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PREFACE

Over the years the Structures and Materials Panel has been concerned with the problems
of gas turbine engine materials. The Panel sponsored a co-operative testing programme to
analyse and predict low cycle high temperature fatigue life and this was the tepic for a
Specialists’ Meeting. namely:

“Charactensation of Low Cycle High Temperature Fatigue by the Strain Range
Partitioning Method™ (Aalborg 1978, AGARD CP-243).

Another approach was the use of ceramics, discussed at a Specialists’ Meeting entitled:
“Ceramics for Gas Turbhine Applications” (Porz-Wahn (Cologne) 1979, AGARD CP-276).

While it was felt that these Meetings had achieved their purpose for their specialist
audiences, there remained a gap to be bridged between the experience and information of the
maintenance engineer and what the materials specialist in the research Jaboratory could « ffer.
This Specialists’ Meeting on the “"Maintenance in Service of High Temperature Parts” wa: con-
ceived as a two way exchange between maintenance experience and materials science.

It was felt that AGARD should be involved because all NATO countries faced common
problems in the increasing costs of engine maintenance and the scarcity »f strategic materials.
Many of the problem areas were likely to have a common base in relation to service experience
and materials behaviour characteristics, so that an exchange of views should benefit both the
research and maintenance communities. The collected proceedings and the discussion sessions
endeavour to provide such an advantage to those involved ia materials for gas turbine engines.

On behalf of the Structures and Materials Panel I would like to express my thanks to all
authors, recorders, session chairmen and participants. In particular [ appreciated the help of
the members of the Sub-Committee on the Maintenance of High Temperature Parts when |
became Chairman and that of Mr George C. Deutsch who, though retired, returned to conduct
the final technical and discussion session of the Meeting.

D A.FANNER
Charrman — Sub-Committee on
waintenance of High Temperature Parts
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INTRODUCTORY REMARKS
by the

Meeting Chairman
Dr-dr. 1P, van Leeuwen
National Aerospace Laboratory-NLR
P_(). BO.\ }53
8300 AD Emmeloord. Netherlunds

The present Specialists” Meeting on the Maintenance in Service of High-Temperatu.e Parts is not a routine under-
taking in the history of the AGARD Structures and Materials Panel. Traditionally the SMP has concentrated on problems
related to the airrame rather than the engine.

Even atits first meeting in Ottawa, June 1933, when it discussed high-temperature problems. this was in relation
to 4 proposed AGARDograph on High-Temperature Effects on Aireraft Structures. At the Sth Panel Meeting in Oslo
and Copenhagen. April May 1957 Materials for Use at Flevaied Temperatures were the main topiv. but again the lectures
that were held had basically the airframe in mind: this i spite of the fact that comiderable attention was paid te titanium
and its aloys.

Yet at certain intervals we have occupied ourselves with topics that were of interest to the engine community.
Since so many representatives of that community are present now, 1 would like 10 tell you some more of our activities
in that field. For your information 1 have also prepared a list of Engine Qriented Pubhications under the Auspices of
the AGARD Structures and Materials Panel.

The Summary Record of the Sth Pane? Meeting conuained an Appendix calied the Scope of the Work of the Panel.
Here we find formally listed as topic 3h: The properties of aircralt and aero-engine marerials, hoth metallic and non-
metathic, including sy nthetics, adhesives and plastics.,

This resulted in the following papers being presented at the Technical Sessions on Fatigue at the oceasion of the
6th Panel Mecting in Paris, November 1957 Fatigue of Structural Materialbs at High Temperatures. by Prof. B.}. Lazan,
University of Minnesota. and Corrosion Séche ¢t Protection des Alliages Réfractaires Ni-Cr 80,20, by M. Mathicu.
ONERA.

At that meeting a Permanent Materials Commitee was fonmed.

T'his committer stimulated activities in the high temperature materials fickd, not so much with an eye on present
day problems, but much more in relation to future developments,
Tepics treated included:

Cermets, 7th Panel Meeting. Paris. March/ April 1938,
Unconventional Metals (Be. Cr, Mo, Nb. Ta. Ti, W and V). first suggested at the 8th Panel Meeting, Paris,
QOctober 1958,

At the 9th Panel Meeting, Paris, Apnil 1959, the SMP met in its re-organized form. incorporating a Structures Group.
a Materials Group and a Flutter Committee.

The Materials Group initiated an activity which was to continue for a considerable number of years and which was
devoted to the tour prominent refractory metals: Mo, Nb, Ta and W and their coatings. Several aspeets were comidered:

1. Aloy development
5

- Coatings
3. Production development
4. Welding
S Basic Research

tphase diagrams. diffusion studies, impurity effects, new tabrication techniques, oxidation studies)
6. Design data,

it



Various publications resutted. but a major achievement in my mind was a handbook on the impurity analysys of
the four refractory metals, which was the result of a collaborative study that fusted for many years,

Another topic that was pursued was that of graphite as a high temperature strocterad rraterial.
High temperature mechanical and creep testing were the subjects of two other collaborative etforts,

At the 19¢h Panel Mccting, Paris, October 1964, 3t was for the first time that a topic was taken up, that was of
immediate interest (o the dexigners and the users of jet engines. This was the development and testing of protective
coatings for jet engine materials, Untortunately this did not result in an AG ARD-spomored colluborative programme.
Presumably this was because <everal potential participants did not feel their commercial interests sutficiently sute-
guarded.

It is important of course that there is another AGAKD Panel especially devoted to engines and thewr problems.
This is the Propulsion ant Energetics Panel. In 1963 the SMP was invited to contribute to a PEP meeting on engine
matenials. Since that time haison has been maintained with the PEP and the two Paneli have assisted orie another in
soliciting speakers for their respective conferences.

In the years that tollowed attention was again given to the more basic aspects such as the thermo-physical properties
of materials.

The 28th Pane! Meeting. Davion, Ohio, April May 1964 marks i sudden growth m the Panel's interest i eugine
problems, High Temperature ¢ orrosion was selected as a topic worthy of Panel attention.

This resulted in a Directory of Qreanizations, Investigators and Programmes in High-Temperature Corrosion
Research completed in 1971, in a highly successful Specialists’ Meeting on High Temperature Corrosion which took
place m Copenhagen in the spring of 1972 and in a Handbook on Basic Data in High-Temperature Corrosion completed
in 1974,

Another engine-related topic considered by the Panel was thgh-Temperature Low-Cyvele Fatigue.  First a state-ol-
the-art report was prepared on testing techmigues and methods of analvsis, Then a Specialists” Meeting was held in the
spring ot 1974,

In parallel to the HTLCE project an activity was undertaken concerning In-Sita Composites. This programme was
run similarly to that on high-temperature corrosion. First a directory was prepared listing workers and organizations
active in research and development in this field. Then a Speciatists” Mecting on In-Situ Composites was held atso at the
occasion of the SMP 1974 Spring meeting in Washington D.C.

The topic o1 high-temperature design problems was held alive by an ad hoce group which, after listening to a number
of pilot papers, ptoposed another activity in the field of fow-cycle fatigue. This was to comprise a collaborative testing
programme with as one of its aims to evaluate the strain-range partitioning method for the anglyvsis and prediction of
low cycle fatigue behaviour of engine matertals, Sixteen laboratories participated, equally distributed to both sides of
the Atlantic, The results of the testing programme were discussed at a Specialists” Mecting that took place in Aalborg
in the Spring of 1978,

In paratiel to the Low-Cycle-Fatigue Programme an activity was sfarted in the field of ceramics. Speakers were
invited to present pilot papers and in the Autumn of 1979 in Cologne, a Specialists’ Mecting was held on Ceramics for

Turbine Engine Applications,

At the 48th Panel Meeting in Widliamsburg Va, April 1979, consideration was given 1o a4 proposal to stimulate the
dialogue between engine maintenance engincers and materials specialists.

At the 49th Panel Meeting in Cologne, Octobier 1979, 4 proposal was made to prepare a Handbook on Aeroelasticity
for Turbomachines.

Discussions continued on the aspects of engine maintenance and these have led to the organisation of the
Specialists’ Mecting on Maintenance in Service of High- Temperature Parts to which vou have been invited to participate.

As you will see various categories of papers will be presented.

In the first category fall the papers that deal with the users” experience, both military and civil, with inspection,
maintenance and repair of jet engines.

Another category discusses defects and criteria for engine life and cause for retirement.

A third category considers novel repair techniques and rejuvenation of parts that have becn in service.




Fainall a foarth category i concerned with protective coatings, to be apphied in the manufacturing stage. but albwo

4l regular mtenals dunng senvice lite,

We have aimed at bringing togethier people with strangly ditferent backgrounds. hat all in some way invelied in
the problem of providing present Jday arreraft with reliahie engines. that will conuinue to he reliahle for un appreciebie

length of time.

By deing ~o we have aimed not onlv at the nattons that produce engines, but also at those that have to operate
and maintain engines produced elsewhere.

The engine environmenti is characterised by heat and pressure. Maybe the discussions during the Spegialists”
Meeting will ereate another form of heat and pressure. But then. it has been said that sutlicient heat and pressure can
turn carbon into diamond. 1 am not expecting that atter this Meeting the floor will be found strewn with diamonds.
but I am convinced that the resulis achieved will be valuable for some time to come: and | wish yvou all a pleasart and

fruitful meeting.

HP. VAN LEEUWEN

ENGINE ORIENTED PUBLICATIONS UNDER THE AUSPICES OF THE

AGARD Advisory Reports

Fitzer. E,
Vitzer, F.

Fitzer. L,
Thompson. E.R.

Drapier. 1.M.. Hirschberg. M.H.

AGARD Reports

Lazan, B.J.
Mathieu, M.

Deutsch. G.C.. Meyer. AL,
Auli. G.M.

Syre, R,
James, WAL

Coutscuradis. D.. Mullins, B.P,
(editor)

Gueer. D.. Capa. M.

Coutsouradis. D,
Faurschou. D.K.

Jaffee. R1. tediton

Deapier. LM,
Fitzer. E.

Anonymus

AGARD STRUCTURES AND MATERIALS PANEL

Thermoplivsical propertics of materials. AR 12, 1967,

Thermophysical properties of sohid materials. Project Section 1A, Cooperastive thermal
expansion measurements up to 1000°C, AR.31. 1971

Thermophysical properties of solid materials. Project Section 1B: Thermal expansion
measurements from 1000°C to 2600°C. AR.3%. 1972,

Technical evaluation report on AGARD Specialists” Meeting on directionally solidified
in-situ composites. AR.70. 1974,

Technical evaluation report of the Specialists’ Mceeting on characterization of low-cycle
high-temperature fatigue by the strain-runge partitioning method. AR.130, 1979,

Fatigue of structural materials at high temperatures. Report 1536, 1957,
Corrosion seche ¢t protection des alliuges refractaires Ni-Cr 80-20. Report 159, 1937,
A review of the development of cermets. Report 185, 195K,

Basic research on the retractory incials melybdenum. niobinm tantalum and tungsten.
Report 482, 1964,

A state-of-the-art survey of methods being used tor the evaluation of coatings for
super alloys and refractory metals. Report 309, 1965,
Cooperative programme on mechanical testing of refractory metals. Report 568, 1968,

Effect of loading frequency on strain behaviour and damage accumulation in lowcyele
farigue. Report 572, 1970.
Cooperative creep testing programme, Report 581, 1971,

NATQ nationy! reports on high-temperature corrosion of geraspace alloys. Report »ut.
1972,

Ad hog group on low-cycle high-temperature fatigue. Status report. Report GG, 1972,
Thermophysical properties of solid materials. Project Section H. Cooperative measure-
ments on heat transport phenomena of solid materials at high temperatures. Report
606, 1973,

Directory of resvarch avtivities on inssitu composites. Report 6OY, 1973,
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MILITARY MAINTENANCE POLICIES AND PROCEDURES FOR HIGH-TEMPERATURE
FPARTS -~ WILL THEY BE ADEQUATE?

