties, therefore will have
to be tatlored to the substrate by controlling the composition, ductility, and
strength. (46)

Thermal Fatigue

In mary respects the thermal fatigur behaviour of coated superalloys might be
expected to be similar to that observed in low cycle fatigue studies on these
materials. The overall observations on the effects of coating thickness, coating
ductility, control of the applied strain cycle, and so on, are all equally
applicable, as are the remarks made regarding coating integritv, Additionally,
however, as has been demonstrated by Strangman (62), the degre. of thermal
expansion mismatch between the coating and substrate must be considered since this
1s ilkely to be the major source of strain generated in the coating during thermal
cycling. Large differences in thermal expansion coefficients between a coating and
1ts substrate may lead to premature cracking in the coating, particularly if the
coating is thick and peak strains occur below the coating DBTT. These cracks may
In turn propagiate {nto the substrate during further thermal fatigue cycles,
ultimately leading to failure of the component.

Selection of coatings for each application must therefore be based not only on

their corrosion resistance but also on their DBTT and compatibility with the

substrate alloy in terms of their thermal expansion properties. In general terms

i1t may therefnre be considered that the most important overall mechanical property

of a coating is i1ts resistance to thermal fatigue cracking. In spite of such

observations, however relatively few data on the thermal fatique properties of

coated super#lloys have been rublished, which in addition are difficult to ,
interpret dug to the large variety of specimen shapes and testing cycles used as

well as the varying definitions of what constitutes specimen failure .

Ted

Boone and Sullivan (63) have investigated the effects of aluminide coatings,
oroduced by inward and outward diffusion processes, on the thermal fatigue
properties of a number of nickel and cobalt-based superalloys, including U700 and
Wl-52, The results {ndicated that in polycrystalline substrates {nward-type
aluminide coatings generally improved fatigue performace while the outward-type was ‘
detrimental. These differences are explained in terms of the wuwicrostructures of
the coatings. The fine greined structure, characteristic of the outer layer of the
invard-type¢ aluminide, appears to inhibit crack initiation, while the coarse
grained columnar-.ike structure of the outward type is less resistant.

Some other results of thermal fatigue testing of coated and uncoated superalloys
are summarised in Pig. 22. It was further found (64,65,66) that coatings on
D5-alloys generally did not improve the thermal fatigue resistance, but it should
be recognised that DS-materials are already vastly superior to their
polycristalline counterparts. It has also been observed that even where coatings
led to an improvement of the thermal fatigue strength, once initiation had
occurred, the crack growth into the substrate was faster than in the non-coated
alloy (67) Pig 23,
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Cycling coated and uncoated Glenny discs in INT38LC hetween 950° and 40°C  showed
that on discs giving rise, due to their geometry, to high strain levels during
thermal cycling, a detiimental effect by LDC-2 coatings was observed while the same
coating on discs involving smaller maximum strain levels induced a significant
improvement of thermal fatigue resjistance.(14)

CONCLUDING REMARKS

Whilst there continue to be a number of technical difficulties assocliated with the
uge of aluminide coatings on certain ruperalloy substrates, these are more than
outweighed by the overwhelming advantages offered by this type of system for the
protection of high temperature gas turbine components. The cheap and effective
aluminide systems developed for the protection of aero engine components have been
extensively developed to the extent that they are also currently finding
applications 1n long life industrial gas turbine systems.

These coating systems are generally well understood, can be applied with confidence
and efficiency to complex shaped components and provide protection for many
thousands of turbine hours in agressive environments. Blade repair and recoating
processes are now well developed and can be applied with a high degree of
reliability and quality control, thus extending the potential lives of many gas
turbine components. This approach is not only cost effective but also conserves
energy as well as strategic raw materials.

Whilst the us o aluminide coatings is clearly cost effective care must be
exercised 1r nsuring that they continue to be applied to superalloy systems
without prej Jice to their mechanical properties and hence life of the components.
In thi1s respect 1t {s important to ensure that the coating system is properly
matched to the alloy hrat treatment in order that no losses are incurred in the
basic mechanical properties of the material. Coating thicknesses should be
optimised such that the required degree of protection is obtained without the risk
of premature cracking due to high strain and/or thermal fatigue effects in the
component. A continuing high standard of quality control should be exercised in
order to ensure that defective coatings are not put into turbines, thus minimising
the risk of component failure due to sub-critical crack growth processes during
service.

As is evident from the above, the use of aluminide coatings as a cheap and

efficient palliative to high temperature corrosion in gas turbines will continue
well 1nto the future. There is however need for further development work, not only
1n improving the coatings themselves, but also in their practical application. For
example, ODS alloys and carbide fibre reinforced eutectic alloys are still
difficult to coat effectively using aluminide systems. Improved processes are also
required for protecting internal passages in cooled blades. The use of alloying
additions or Al,0, particles to aluminide coatings should be investigated in an
attempt to xmprsv their mechanical properties, in particular ductility. The
effect of coatings on the mechanical properties of thin section superalloys is not
yet fully understood. Finally whilst the quality control exercised in the
production of commercial coatings is generally high there are no internationally
accepted NDT and quality control standards for coatings. The development of such
procedures could only improve the overall effectiveness and reliability of the most

cost effective coating system developed to date.
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Fig. 7 — Industrial gas turbine blades from a daert locstion in the Middle East. Pack sluminised IN 738 biade sfter

12,000 hours service (left) and pack aluminised Nimonic alloy 115 bisde atter 2000 hours service (right) (from ref. 68).
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