AUTHCR: Wg Cdr K B G Hedgscock

Air Eng %2(RA”, UK Ministry of Defence
Room 326, O.d War Office Building
whitehall, London S¥W1A ZEU

Urite] Kingdoms

SUMMARY

Compared with €ivil use. military aero-engines tend to be exposed to the effects of
working closer to their design limits, of more rapid and frequent change of operating
condition, and of more exacting environments. For high temparature parts this mode
of use generates three areas of concern; estimating the life of critical parts,
deterioration in material properties, and difficulties in ipspectior and repair.

Our lifipg methods are already complicated by ar economic desire to move away from
average fleet lines to comsider the life consumption of individusl engines. Hhewer
materials are aggravating this by the pumber of parameters, all varying in service,
which pow affect the life. There is nothing new in the maintenance engineer's ideal
of masterials which do not deteriorate and are simple to inspect and repsir. However
the conflict between this ideal and the demande for lighter weight and higher
performance has probably never been greater. Will we be able to develop maintenance
policies and procedures to maintain a sensible talance?

1. INTEQDUCTION

From the beginning the physical properties of materials and particularly those of
high-temperature materials have been one of the main controlling factors in the
development of gas turbine aero-engines for military use. In fact, from a viewpoint
back in the year 1940, miracles have been achieved. Much hes been written on the
subject and this paper is not intended to add to that aspect. It is biased more
towards the problems and challenges that the use of mndern high-temperature

materials bring to the Boyal Air Force operator; living, as we all do these days,
within strict socio-economic restraints,

Material has to be copsidered in relatiom to its overall effect on the aerc-engine

as part of a weapon system. Moreover, the weapon system itself has to beheve quite
differently in peace and wartime copditioms. The maintenance man is faced with
problems of life estimation, with all its facets, inspection, repsir and containment
of coste; both direct and indirect, From all of these factors maintenance policies
emerge. Each of these areas is touched on separately in this paper. Of course this
is merely for editorial convenience because, in real life, they are ipextricably
connected in very complex relationships and what appears at the end is often a
compromise between several aspects,

2 OPERATIORAL WEAPON SYETEM EFFECTS

2.1 The Military Aero-Engine. The military gas turbine is probably unigue
amonget aircralt ecquipment. ew other items operate so closely to the limit of
phyaical properties of materials, has to undergo such intemsive developmvnt of
reiiability and 1ife after it bas entered service, has such a high proportion of
criticel and life-limited parte and is so frequently returned to the repair/overhaul
organisation to be dismantled.

Then with eackh new sircraft type the demand for performance forces us towards
engines that are smaller, lighter and uee less fuel for a given thrust.

If we compare the Rolls-Royce RB 199 for Tornade with en early Rolls Royce

Avon of approximately equal dry thrust, advancing technology has achieved a
significant reductios in the sigze of the basic turbdc machinery. Even with its
reheat/afterburner the BB 199 is no bigger tban the basic Avon. To a large
degree this change is due to the production of materials which will withsatand
bigher turbine temperatures snd to the design of improved cooling arrangements.
Generslly both are involved.

2,2 Peace-time and War-time Conditions. It is only during relatively short
periods of Ilight that engines Teally consume their in-built life.  Although
aircraft, and hence engine performance is primarily specified for their war role,
in practice peace-time training sorties can consume engine life more quickly per
flying hour then war-time operations. Fig 1 shows where training sorties are
condensed to eliminate transit flying and intensify trasining benefit.




Perhaps in peacetime we should make do with lower thrusts and sence improve

the turbine environsent. To some extent this can be done. For exampie with
some aircraft we use a flexible take-off thrust. The thrust used .s adjusted
to take account of aircrsft weight, weather and runway conditions. However many
pilots feel, with some Justificstion, that the only good pizce of runway ie the
portion that is left in front of you. For them., use of maximum thrust equates
to imy-oved aircraft safety at a very critical point in the sortie. Of course a
more mechanical solution can be adopted and we do consider for new aircraft the
fitting of "combat switches". These would limit thrust normally but provide a
facility in the cockpit to obtsip maximum thrust for realistic training or in ar
epergency.

2.% Overall Maintenance Philosupby. Like many other aircraft operators,
the 88 tried many pallosophies of maintenance in the past. We are now
firmly settled on a philosophy of Cn Condition Msintenance. This is a
controversial phrase and many people define it in different ways. More
importantly. they alsoc understand it to mean differept things. IMany prpers have
been written and no doubt will be writtem on %his subject alone. However
here we mean that we try to get away from overhaul lives fixed for a given engice
type and move towards lives that differ between individual epgines and theair
componepts, and that depend on their physical c¢ondition, history of use, and
r whether their failure would actually hazard the aircraft. In practice the rules
- are applied to varying degrees cn RAF engines in service depending on the type of
usage monitoring equipment fitted to the aircraft concerned.

As far as the turbine eand of engines is concerned, our general rule is that
because turbine discs are prone to low cycle fatigue (ICF) and because any
failures might not be contained within the engine, lives based on engine us:ige
are established. The approach for turbine blades is rather less straightforward
and depends upon the likely failure mode. Creep and fatigue can probably be
covered, but high cycle fatigue presents problems. In general, because failed
blades would stay within the engine we tend to impose no in-service life and just
let the blades fail.

3. ENGINE USE AND LIFE ESTIMATION. The subject of engine usage and life estimate
is introduced at this stage because many people will be already aware of UK mctivities
E in this area from the detail in References 7 and 2. However a broad review is
- necessary bdecause of its importance in relation to our other work.

Since our first tentative steps with an installation in a single Phantom in 1974, i
it has become increasingly apparent that total engine usage information wes essential

for two aspects; firstly to be fed back into serc-engine, and hence materials, design,

development and testing. Secondly it provided for s more economic¢ use, in-service, of

the lives of engine discs obtained fror theoretical and rig test sources.

In essence; the designer can now know how we actuslly use an engine as opposed to how
we said we intepded to. We can reduce the amount of unused safe life left on disces
when we throw them away.

3.4 Eggine Usage Honitoriﬁg S{sten {EUMS) Mark 1. EUMS Mk 1 is our basic
eguipment. 18 usSed primarily to produce a eet exchange rate between low
cycle fatigue cycles and flying hours or sorties. More than 15,00C engine ground
and flight hours have been accumulated on it. Twelve different types of aircraft
are fitted with the system and seven more, Tornado, Sea Harrier, VC 10 tanker,

Chinook, Puma, Jetstreaw and Sea King, ave planned for future fitment. Normally
a sample of 4 to & aircraft of each type has EUMS fitted.

Variations in engines, pilot operation, and sortie pattern are taken account of
using statistical techniques and are writtem into & computer prograsmme used by the

The following table, alsc used in Reference 2, shows the safe cycles per hour,
on average, which would be expected ior various alternatives. In this cese the
figures happen %o be for a compressor disc currently in service.

Safe average
Monitoring Scheme cycles per hour
P HP
Rone 3.26 .73
By role and side of aircraft 2.5 1,%9
By role, side snd sortie pattern code 2,42 1.3
By ICF counter 2.27 1.26




As a measuve of the success of the system, the ICF fleet exchange Tate for the
Adour in Jaguar was reduced, allowing time-expired Group A components to bLe
reclaimed from quaran.ine at a cost saving of £1.3% aillion. In the same way
EUMS data from the kegesus engine in Harrier is being used for life extension.
An average increase of 20% on turbine diecs hes been sgraed.

The RAF Red Arrow display team, now opereting British Aerospace Hawk sircraft,
present a special problem. EUMS hes shown that the cutside aircraft in the
formation can use about 13 times more ILCF life than the formetion leader on the
same sortie. The nced for recording on each Red Arrows aircraft will be cavered
later.

Not only does EUMS data provide the engine designer with & knowledge of throttle
movements anC therefore cyclic life consumption on aireraft in service but the
data can be used to predict engine behaviour in future aircraft. It order to
simulate the mission profile for projected aircraft, a EUNMS fitted existing
aircraft can deliberately reproduce tha mission, Where the new mission profile
is very complex, EUMS sorties can be flown on several types of existing aircraft
and spliced together. This exercise is also very valuable in providing for the
differences between peace-time and war-time »perations at an early atage.

Curvently the UK establishes disec life om 'life to first crack' principles. The
RAF is very interested in any prugress oh the latest materials towards a Fracture
Mechanics approach where cracks were permitted up to & cectain size; although we
are conscious of enormous practical difficulties of menaging this in complete
engines and ensuring its cost-effectiveness. However, to obtain the maximum
benefit, it would not be sensible to have tn use "norinal" mission criteria based
on the worst flying profile, Therefore, engine useage monitoring on each
individual aircraft appears to be a necessary &step in this case.

As well as EUMS fitted to aircraft, a number are in operation on test beds.

Here experience is gainec and 1CF/hot end life consumption rates cau be Quantified
during the 150 hour Type Test. Moreover, the system can be used for more specific
tests such as an assessment of the use of optical pyrometers to measure .arbine
temperatures directly on military engines. The results can then be reuu across

to subsequent ones whea the aircraft flies with the same wodilication.

The RAF is currently undertaking a trial using 12 Hawk aircraft fitted with EUMS
primarily to explore the benefits of engine flight data recording and analysis
using B Ground Processor based at the flying station. Detailed fleet mrnagement
is the area most likely to show results. However, the volume of data will be large
and special arrangements have been mede to relate it to engine ground performance
testing and the physical state of the engine found daring overhaul. Much will be
added to the engine designere knowledge of the Adour engine itsslf.

In~service experience with EUME Mk 1 led to consideration of areas where its
capability could be uasefully increased and where extra features consistent with an
overall engine life monitoring approach, could be added. The result was EUMS Mk 2.

3.2 EUMS Mark 2. Pleasey Electronic Systems at Havant have developed EUMS Mk 2
to a U MInJstry specification. It is a microprocesscr based system which includes
8 displey suitable for eith~r cockpit or equipment bay mounting giving perameter
exceedance warnings and access to engine life data without having to use a ground
replay equipment.

Tne system can accept 40 analogue parameters plus 16 spool speed inputs and

20 discrete ON/OFF signals. Up to 50 parameters can be checked fer limit
exceedances. ICF consumption is available for a pumber of critical componente,
boih as a rate per flight and accumulated total. Data can be stored in either
solid state memory or Quick Access Pacorder.

EUMS Mz 2 is already flying in the Jaguar aircraft and is recording sirframe
fatigue as well a8 principal engine life parameters. The system hae now been
installed in the Harrier.

The overall management of EUMS Mk 2 and ita data recovery follow clnsely the
arrangements established for EUMS Mk 1.

3.3 low C*cle Patiege Counter (ICFC). As a partner to EUMS fitted to a sample
nuzmber of airer , e rovides the possibility of a moaitor on each
individual aircraft. The LCFC which is manufactured by Smiths Industries tc a UK
Ministry specification is m microprocesoor based equipment which computus the LCF
life consumed by 4 specific features in the engine rotating components. It notes
rpm excursions and ~onverts them into reference siress cycles. The RAF evaluation
has taken place on aircraft already fitted with EUMS so that the algorithms used

in the LCFC can be cross-checked.




Most of our results have been obtained on the Adour engine in Hawk and Jaguar
Its primary use 8o far has been on the Red Arrow display team aircrafi vhere. a8
mentioned earlier, wide variations in ICF consumption cam cccur.

At the moment the counter neglects thermal effects and the simple LCFC is clearly
restricted where thermal gradiests or thermal fatigue are significant. Ag it
happens, it is rafe to ignore thermal effects on a large number of RA¥ engines
but this will be less possible in future. Three further approaches are being
worked on. Firstly, the LCFC ig ba2ing developed to teke account of turbine blade
thermal fatigue and creep. Secondly, it may be possible to adjust the valus of
Ultimate Tensile Strength, used in the ICFC, to account for changes in material
temperatures. Finally, EUMS Mk 2 could be fitted to each aircraft allowing more
parametera to be measured.

T4 Hot-end Monitoring. For the turbine area, in particular, the service
engineer needs an on-board hot end monitor that he can trust. Backing by a proven
snalytical basis is essential. The deeign process, including test programmes is
fairly well establighed. The EUMS programme will be used to confirm life
predictions. Rolls Royce and NGTE have developed creep and thermal fatigue
algorithms wbich will be validated by phased removal of components and metallurgical
examination.

By ensuring that r.:asurements of compressor outlet temperature {(turbine blade cooling
air), vurbine inlet temperature and shaft speed are available, the apare capacity
built into the ICFC could be used to assess creep and thermal fatigue. This
facility vill be available soon. However, a programme of EUMS correlation will

be essential before the ICFC could become executive for these quantities, Even

then both hot end equations have limitations because the failure mechanisms are not
completely understood. However, a period of steady investigation should improve
this situation.

3.5 Modular Engines. Before turning to the practical activities of inspection
and repair, some broader mechanical constraints should be considered because they
affect how and when these activities can be done.

The RAF is firmly committed to modular engines because of the large cost savings
from the reduced buy of complete spare engines. Moreover, engines can be
recovered for use more quickly in the field. The newer engines have up to 17
modules. Most inspection and repair work is now done at flying stations with
engines and modules only returning to an RAF Maintenance Unit or Industry when
essential. This balance is the complete reverse of that employed in past years
and, of course, the RAF still has large numbers of 'traditional' engines in use.

The very flexibility of the modular engine and our in-service overhaul system also
seriously compounds the panagement problem. For instance, we are progressing from
the relatively simple task of managing a fleet of engines with the same life, through
the stage with our Phantom and Nimrod engines which each have one or two different
module lives to the multi-modular engine like the RB 199 example on a station
gperagiggoso twin-engined aircraft; instead of 100 individual engine lives, we

ave 2, :

It is for this reason that we have been forced to install a local station level
ADP system based on the Texas Instruments 990/10 misicomputer.

3.6 Inspection. In an ideal world the maintenance engineer would like to de
able to inspect all parts of the engine without dismantling anything and without
removing it from the aircraft. Moreover, all defecis should be s0 obvious that no
inspector would miss them even at the end of & tiriag work shift. Real life does
not allow such luxuries. To be fair, facilities for inspection have probably
never been better, Oun the other hand there is more to look at; the number of
blades is a prime example. Alsc the tendency towards more complicated fabrication
reduces access to the areas to be inspected.

3.6.1 Ingpection of the Assembled Engine. Here visual inspection still
predominates. These duys the engine is well provided with access ports
fur borescopes. Even the problem of preventing access port plugs in the
turbine area from seizing up seems to have been solved.

It has been clear for some time that the strain of lengthy unaided boreicope
inspections greatly increases the risk that an inspector will mias a detect.
Closed circult television (CCTV) is an essential step both to ease the strain
on the inspectors and also to allow a group to view and discuss a defect
together and, if necessary, to take a photograph.

Neverthelegss black and white television can also be misleading and suggest
spurious defects which turn out to be merely discolorations of the material.
It is most likely that we will soon turn to more widespread use of colour
television to counteract this problem.
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X~-Ray technigques uare sometimes used; either by I-Ray generation {rom the
outside or by the introduction of a radio-active isctope into the
internal parts of the engine. In general, the use of X-Rays is far
frem straightforward because the man - layers of fabrication cause a very
confused and compliceted X-Ray pieture. Even so the technique has been
valuable for some very specific applications.

%,0.0 Inspection of the Dismantled Engine. ““he most recent changes in
this area for the RAF have been introduced less by new techniques and more
by where, in organisational terms, the inspection is done. As noted
earjier the stution level eangineers now see more of the engine internals
than at any time in the past. However, most module inspections at stations
are limited to visual techniques; both aided and unaided. Visiting
non-destructive testing (NDT) teams supplement this. The RAF has developed,
over the years, a fair capability for NDT techniques; spurred on by airframe
structural needs. For engines and modules which return to Maintenance

Unit level, the full range of NDT devices is available for use and mosat of
our present effort is directed towards semi-automation of these techniques
to increase preductivity.

LY Repair. On RAF flying stations very little repair of high temperature
materials 1s underteken except by replacement of complete components such as turbine
blades. However, removal of modules on stations exposes other modules to view.

As a result, ¢racks in. say, the combustion chamber become known about. Whereas

in the past if the engine was performing satisfactorily, they remained invisible
until the engine was tinally dismantled. This new situation has increased the flow
of questions to the materials designer about acceptable crack or damage limits.

Here it is important that the advice given is sensible and that defects that we can
live with are clearly identified. Wherever possible, the over-safe and expensive
route of trying to repair everything should be avoided.

Our modular policy introduces a further risk that, because the engine internals are
expogsed more often, they will even with our best control be exposed to minor and
somet imes unnoticed surface damage. This is a fact of life for the future and the
materials designer should bear it in mind. Although how he could possibly cater
for such a random event is difficult to imagine.

Corrosion and erocion are always with us. However, they are areas where military
operations can a8till catck out the maintenance engineer snd indirectly the materials
designer. Sometimes our aircraft are eventually used in roles and environments
never expected whern they were first specified. A clessic case is that of the
Harrier used in Belize. vhere severe turbine disc corrusion/erosion was initiated

by the unusual environment.

At Maintenance Unit level the RAY share full engine repair with Industry. The
cost of repair equipment required for modern materials limits its use to a few
locuations. Electron beam welding equipment, plasma spray and extensive heat
treatment plaat appesr to be an inevitable price to pay for materisls now coming
into use.

4,8 Costs, Although the need to contain costs has driven most of what has been
suid already, it is notoricusly difficult to pin them down. In general the value
of the aero-engines owned by the RAF is about £1.,400 million and rising rapidly with
the introduction of the Rolls Royce RB 199, wWhet is more, by the time an engine
finally leaves the Service, supporting it will have cost us at least 3 and probably
more, times its purchase price, and that excludes the fuel it has durned.

It is therefore usually easy to Justify work on more precise lifing and increasing
the capability for inspection and repair.

CONCLUSIONS. Cost constraints and the need for increased engine availability

has provoked a much more {lexible approach to the estimatiom of the in-service life

of engine parts. Therefore the UK will continue to operate and expand an engine
ueeage monitoring programme, exploiting the strengths of the vayious equipments
available, in order to refine component lives and move further towards an On Condition
FMaintenance Policy. At the same time the flow of data back to the designer should
fill earlier gups in the inforwatiun about military engine use. Good analytical
foundations for predicted failure modes are needed early to identify the parameters

to be measured and the algorithms to be used.

Technigques of inspection and repair in-service will, of mnecessity, evolve with future
changes in materisls and this need should not be overlooked in the search for
materials bringing performance gains.

Although much of what has been considered applies equally outside of the high
teppera*.re materials area, this area does involve the shortest in-service lives and
greatest difficulties of inspection and repair. looked at positively, improvements
in these materials therefore bring the greatest potentiml for gemeral cost and
operating benefits.
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ENGINE DEPOT MAINTENANCE REPAIR. TECHNOLOGY
by

Dr James A.Snide
Director of Graduate Materials Engineering Program
University of Dayton
College Park 300
Dayton, OH 45469, USA

and

Mr William 3.Schulz
Technical Manager for AFLC Support
AFWAL Materials Laboratory
Wright-Patte,. »n Air Force Base
OH 45433, USA

The scope and mission of the two USAF engine Air Logistics Centers are described.
The various processes and organizational structure to identify repair technology require-
ments are discussed. Approaches to transition and implementation of new technology intc
a repair depot environment are described. Specific examples of technology developments
described are: braze repair, laser metrclogy, electrophoretic, coatings, sputtered
MCrAlY overlay coating and inlet guide vane vibration damping,
INTRODUCTION:

The Air Porce Logistic Command (AFLC) is the command which is responsible for the over-
haul, repair, gpare parts and supplies necessary to keep Air Force weapon systems combat
ready. The responsibilities include aircraft, missiles and support equipment. As can
be imagined, this is not a simple or small task. If the resources of AFLC were compared
to those of U.S. corporations, AFLC would be ranked llth in the Fortune magazine list
of the top 500 U.S. companies. 1In order to satisfy its mission, AFLC functions on both
a contractual and organic or in~house basis. Five Air Logistics Centers (ALCs) have
been established to provide the support to specific weapon systems or components. The
primary workload assignments for each ALC are shown in Figurxe 1.

The organic repair functions of AFLC represent a significant percentage of AFLC
resources. The value of AFLC maintenance facilities and equipment exceeds $1.3 billion
with covered floor space in excess of 16 million square feet. Thirty-five thousand
people are employed for organic maintenance. In terms of aircraft and engines, these
facilities perform maintenance and repair of about 50% of the aircraft and over 80% of
engines overhauled in Fiscal Year (FY) 1980.

nverhaul and repair of engines are accomplished at two Air Logistics Centers (ALCs},
Oklahoma City ALC and San Antonio ALC. During FY 80 approximately 4,600 engines or
engine modules, in the case of F-100, were overhauled by AFLC. Over 3,900 of these were
accomplished on-site at these ALCs. Engine repair resources during FY 80 totaled $210
million. The distribution of the engine workload for FY 80, is shown in Figure .[.

For many years, Logistics Command was not viewad by the R and D community as a viable
customer for new technology. The reasons for this are many and varied. For example,
the cost of ownership of a weapon system was predouminantly in development and acquisi-
tion as opposed to operation and support, the logistics ¢ommunity was not requesting
support, from the R and D community, and many of the problems encountered by AFLC did
not lend themselves to waiting for long term solutions implied by R and D, and many
laboratory personnel were not interested in applying themselves toward solving what they
considered to be mundane problems.

The close association between the Air Force Logistics Command and the engineering commu-
nity of the Air Force Systems Ccommand has resulted in the identification of various
opportunities for the translation of advanced materials and process technologies to the
overhaul floor. These advanced technologies offer the potential for reduced costs lur-
ing engine overhaul., Several examples of programs which have or are being conduct:d to
enhance the repair of fan and turbine blades will be described.
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BRAZE KREPAIR FOR TURBINE AIRFOILS:

Advanced turbine blades and vanes require the use of sophisticated air cooling tech-
nigues, costly nickel and cobalt base alloys, and extensive surface protective coatings.
Because their operating environments cause various types of degeneration which ultimataly
lead to their removal and replacement, cost effectiveness of repair versus replacement
must be considered in terms of overall life eycle management. The Airy Force Wright
Aercnautical Laboratories - Materials Laboretory (AFWAL/ML) conducted a Manufacturing
Technology (MANTECH) program with General Electric Corporation; (1) to establish cost
effective repair techniques for conventionally cast airfoils. The cobjectives of the
program were: 1) to select repair processes and airfoil types with generic application
to ALC repair requirements, 2) to transition advanced process to manufacturing tech-
nology, and 3) to verify the repair procedure.

Components selected for repair were the TF39 first and second stage turbine vanes and
the first stages turbine blade., These are shown in Figure 3, Repairs performed on the
Stage 1 HPT vanes incorporated cracked areas of the leading edge, trailing edge {(con=
cave surfaces) aft of the cooling holes and various inner and outer platform locations.
In order to make a braze repair, the Fluoride-lon Cleaning Process was developed in
order to remove the oxide from the surface of the crack. A schematic of the cleaning
process and its effectiveness in oxide removal are shown in Figure 4. Activated
Diffusion Healing (ADH), which is a hybrid brazing process, was used to repair the
cracks. The results of a typical ADH repair of a vane are shown in Figure 5.
Representative components of each of the Stage 1 and Stage 2 vanes were subjected to
1,000 mission profile cycles in TF39 engine test vehicles, and inspected, and then
evaluated to determine the degree of success for each repair. Repair feasibility for
both components was satisfactorily demonstrated. The economics of the process for tur~-
bine stator components demonstrates the cost effectiveness of the repair concept in

lieu of new parts replacement for total engine life cycle management. Additionally, the
advanced techniques developed in this program using Fluoride-Ion cleaning and ADH exte.d
the capability and cost savings afforded in turbine airfoil repair.

ket s

METROLOGY OF COMPLEX AIRFOILS: B

Measurement of dimensional characteristics of airfeoil parts in both production and over-
haul is primarily a manual operation. These measurements employ a variety of gage
types. Gages vary from the very expensive optical comparator (Figure €) to the inexpen-
sive dial gage (Figure 7)., Some gages are simple, others quite elaborate. All are
subject to wear and require their own iadividual calibration procedures. All gages !
require care in handling and some of the more delicate ones require freguent repair.

The amount of training, skill and judgment necessary to use these gages varies consider-
ably with the type of gage employed. Regardless of the dimensional gage used, alert and
conscientious inspection is required by trained inspectors.

Despite the diversity of gages and the heavy reliance on manual inspection, dimensional
inspection today L satisfactory accuracy and provides adequate reliability. It is
clear, however, tha. an automatie non-contacting inspection gage capable of measuring
most dimensional characteristics of interest would: greatly simplify inspection opera-
tions; be cost ef.ective; consolidate a number of gages into one; minimize wear through
the non-contacting feature; and improve overall inspection reliability by minimizing
human involvement. The need for such a system is further emphasized if future needs are
considered, e.qg., the potential for increased airfoil parameter measurements and tichter
tolerances that could result from the need for improved engine performance reliability.
An automated system would address to future needs as well as provide many improvements
for inspection of today's hardware.

The features desired in an automatic gage establish the basic area for focus during its
development. Rapid inspection speed is important for the automatic gage to be cost-
effective. Accuracy is necessary to meet design requirements, and repeatability is
important to provide consistent results. HNon-contacting probes preclude scratching of
the part and probe wear problems, and provide greater accessibility to part surfaces.
Universality of application is desirable to minimize the need for many gages and their
associated costs. Important ingredients of universality are ease of fixturing and
flexibility of software to accommodate a variety of parts and inspection reguirements.
Automatic documentation must provide necessary information for proper part disposition
in an easily understood format. Finally, the automatic gage must be compatible with the
prcduction and overhaul environment. All of these features must be considered and
included, to the extent possible, in the design and construction of an automatic gage.

The AFWAL/ML conducted a MANTECH program with General Electric Corporation (2) and
Diffracto, Ltd. of Windsor, Ontario, Canada to develop and establish and validate a
semi-automated, non-contacting gaqing system to make accurate measurements. This program
was initjated to improve this technology area by establishing a ncn-contacting, computer
interfacial gage system that provides the capability of measuring many dimensional
characteristics (e.g. airfoil contour, length, width, twist, lean, etc.) with cne instru-
ment while maintaining high accuracy, repeatability at reasonable throughput rates.

The gage system was to be a demonstrator semi-automatic laser gage system capable of
measuring representative dimensional characteristics of single turbine bladss and single
turbine vanes within a part size envelope approximately 12 inches long, 4 inches wide
and 4 inches deep. The demonstrator system was to be capable of measuring ten represent-
ative dimensional characteristics of a test part. The test part for this program was




the TF39, stage 2 trailing high pressure turbine blade.

The demonstrator laser gaging system is a semi-automatic four axis system capable of

_ measuring the ten representative dimensional characteristics of the test part. The
demonstrator system {Figure 8} consists of four primary modules: a) a laser sensor
module; b) a part manipulation module; ¢) an output module and a computer module, The
laser sensor and part manipulation modules comprising the demonstrator gage which inter-~
faces with the computer module is shown in Figure 9.

The program essentially met the design criteria that the demonstrator system have an
accuracy plus repeatability of 15% (i.e. +90 microinches) of the tightest tolerance to

be measured at the 95% confidence level. The overall system met this requirement over

an estimated 80% of the part size envelope and within 11% of the goal over the remaining
20% (i.e. the outer radial periphery). The major objectives of the program were achieved
and a firm technological foundation has been established for a cost effective, reliable
and flexible follow-on production model for airfoil part dimensional inspection.

ALUMINIDE PRODUCTION COATING PROCESS:

various aluminide type coatings are used to protect turbine hardware in Air Force engines,
While these coatings are similar in composition and performance, their application
methods vary so that reating new and used parts may require separate installations unigue
to the processes. For example, the various steps in a pack process are shown in Figure
10. Cost would be reduced and logistics simplified if a single coating process were
available at the Air Logistic Centers (ALC).

. The AFWAL/ML conducted a MANTECH program with Detroit Diesel Allisoa (DDA) Division of
General Motors Corporation tc provide a single process coating capabilty at a selected
Air Logistic center. The Allison Electrophoretic Process (AEP) is to be employed for
coating nine different alloys (nineteen components) in the Air Force engine inventory.
It is expected that through the use of AEP the Air Logistics Centers could satisfy all
their refurbishing needs with two basic bath chemistries - AEP 32 (Al-Cr-Mn) for nickel
base and AEP 100 (Al-CrAl) for cobalt base superalloys - both being applied in a common
: installation. The two coatings proposed are licensed for use by the U.S. Government per
v contracts DAAJ-69-C-0412 and F33647-72-C~0007. Laboratory and engine testing are to he
. used to evaluate the suitability cf AEP as a single coating process for Air Force use.

The AEP Coating Process is based on the principle that migration is observed when an
electrical potential is applied to two electrodes immersed in a dispersion of charged
particles. An electrophoretic cell is shown in Figure 11. When the dispersion is
properly formulated, the suspended particles will deposit upon one 5f the electrodes.
Electrophoretic deposition differs from electrcplating in that particles of any comprsi-

d tion rather than ions are deposited. As compared with physical vapor deposition,
electroplating spraying or dipping, the electrophoretic procedure is particularly suited
ta applying coatings to non-uniform geometries, because, as the coating deposits on
external areas and edges they become insulated and the effective deposition shifts to
uncoated areas. The AEP procedures utilize fine particles dispersed in a low viscosity
polar liguid. Emperically determined coating weights are electrophoretically deposited
upon turbine components. The coated articles are then subjected to thermal treatments
in suitable environments (hydrogen and argon have been used successfully) for times
necessary to produce substrate-coatings with the desired structure.

Facilities required for the AEP process are relatively simple and cost substantially less
than for other conventional aluminide processes. A production facility has been opera-
tional at DDA for more than five vears applying AEP 32 coating to Model TF 41 lst Stage
Turbine Blades. Although this facility occupies only 250 square feet of floor space, it
has a capacity for applying "green coating"” to 1200 blades per eight hour shift. A
typical AEP coating facility and process steps are shown in Figure 12 and 13,

An AEP aluminide coating can be tailored to meet a variety of specific turbine components
requirements. The AEP 32 (Al-Cr-Mn) composition was developed to overcome thermal crack-
ing problems encountered with the DDA pack cementation coating {(Alpak) and at the same
time hot,corrosion resistance was improved. The AEP 32 coating has shown excellent
performance and applicability to a variety of superalloy substrates in previous AFWAL/ML
sponsored programs {(5,6). The resistance to hot corrosion, low and high ¢ycle fatigue
and stress rupture of various nickel base allcys coated with AREP 32 and alternative
coatings are shown in Figures 14~17, Micrographs of the PWA 73, Alpak and AEP 32 coat-~
ings on two nickel base alloys are shown in Figures 18 and 19. Similarly AEP 100 (Al-
CrAl) was developed to overcome Alpak coating thermal cracking and spalling on X40 and

3 Mar-M509 turbine vanes, and is the prime candidate for improving turbine vane assemblies

s in Model T56 and DDA Industrial Gas Turbine Engines,

The AEP 32 {Al-Cr-Mn) and AEP 100 (Al-CrAl) coatings have been successfully applied to a
variety of turbine engine components ot DDA for more than seven (7) years. This includes
both solid and air cooled turbine blades, turbine nozzle vane assemblies ranging from
single to as many as six integral airfeils, intcgrally cast turbine wheel and blade
assemblies and full-round integrally c¢2st nozzle vane assemblies,

Uniformity of finished coatings has been of demonstrated excellence; e.g. five years of
production for the Model TF 41 lst Stage Turbine Blades with a specified coating thick~
ness of 1.5 to 3.0 mils on gas path surfaces, airfoil, shroud, platform, and stalv, ha-
shown a coating thickness uniformity over the coated surfaces of individual parts in
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the range of 0.5 mil variation with no difficulty in meeting the overall specified thick-
ness range. Similar success has been experienced with integral multiple vane and wheel
assenmblies.

As a part of the current MANTECH program, DDA is to install an AEP Coating Unit at the
San Antonio Air Logistic Center (SAALC) to coat blades. The SAALC plans to coat
initially the T56 blades and later the TF39 blades. Similar AEP coating facilities are
planned for the Oklahoma Air Logistic Center that overhauls the TF41.

MCrAlY OVERLAY COATING PROCESS:

A class of coatings (the MCralY overlay type) has been developed that significantly
increases the durability of turbine airfeoils over presently used diffusion aluminide

type coatings. The MCrAlY overlay coating is deposited on the airfoil suvface and pro-
vides, independent of the base alloy composition, increased resistance to oxidation, hot
corrosion, and fatigue. Because of the performance of tnese coatings and the fact that
tiiey can be readily tailored in composition and microstructure, they are finding increased
usage in advanced military gas turbine engines. Such overlay coatings as NiCrAaly,
CoCrAlY, and NiCoCrAlY, and improved compositions being developed, will provide the next
generation of coatings for advanced military gas turbine engines.

Increased durability and higher turbine airfoil operating temperatuics are primary
requisites for these future engines. Both of these needs translate to an absolute
requirement that better-than-present protective coatings be integrated into the design
and specification of the turbine blades and vanes. To meet the need, extensive coating
development efforts are being pursued., Many, if not most, of the efforts to develop
improved overlay coatings are iimited by the restricted capabilities of processing
methods to apply tailored coating compositions and structures on an experimental and
ultimately, on a production or overhaul basis, With the current electron beam vapor
deposition (EB-PVD) process {used to apply today's MCrAlY coatings) it is difficult to
deposit complex compositions containing low vapor pressure elements as Ta or Hf.

The AFWAL/ML conducted a MANTECH program with Pratt and Whitney Aircraft to establish
and optimize an advanced overlay coating process which is suitable for application of
MCraAlY type overlay coatings to high-pressure turbine biade and vane components during
manufacturing and for recoating during overhaul for Air Force adv.unced gas turbine
enginegs. The process is to be adaptable to both nickel and cobalt base superalloys with
only minor process variations, such as adjustments or modifications of coating composi-
tion and changes in coating morphology. An additional objective of the program is to
provide a technique with equivalent or supe:ior performance to commercialiy available
vapor depusiciona coatily piocesses with definable cost savinas relative to advanced
coating requirements.

Innovations in plasma-spray techneclogy have resulted in significant improvements in the
metallurgical quality of plasma-sprayed overlay coatings. However, laboratory and

engine tests of NiCoCrAlY ceoatings within P&WA indicate that the best current technology
plasma-spray performance is 60 or 70% that of cquivalent electron beam coatings at
temperatures and conditions defined for advanced gas turbine engines; therefore, sputter-
ing was selected for further development and scale~up (7).

The sputter coating process is a vacuum coating technique in which inert gas iois,
typically argon, are accelerated from a plasma into the source, or target, mate-ial to
be deposited. On bombarding the target, the ions eject atoms and/or molecules .rom a
thin layer on the target surface to create a coating flux from the target surface. The
part to be coated is held in the flux, and the ejected or sputtered material collected
and recombined to form a solid coating representative of the target material composition.
A gchematic of the sputtering process is shown in Figure 2, The process shown is termed
triode sputtering, due to the use of a thermionic emitter to increase the degree of
ionization in the plasma. The cathode sputtering system is shown in Figure 21.

A post-hollow target (cathode) geometry was used in this program for process optimization.
A target configuration having two concentric, cylindrical targets. Figure 20, was
selected as the best compromise of part volume-per~target areca and deposition efficiency.
With the parts to be coated, held, and rotated in the annulus between the two targets,
coating material arrives at the part from both targets. Most of the coating flux
material that misses the part deposits on the opposite target and is subseguently re-
sputtered, producing a high material utilization efficiency.

A typical microstructure of MC-AlY sputtered coating deposited at low substrate tempera-
ture is shown in Figure 22, The apperance of the sputtered NiCoCrAlY coated blade after
engine operations is shown in Figure 23. Because of the fundamental principles of the
sputtering process, it has the fle:ibility to deposit coating composition with exceptional
structural quality combined with the relative ease with which the process can be automated,
reproduced and controlied, it makes sputtering an attractive production and overhaul
coating technigue. Some of the inherent advantages of sputtering are shown in Figure Z24.
This process will socon be working its way from manufacturing technology to the overhaul
floor.

VIBRATION DAMPING:

The inlet guide vanes of the TF30 engine for the F-111 Aircraft were experiencing prema-
ture failure in as little as fifty hours ot operation. The aualysis of the failures
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revealed that the vanes were cracking due to fatique as a result of the high stresses
which developed at certain engine speeds. These excessive bending stresses in the inlet
guide vanes were caused by the interaction of the incoming air with the inlet duct and
the compressor. The initial solution required a redesign of the inlet duct and a retrofit
of the new inlet duct.

This problem was analyzed by Dr. Jack Henderson of the AFWAL/ML. He developed a multiple
layer energy dissipating adhesive and aluminum constraining layer which was adhesively
bonded to the outside surface of the inlet guide vane. The selection of the adhesive,
nurber of layers and surf. _ treatmept wWas complex because of the anti-icing requirement.
A photograph of the damping wiap adhesively bonded to the inlet guide vane is shown in
Figure 25. The effectiveness of the damping treatment can be seen in Figure 26. After
engine and flight testing, the damping treatment was approved for application. This
damping treatment is being installed on all TF30 engine inlet guide vanes during overhaul
and is applied on new engines. Similar type damping treatments are being applied to the
TF41 and TF33 engines. The success of this work has provided impetus for the development
of high temperature polymeric damping materials and vitreous enamels. The application

of damping treatment has demonstrated that this technology offers a solution to complex
problems and an alternative to costly redesign.

CONCLUDRDING REMARKS:

In the past few years. considerable effort has been directed at reducing the cost-of-
ownership of turbine engines by translating various advanced materials and process
technologies to the overhaul floor. These technologies permit the repair of previously
salvaged parts, enable parts to be inspected more reliably and mere quickly, reduce the
number of different coating facilities required and extend the life of overhauled parts.
The various examples presented are just a sample of some of the efforts underway to
address the problem of engine overhaul., Many opportunities exist in the engine overhaul
environment for reduction of operation and support costs by the application of advanced
materials and process technolegies.,
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Figure 2, FY 80 ENGINE PRODUCTION (UNITS)

™S ORGANIC CONTRACT INTERSERVICE TOTAL
J-57 392 203 595%
J-75 74 74
TF~30 438 438
TF~-33 113s 136
TF-41 257 257
T-58 30 30
T-64 12 12
T-56 364 4 368
J-179 682 682
TF-39 27 27
F-100-100 97 23 120
F=100 Modules 1,293 1,293
G/T-400 24 24
J-60 42 42
J-65 12 12
J-69 105 105
J-85 125 126
T~53 2 2
T-~7¢€ 37 37
TF~34 21 21
IG5054 4 4
I0360D 87 87
0300~D 4 ]
R183¢0 1 1
R2000 41 41
R2800 140 140
TOTAL 3,760 780 138 4,678
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FIGURE 25. PROTOTYPE DAMPING WRAP ON TF30 INLET GUIDE VANE
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MAINTENANCE PROELEMS IN GAS TURBINE COMPONENTS
AT THE ROYAL XAVAL AIRCRAFT YARD FLEETLANDS

by

F J PLUMB
Serior Scientific Cfficer
Naval Aircraft Materials Laboretory
Royal Naval Aircraft Yard
Fleetlands
Gosport, Hants
England
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SUMMARY

This paper deals, in a general sense, with the work of the engine repair facility at RNAY Fleetlands
and describes the major problems found in the overhaul and repair of helicopter and marine gas turbines.
Remedies for component ressrviceability and developments to obtain longer service lives with a description
of the technigues employed are dircussed.

INTRODUCTION

The RM Airceraft Yard, Fleetlande, was established in 1940 for the overhaul of aircraft and engines
for the Fleet Air Arm., From repairing of Swordfish and their internal combustion engines Fleetlands
advanced to working on pure jet engines in 1954 and then increasingly with helicopter turbo-shaft engines.
I 1367 Fleetlands became the tri-3ervice Helicopter Repair Centre and as the largest group within the
Naval Aircraft Repair Organisation it is responsible for the repair and modification of helicopters,
engines and components at various leveir, Its cther taskes include the repair of hovercraft and the Tyre
and Olympus Marine Gas Turbines as Change Units (MGTCUs) for the Fleet.

Trhese engines can be life expired or may require specific work to-be carried cut such as repair of
foreign object damage, rejection for engine health monitoring reasong, or part life refurbish of the hot
end of a marine gas turbine, In addition aero engines may be received for defect investigation or as
part of service trials.

Military engines generally will have a lower time between overhaul than those in civilian usage,
This reduced time can be due to the effects of rapid tempersture changes in the hot end of the engine and
the frequent change of power output during service. Military aircraft and helicopters in particular
operate at lower altitudes and therefore are much mors subject to the machinations of the environment than
high flying ¢ivilian aircraft. Trege areas include operation in high humidity and salt leden atwospheres,
making corrosion probably the greatest problem to overcome particularly within the Naval area. Sand
provides in situ grit blasting and operation in tropical coastal areas produces all three, having drametic
effects on cold end cemponents, At present, military aircraft have a low utilisation and this gives rise
to other problems particularly that of corrosion before the engine would have otherwise completed its
designated life. RN service enginea are frequently compressor washed with fresh water for removal of
salt which if done meticulously is very effective. If incorrectly carraied out the effect can be worce
since salt deposits would be washed into areas which operate at high temperature during service, Where
depoeits are sooty or oily, detergents are employed but there can be some adverse effects on some diffusion
coatings.

The following paper gives a general description of engine overhaul at BNAY with a description of
particular problem arees found in hot end components and their repair. Obviously many of the schemes
employed have been developed bty the engine manufacturers but an increasing proportion have been initiated
and developed within our own organisetion as is particularly the case with the older engines, No reference
will be made to the compressor system but it should be noted that this area probably produces the greatest
proportion of problems found and particularly in relation to saline corrosion. Examples of hot end compo-
nent failures are given and although these cannot be described as maintenance problems they do follow from
problems in operation and T feel it is appropriate to raise them at this conference.

GENERAL OVERHAUL PROCEDURE

Tne aim of the repair process is to restore a degraded engine whose life has expired to a state that
aliows it to complete a further life., This procedure basically consists of € major operations: strip,
clean, inspection, rectification/salvage, build and test, Of these no reference will be made to build and
test.

Since ull parts of a pgas turbine are vulnerable ic darage or wear during operation esch unit must be
completely stripped, All the engine typea are diswantled in a specific area by the same operators. The
monitoring of components from each engine is controlled by a syatem of pallets; the components being
segregated into specific groups in pallets thus allowing quick identification of parts and easy transporta-
tion over a system of roller conveyors. Once stripped and segregated the parts are dispatched to their
own special treatment areas. The majority of parts will pass through a cleaniug cycle, typically consist-
ing of a paraffin wash followed by immersion in one of several degreasing agents, a fresh water wash before
drying by compressed air or in a warm air cabinet, In addition, items may require the removal of oxidation
products.
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Over the years the Yard has been faced with significant protlems in the removal of %igh temperature
protective paints frow compressor blades without damaging the blades, Progress has been made but it still
b remains a problem area. As great & protlem is related to the cleaning of hot ernd blades due %o the ternas
4 cious oxidation and combustion products. Hot caustic eoclutions are employed containing verious additiyes
! to aid conditioring of the oxide and its removal. lot processing temperatures are in the region cof 30 C.
The hot chemical processing hes Leen found still to be iradequate and the use of ultrasonic clearing
associated with the hot chesical actior produced bemeficial results. Yore recent experiments using 3
vibratory polishing process allied with the hot chemicals appesars to have produced even better resulis,

Once cleaned and dried the components are in & r itable condi‘*ion to be examined for defects, ™e
E comporents are surveyed visuslly or with binocular assistance as necessary following fluorescent or dyve
3 penetrant crack detectio:n processing. Engine blades are processed in batches i1 ar automatic cleaning
and crack detection plant using the fluorescent dye penetrant method.

Many of the initial stages of the turbine tlades and nozzle guicde vanes of our ergires are pack alu-
minised, The cleaning of these components is markedly more difficult thar those without the pack alumine
ising mainly due to the roughened surface of the aluminised comporent providing a better ker, The subee-
quent fluorescent dye penetrant inspection of aluminium tlades can give cause for some concerr, It would
always be preferable to remove the coating in order to check the integrity of the blade, This is carried
out on Marine Gms Turbine tlades and nozzle guide vanes but not on our aero engines. The small aero
engine blades would lose too much material from stripping and re-applying any alusinised costing. Cracks
have been detected in pack aluminised blades and there have been ro spates of failures arising from this
courge of action,

Marine gas turbine blade and nozzle guide vares due to the much poorer envirouzment of saline atmos-
phere allied with lower quality fuel do suffer Beverely and suspect components are rormally returned o
the manufacturer for inspection and re-alumirising,

Following dye penetrant ingpection the next stage is scrutiny of each engine compotent ty s team of
inspectors whose task is to reject those parts which fail to meet the standards laid down in the overhaul
manual for that particular engine. Many rejected parts can be restored to a serviceable condition ar i
are routed to various support facilities within the Yard such as the machine shop, plating shop, weldirn
and thermal spraying groups etc.

The helicopter engines and marine gas turbire are dealt with separately due to the ircreased
severity of environment in which tiie marine gas turkines operate,

SELICOPTER GAS TURBINES

(a) Combusiion System

The combustion chtambers of the older engines such as tne dazelle, fimbus and Jneze are essertially
manufactured from solid solutior hardened allcys such as Nimonic 75 since thev are readily produced

in the form of aheet, possess good forming characteristics, azd may he easily welded, Gowever they
do have only a limited high temperature strength and significant crackirg is found i- these older
systems from stress raisers such as location slots, diffuser and cooling noles. Tirect wel

repairs or weld repairs by replacement are simple and involve argon arc welding with 3“21-29Cr filler
wire having previoualy thorcughly cleaned the cracked areas. Unclean joi:.s will produce porou

weglds and can result in hot ¢racking. The arc gas is generally pure argon but Ar/H2 mixtures have
been used to advantage Lo reduce porosity levels and improve weld pePetPBtIDL for a givern power seti-
ing.

In areas close to the actual flame thermal “atigae it a significant problem and there have veen
numercus failures in the older engines such as the early marks of the Gnome (Fig 1), (1), These
have been sowewhat improved by the replacement of various sections of tnis particular system with
Hastalloy X giving improved high temperature prope.'ties than that of Nimonic ™5.

Carbon erosion used to be a problem ir the Gnome but has been e.sentially removed by modifications to
the turner system, althcugh we still see the occasional problem,

The modern combustion chamters are based on Nimonic C2€3 materials (Uem engine) a precipitaiion
hardened alloy. Our experience to date has veen that every combustion chamber exhibits distortion

3 and severe cracking betveen cooling/diffuser holes (Fig 2). Weld repairs followirng the approved
A ' scheme results in weld centre-line cracking due to the residual stress present within the component.
’ Tre added presence of oxidation and combustion products does =ot help the situation, he cemplete

removal of these stiressss by solution treatment prior to welding may solve this provlem Lut may
result in further distorting the component due to its complex share and thin sectior. This
process is being examined along with the use of & high temperature braze repair technioue.

Fretting is a frequent occurrence at interconnectors and locating flanges. In the older engines
4 - these areas would typically be hard chromium plated and when fretted tevond acceptable limits repair
i - would be oy re-hard chromium platving when possible or more freguently by welding or a replacement
; part. Hard chromium plating is not the mQst suitatle material for fretting resistance under these
3 ctonditiors since at temperatures above 450 C its hardness drops drafatically such that the thin coar=

. ing is rapidly worn through resulting in localised wear cccurring in the softer parent waterisl,

. usually Nimenic 75, Re-plating ther becomes impracticatle. Flasma spraying using a rickel-
chromium/chromium carbide composite 15 an effeciive repair to maintsin desisr Gimensions with a coat-
ing that maintains good hardness and wear resistance at high temperatures 12V, e lLarder wvd more
fretting resistant ceramic and tungsten carbide containing composites were not preferred iecause *le
operaving temperature was such that a degradatior of these coatings would occur.

Cracking and erosion of the oles on the | g diffuser showr in :i
direct weld repair of tre icles is uot possitie tut replacemesnt of ¢
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carried oumt, Thim can pe performed hv TIG procemses but sleciron bewkh weiding Zives & faster
|2 result pacrticularly when processed in batches, Ireater reliablility oz weld guality is an added

facror. it is grvicipated that a similar tecinizie can e empleyed irn *the Astazo. 11T iiffuger
wric: g:ffers rror tre same proilen 1it after a Longer Life due to i LTRATer Tateriai v
(Fig &Y.

- (R Turcine Section

3 [ Turbine Flades

Tn gerneral we experience relatively few protlems witn turtine clades wh

separate 1tems, The gas Zererator tlades are cast i.ades of B3I
N MAL-M-2Le (Gem) and are unlifed. All are pack aluzinised and invariatly exnitit good corro-
ion and erosion resistance. Tre tlade tips however are freguently groxrA te firal alze duzr
tuild and tius trere is o prozective coating at the clade tips. Tuis lLack of coati:g nas net
resulted in any sutsejuent damage otler <han in ligtus engines and evern thern only in ctlades
exribiting overheating.

In the case of the limb.s engire we have beern experiercing nigh levels of tlade relecticrn, A

h1gh percentage are rejected immediately for tre burrning of tlade tips with a comparati numter
. L. S .
reiected for overreatirng ’-1* SY. In this latte: case sectioning of suspect tlades is carried
] out to corfirm the degree of overheat and to exa:zue for any ctrher defects, such as ¢reep

'y
damaze, Llade cracking and any creaching of the alumirised layer. wrere these defects do rot
occur the tlades remaining of the stage may te s‘:*ected to a f£ull reat treatment aB a Salvage.
Grair toundary oxidatien of the tlade tips in the direction of the tlade roor is teing Tound
tnus rendering lne tlades as scragp. Tre reasons for the overreating effects Lave rot vyet teen
estarlisred, bur trne modified limbus e .2 nas generated proviems in nozzle guide vane distor-
tion and cracking, the distortion of the shrouds freguently preducingtip rur, shown in Fig ¢ (3),

{2) Turbine Tiscs ard Sliscs

Trese comgonents are lifed and gererally will fulfii their lesigred lives tefore scrapping.
Corrosion and overneating problers are very low in gas sgenerator discs, However, cersain
components, notably the fGnome power turcirne disc and staft suffer very tadly from corrosior
pittizg on the disc faces, “r tree rcots and in the shaft tore (:ig ~). irials in the uce of
the electrophoretic pairt, FL199, on dnome novercraft engines produced excellent results in that
no further corrcsion plt‘l g or defects develoring from existing pits were found. Zowever, this
potential sciution having been found, material mocificatiors from REXLLE te A2PE have Leen insti~
gated and this is expected to resolve the problem.

The bliacs (turbine blade and disc manufastured from the solid) are only found in the Nimbus
{pre-Mod 712) and Astazou IIIN engines. we 5till see occacsional failures in the 204 stage

turkine of the Nimbus (pre~Mod 719} due to fatigue failure initiaily in the trailirg edge of
the tlade. All of the limbus blades are pack alurinised ard give satisfactory performarce

from a nigh temperature corrosior/oxidation viewpoint,

As yet little can be said on our experience with the Astazou ITIN ss we have orly Just started
the overhaul of this engine system,

(3) HNozzle Guide Vanes

The nozzle guide vanes are marnufactured as a casting or more generally as a fabrication with
vares welded or brazed intc the shrouds depending upon its operating temperature. The 18t
stage nozzle guide vane is manufactured from the higher teamperature super alloys acd would te
pack alumirised, the following cooier stages generally of imonic 75 fabrication with or with-
out aluminised coatings.

Or. every erngine that we overhaul cracking is always presect, usvally in the tlade/shroud ioints
and tlade trailing edges. Dependent upon the position, size and morphology of the cracks tney
can be tolerated, examples of which are shown in Figs & and 9. The cracks are chiefly due to
thermal effects such as thermal fatigue cracks orn trailing edges or insufficient strength at
brazed joirnts, or due to engine and aireraft vibration. ¥reosion and impact damage does occur
tut in gereral this is not too serious.

] Repair work may be conveniertly split into those components which are aluminised high tempera-

; ture super alloys and those of the cooler non-aluminised Nimonic 7% components, Tntil
recently RNAY has been restricted to just carrrying out argon arc weld of cracks in the parert
material of N75 components. Any braze repair work would have been returned to the manufacturer.
Any such vacuum brazing repair was restricted solely to cracks in the braze. Wwhere cracks

] ; bracched inte the parent material these components would be scrapped.

] Fleetlands has recently been carrying out its own programme on the use of high temperature
- braze repair using Ni-based braze materials. Pre-cleaning of the component is most important
: in order to remove combustion mnd oxidation products within the crack, This can be accom-
plished using the standard cleaning methods such as immersicr in hot alkaline solutions, acia
; pickling or grit blasting followed by & hign temperature anneal in dry hydrogen or high vacuum,
p This is then followed by vacuum brazing using Ni-based alloys and a longer cycle time than
normally employed in stanuard brazing practice, The aim being to carry out s diffusion brazing
procedure in order to reduce and hopetully remove centre lire phases which we . ld te deirimental
to the joint wechanical properties. The joint clearances of cracks vary from wide at the mouth
to zero at the tip and usually there are multiple crascks at varying orientations. This
obviously creates probiems initially on cleaning the crack root but also on selection of the




vrare materials employed. The free flowing brazee reguired to penetrate t¢o the rod of *he
crack may not be suitedble for the crack meouth, Various combinations of bDraze mixtures and

f 1ler materials have been employed to overcome this and also to be compstihle with the braze
material used in manufacture, A number oY nozele gulde vanes have peen repaired uging tle
above technigue to repair eracke and foreign object damage siLOwWn in Fig *. oani 1t will te
interesting to observe their conditiosn through ~vermtiomal service.

With regard to the higher order super-alloys, eg Nimonis 3U and - P6%, whick contain increasing
amounts of T1 and Al, ¢leaning of the components beromes inareasingly diffizulr as the levels
of Ti and Al increase since these elements are essentislly employed to intresce high tempera-
ture oxidation resistan~. as well s improvipg the high temperature mechanical str
through precipitation of sub-mizroscopic Y’ boids of iz AL, Ti! . ‘ertauinly
clearing operaticia will not be sufficient to clesn the cracks and oven exiremely dry
may be insufficient. The use ot a more reactive reducing species may well be the uns
Our work on this is continuing.

weT .

Exhaust Carings

The gas temperature in this area of a turbo-shaft engine tends to bve relatively low and no-teriale suzh
as 18/8 sustenitic stainless steel or WNimonic 75 are emploved. The casings are of complex shape to
deflect gases away from the aircraft ruselage and rotor wi'ch when allied to the thin pauge materials
uged inevitably pruduce distortion and crazking. W2 have leveloped over the years various wel iang
and patching schomes other than those of the manufacturers for weld repair and replacement of defenrs
ive parts. Frettage is also a Significant problem on flanges and we are agwman develoring sur own
schemes to combat this eit'ier by replacement cr by the use of plusme spraving for buvilding up and
providing Irettage resistant coatings,

MAPINE GAS TURBINES « TYNE AND OLYMPUS

a)

Combustion Section

A major source of problems from the earliest days of the marine gas turbines have been related to the
fuel and combustion system (4), in both engines but particularly the Clympus the RN service reguire-
ments for smoke levels were never achieved using the standard multiflare can : Olympus) with th.
original burner. Extensive modifications resulted in greatly improved smoke levels but at the cost
of increased complexity. This in turn resulted in problems for TG interchangeability when matching
gpare GTCUs with the progress of module specifications. Combustion can life has been greatly
improved from 1000 hours for the original to 2500 hours with the developed phase 1 zan, whith when
combined with the improved 'iX' burner deeign gives generally satisfactory performunce.

Typizally problems related to the can are of cracking in the swirler vanes which may be repaired by
high temperature vacuum brazing, as are the occasional cracks at diffvser holes. The inlet and oute
let flanges are coated with a detonation sprayed tungsten carbide/cobalt composite powder and give
satisfactory performance, although a plaoma spray coating using the same composite powder may be a
satisfactory alternative at lower cost and quicker turn round times, Until this summer RNAY had not
received the uprated version of the Tyne RM1A, the RM1I.

Typical problems of the eerly RM1A engines would include distortion of the Nimonic 75 combustion
chamber; fretting at hard chromium plated interconnectors and the serivus build up of carbon within
the clamber which, when released, resulted in severe carbon erosion of downgtream components.
[mprovements in burner design has greatly reduced this problem and given a resultant increasge in
enginz life.

The uprated RM1C produces higher temperatures resulting in greater distortion and cracking of the
combustion chambers (4), Material modifications to the stronger €263 alloy failed to cure this
problem.  Subsequent developments by the manufacturer using Nimonic 86 with tnermal barrier coatings
are proving moast successful tc such an extent that engine lives of 5000 hours are now expected,

Olympus burners suffer from severe corrosion in the barrel area. The component is a O.4% item
forging with a 10-15 pm nickel plated ccating for corrosion protection. When exposed to sulphurous
atmosph: re (the sulphur mainly criginating from the Dieso fuel) free sulphuric acid is produced.
This, together with the fine salt spray found in marine engines produces localised pitting
corrosior, followed by corrosion beneath the nickel loyer then subseguent severe attack. A weld
repair scheme developed at Fleetlands salvages these components and the use of cerumic barrier
contiug may well significantly reduce this problenm.

Turbine Section

Aes stated above, carbon ercsion was a major problem on the early Tyne EM1A engines as shown in
Figures 11 and 12. Carben erosion still occurs but is not now considered to be a major provlem.

With regard to hot end corrosion the literature is full of information of turbine blade deteriora-
tion under severe chloride ingestion and in the presence of sulphur, usually from the fuel. Since
this is a major field of its own it is not proposed to discuss the mechanisms here, It to the

trials, Recent changes to the use of platinum aluminide coatings are expected to give longer
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service lives with a less brittle coating. Corrogion effects are markedly temperature dependent -
hot end corrosion is ro diffzrent. There certainly appears to ke 2 forme of corrosior taking
place (shown: in Figs 13 and 14), each in its own temperature regime, and no coatirng yet developed
has provided adequate protection againat both forms, The implicationa from reported research work
carried out ir this field are the use of high chromium and intermediate aluminium levels in coating
and hign Ti/Al ratioe in the parent material.

The =.xe of coam .inzs from the standard pack aluminising, through precious metsl variante of alumin-
ising a ~ the r-re recent M Cr ALY coatings and their applications ty diffusion or overlay technigues
is very wlae an.. there is no doubt that this is an important area for long term development. This
is especially so as longer service lives of gas turbine systems are demanded.

NON-DESTRUCTIVE TESTING

The standard techniques are employed in the examination of hot comporients with generally visual,
dimens ional and dye penetrant examinations with judgements based on accumulmted experience backed up by
resident engine manufacturers representatives. As stated above, however, the one group of componernts
which does give some cause fov concern ¢ ‘€ pack aluminised blades due to the difficulty in cleaning the
components without damaging the aluminised coating. Cracks have teen detected in such blades and as
there has been no spate of failures we are reasonably satisfied although not complacent.

One further techknique that we have recently started specifically on turbines of the Astazou IIINW
involves replicating specific areas of the compornent, These areas are mechanically arnd electrolatically
polished to remove oxidation and combustion products and leave a highly polished surface, A plastic
replica is taken of the surfaces and is then examined between glass slides under a microscope for defects
which may not be found by dye penetrant techniques. These would include fine impact damage, corrosion,
surging, creep and fatigue cracking. Mechanical damage on the curviec coupling will alsoc cause grain
boundary defects, but this is usually coarse enough to be detected by dye penetrant techniques. A certain
amount of rework is allowable and this would be followed by a repeat replication of the area to ensure com-~
plete remgval of the defects. The process is time consuming arnd requires operatnr experience but can show
up significantly more detamil than otherwise would have Leen obtained and allows expensive components to be
re-uged whereas they may have been scrapped.

wWhere components have been salvaged by welding, brazing or thermal spraying techniques there is
obvisualy a need to know that the work has been satisfagtorily carried out. Such components would be
subjected to dye penetrant examination and alse X-rediography when required and where it is practicable,
All welders are required to produce frequent test pieces which are subjected to critical examination, and
if not satisfactory can result in the welder leosing his "licence" to continue.

The testing of thermally sprayed coatings is much more difficult since the only real test is cae
invelving destructior of the component, The use of test pieces is again required and it is essential
that these be carried out under the same spraying conditions and those of comporient for them to be meaning-
ful. This is particularly important where abradable seals, such as nickel/graphite, and boron nitride/
cement powders, are employed. Too soft a coating will result in excessive coating wear; too hard a
coating will result in blade tip wear or chipping of the coating resulting in impact damage downstream,
Metal carbide containing coatings (eg WC, Cr2C3) again wonld be tested to ensure proper fusien, distribution
and morphology of the carbides, porosity levels and obviously for a clean coating/substrate interface by
metallographic examination.

Bond coats of Ni~Al are normally subjectcd only to an occasional check to ensure quality of the -oat-
ing since these materials offer a wide tolerance in operating conditions during spraying.

Wherever possible the process should be automated to give consistency of spraying conditions between
coriponents,

Until recently there was no nonedestructive test of the coating other than visually. Franke and
de Gee (5) and subsequently Reiter (6) have developed ultrasonic methods to establish areas of poor contact
between the coating and its substrate and within the coating itself and although this cannot be related to
adhegive strength must give confidence in the technique.

CONCLUSION

In conclusion to what is = somewhat general paper RNAY Fleetlende experiences specific problems in
each of the engine systems it is required to overhaul and these tend to be highlighted in component shorte
ages of particular engines, several of which are over 20 years old and still have to be kept in eervice.
If specific areas must be highlighted these would include:

(a) Clearing of turbine blades and especially coated blades prior to inapection,

(o) The problems asscciated with the repair of aero engine nozzle guide vanes and to a lemser extent,
comi.stion chambers, which are individually expensive and almost always in short supply. Research
carried out has produced succesaful results in the repair of the Nimonic 75 based NGVs but aas the
higher order Nimonic alloy asamemblies certainly require more work.

Like any ectablishment working with highly complex pieces of machinery we can be subjected to the
whims of supply and it ie hoped that this paper rives some indication of our problem areass in the field of
this conference and developments that we have adopted or developed cirselves in order to overcome thome
difficulties.

e Snded



REFERFNCES

(1)  RNAY Fleetlands' Investigation Report No 3574, 1980.

{2} F J Fiump, "The aslvage of Gazelle Engine Combustion Char. sr Inter-Connector Sleeves by Flasma
Spraying', NAML Technical Memorandum No B0~024, 1980,

é (3) RNAY Fleetlands' Investigation Report No 3483, 1980,

1 {4} Cdr J M Kingsland, RN, “Marine Gas Turbines - A Review", Journal of Naval Engineering, Vol 26, Mo 1,
9 Pecember 1980.

(5) Franke, W and de Gee, A W J, Paper B, "Advances in Surface Coating Technology', Londen 1378.
(6) reiter, H,University of Bath, Private Communigation.

ACKNOWLEDGEMENTS

4 The author wishes to acknowledge the help of the Engineering Department, RNAY Flsetlands and the
advice of Dr K G Kent and Mr J R Smith (NAML).

3 This paper expresses the opinions of the Author and does not necessarily represent the official view
of the Miniatry of Defence.

(:) Controller, HMSO , London, United Kingdom 1981.




il e

Higure 1, tailure in a ‘rnome comvustion chamler at the i‘tage 1 nozzle guide vane locating
b shroud.
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Fipure 2, Cracking on the inner diameter of the -iem combustion chamer and buarning of sir
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Figure S Overheating of Ctage 1 turbire blades of the Bimbu fpest mod TG enpine silown 1y
L F " the 'tlued’' appearance in tne upper half of the nerofeil.
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tigure £, Turline tip rub on tlie Nimbus Stage 2 rozzle puide vane
st.roud.
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Figure 7, Corrosion pitting of the disc face and ¢ir tree r
and shafrc,
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Figure %, Thermal fatip crackity ard jaen
rovzle guide vane,




Figure 9.

Figure 10,

Cracking adjacent to the outer shroud braze ir the Nimbus Stage 2 nozzle guide vane,

High temperature braze repair of cracks in the braze, guide vanes and foreign object
damage of the component shown in Figure 9.
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jne nozzle guide vanes at locating shrouds {left),

Figure 11. Carbon arosion of Marine Tyne eng
aerofoil face and bending edge {(top right) as compared to a blade in good condition
{vottom, right).
Figure 12, carbon erosion of Marine Tyne I’ turbine blades at 2300 hours life (right) and KO

hours life (left).
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MAINTENANCE EXPERIENCE WITH CIVIL AERO ENGINES

by
ing. J.Ph. Stroobach
Propulsion Systems Engineer
Central Eng. Dept. SPL/CG
KLM Royal Dutch Airiines
P.0O. Box 7700
1117 ZL Schiphol Oost
The Netherlands

SUMMARY

In civil airline operation the maintenance and fuel costs are a major item of concern
and subject to close control in order to survive the hard competition between the air-
lines. Preventive maintenance of gasturbine engine High Temperature parts is mostly
limited to visual examination and/or performance EGT trend shift triggers, aiming at
avoiding extensive secondary danagce. The trends in maintenance concept developments are
reviewed, indicating the constant activities to cptimize the maintenance cost of the pro-
pulsion system. As a result of the escalating ctrends in material and fuel prices, the
presently applied maintenance concepts require a more sophisticated conditicn control
in order %o comply with the need to find the optimum operating time of each indiviiual
engine. With the introduction of the new generation of civil aireraft (Airbus A310) a
mutual goal between the engine manufacturer and the airline has been defined to develop
mathematical progranms, based on actual recorded conditions, in order to control the be=-
haviour of the engine, aiming at an optimum use of the propulsion system.

INTI.ODUCTION

For a civil operator like KIM it is of a prime cbjective to sell passenger and
freight transportation, in a fast and convenient way, competitive with other means of
transportation but also economically justified and aiming at a financial positive end
result. From this point of view, maintenance and fuel to be used is considered to be a
negative contribution to the ratio of cost tc revenue. The aircraft propulsion systems
are, because of detericration and fuel burn reasons, a major contributor to the total
utilization cest of the airplane and thus subject tc continmicus improvementc in order to
obtain the Lilghest propulsicn t rust for *the lowest fuel burn and weight penalty.

Using gasturbine engines for aircraft propulsion a balanced compromise has to Le de-
rived between two extremea:

~ Based on tae Brayton cyele a high turbine inlet gas temperature is a prime contributor
to overall engine efficiency, however, this has a direct impact on material cost
and durability of the engine.

- Operating with a low turbine inlet gas temperature allows less advancea materials to
be used, however, the rosulting efficiency loss has also a large impact on operating
costs.

The practical side of the problem is that the past design efforts to build more power-

ful engines are superseded by the design aim to have the most efficient engine apuinst the
lowest utilization and maintenance cost.

MATERIAL AND FUEL BURN COSTS

Both material and fuel costs have escalated substantially in the past seven years,
resulting in proportionally higher operating costs.

Materials: Cobalt +700%
Tantalum +800%
Titanium +400%
Chromium +300%
Fuel : Jet A1l +700%

The composite price index in the same time perio? increased by only + 100%.

Future trend developments are hard to forecast, e.g. a fuel price increase betwsen 1297
and 20% a year may be expected. Nevertheless the cause of the price increase is shortage
of the major materials on the international marxet, and this condition only tends to get
worse. The shortage on the market led to considerations as to which strategy has to be
followed. Options are: - scrap parts reclamation for recycling.

- selected use of materials

- development of alternatives.

- expansion of exploration.
There is not yet an active program developed for recycling of hot section parts, because
it is not yet c¢lear who should initiate thic proeram. The develoobment of alternativer
might be the best long verm solution.

-y
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The direct and related cost increase i passed nnto the final users of the mdLuPldlb,
in this case the opérator, who in turn is not able to charge it bompletc-"
sers because of restrictive TATA rules strony competivi
answer to this phenomen.: 5oLy fower the Sverallocost o peer i E .
most advanced alrcrpalt/engine types, tailored for a special mission. The present errort
is ¢ neenteved omithe fuel burn aspect, btecause this has a direot offect
cost. The raw materlal cost however, is of secondary ilmportance since iU <
3% of the rinal manufactured part price. In an attempt to lawer the Lotal
tential metal temperature and/or creep strength of the hich pr i
utilizing the latest metallur.ical developments such o Jdlireot
single crystal tucbine blades, blades wi oWl ~1id i
metallurgy and composites,

The use of these advanced technigues however, tends to form a vic
same basic materials are used, even in a more uumpllud"d composition C
ficult or not at all repairable; resulting in higher engine part cos The latest
ment, the use of ceramic materials s not yot ready for commercial intreduction, However,
the operator is interested in the capabilitizs of those materials since another improve-
ment in SFC might be expected because of film cooling deletion and higher turtine inlev
temperatures allewed, “Igethir with 1 relative cheap basic material. Also for the com-
bustor application (major cobalt consumer) ceramics mipht te a future develormoat.

3
1
H
o

MAINTENANCE CONCEPT DEVELOPMENTS

With the commercial introduction of the gasturbine engine for civil aireraft propulaion
the principles of the military maintenance concept were adopted.This hard time conce
started out with the requirement to overhaul the complete on;ino every nhHY aperating
Complete engine overhaul was applied up to 1963, JHJ replaced by N
ating bours rfor the less severe Jdeerading cold soctlon vian vor s oo el

Sectional engine overhaul was applied in the 139c3-13¢% time p- plaved by oan
engine module-oriented shopvisit concept. This councept, still base l times, was

dedicated to the sequence of the shopvisit,e.g.:the fipst ~hupv-“it inaspection "»,uxre

inspection and repair of the turbine scction and visual inspecticn of the remaining en-
gine sections. The second shopvisit calls for visual inspection of the low pressure com-
pressor and overhaul of the remeini ceelions, The third shopvicit rogquires overhanl -
the low pressure compressor, 1nspegt10n and repair of tne turttine secction and a v
inspection of the remaining engine sections Tuls sviteice was repeated up tiil th
shopvisit, wivil a complete engine overhaul was applied and the Seguenze reinitiated.

o

ok
it

With the introduction of wide=body alrcraft in our {leet in 197.), the maintenande
approach was changed to an "on-condition" modular engine maintenance concejt, Lased on
engine-hour thresholds for each individual engine module at the moment of shopvisit. Jn-
condition maintenance, which is still in use, is based on an active line maintenance mo
nitoring and inspection program aiming at detecting Jdiscrepancies in an carly stage
avoiding major secondary Jdnmice. The following eriterine for engine removal avply:

= Agcute {(Most flight crew trigpers confirmed by a maintenance check)
- Dpferped  (Most maintenance inupuction tripggers with no uirect tailure risk)
- Other (Convenlence reasons, campaigns or FAA limits if any)

Upon removal the workscope is based on individual module thresholds each with an upper
and a lower threshold limit with a fixed delta. The escalatien of the threshold is based
on a number of two samples inspected and overhauled, selected from the engine inventory
exposed for shopvisit between the upper and lower thrc hold and/or twao
forced inspection and overhaul regquirement whenever the upper threshold is passed. All
shopvisits without a sample requlrnment will be treatea according to workscope compiled

by an Engine Steering Group considering shop incvmity inspection resuits, line maintenance
reports, operational trend data and modification requirements. Above mentioned procedure

is developed from past experience gained by the operator and an active desipgn app"oacb

of the engine manufacturer in construating a modular engine suitable for this malntenance
concept.

wamples with a

This present maintenance concept does not provide the optimum utilication of the indi-
vidual engine for it was assumed that the longest cn-wing time (low ahupv1 itrate) alse
resulted in the lowest overall maintenance cost. Thiz, however, was in gencrat true for
the time period in which no material and fuel ohortage was evident. Twe conditions reguire
close control in order to determine the optimum workscope for the cngine.

1, Relation SFC versus shepvisit cost at variocus shopvisitrates.

In general tne repair cost tends to go down with a low shopvisitrate, hwwever the fuel

cost tends to increase under the same conditions.

2. The potential time to go for each engine is a Tunuticnaf the life limiting parts mar-
gin build into the engine.

A small margin results in relatively low shopvisit parts costs, for vnly the limiting

parts have to be removed. On the contrary a high shopvisitrate and Lhe returning basic

handling costs results. However, a large margin allows a lower shopvi“itrqtg, but the
material cost will rise sharply as a result of increased material conswmption {less
utilization of part life.)
The optimum ¢f the above menticned conditions i1s not a standard or Cixed Pigure, but
function of the ongine performance and material condition of each individual engin.
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Future engine maintenance requires z detailed health monitoring and mission ahaliysis in

erder to create a computer model capable cof controlliing the optimum life of each engine

{module), taking into account the actual fuel prices and material costs. Above mentioned
optimalizaticn procedures may cause & change in the ene-conditicn maintenarnce concerpt, bty
geting on predicted conditions rather than actual failures.

LIMITATICNS IN INSPECTION CRITERIA

The condition mgnitoring of the engine is based on two routines, both aiming at an
optimum use of the propulsion system and life limiting parts.

- Performance contrcl: . OQbservation
. Acceptance testing
. Trending against a baseline

- Mechanical integrity: . Visual checks
. Borescope inspections
. Qi1 analysis
. Nen-destructive teosting
Radic=isctope inapectionc

Ultrasonice insypecticons 3
Conditien menitoering of the high temperature parts is limited to detecting exhaust E
temperature trend shifts at a reference power sctting and visual observation, mainly by

in

using borescope equipment as an aid. Censidering the trendlng 2s an early warning feature
in a more detailed viszuai inspection, 1t may bte conciuded that the mechanical integrity

I the critical high temperature parts are only as severely inspected as the visaal 1
capability of +he inspector ailows, Tnis is ne preblem when inspectits for ckvious defects ]
sueh as missing/hroken or bturned/heavy eroded engine parts, however, sr d;l cracks and 4

minor defects in critical locations are hard te detect. Even for the routines
‘igtions are encountemad With respect te determining the remainin& tn;ckness of the
ermal ceating on the turbine blades and vanes. The present precedure to strip and re- E
coat the turbine blade and vane surfaces at & weriaigithresheld value gives no Informaticn F
Wwith respect to the real goqting condition as it is. However this relcating procvess may

have an impact on the remaining fatigue and rupture strength.

From an operational polnt of view it might be concluded that the less severcely an en-

fine is used, the lower the fatigue chance and deterioration will be. Because the tage~ =

of f mode of the alrceraft has the largest impact on the 11fe of the engine, derating was i

intr sduced as a first attempt to comply with the oljectd to ¢ongerve on maintenance %

cost. Derating is presently applied whenever Leabible. it is not yet an active .

tocl to oxtend Lhe uosotul Tife o0 the Tife limited oo D Loong H

i

;

FUTURE CONTROL OF HIGH TEMPERATURE FARTS E

Since appropriate methods are not yet available to control the basic engline behaviour ;

in a mere scphisticated way, a mathematical methed to count the severity of the cycles 4

in a flight mission was developed for military use. Althouph less severe in respect to i
the military missions, the routes flown by the civii cperater cculd bte subjucted teo the

application of these mathematical routines. The first attenpt to utilice this approach
on civil aircraft, conducted by SAS and supported by Pratt & Whitiey, is based on a
mission analysis program using statistical data. The severity fsctor defivion, based on
actual data has not yet been evaluated, but future on-beard recerding systems like the
AIDS on the AIRRUS A310 are defined in such 3 way that all corner jpoint conditiens are
recorded and thus available for more detalled severity analysis

PO

For the A310 the engine manufacturers made commitments to develop an integrated refined .
cycle counting program as part cf the eﬂg;ne condition monitoring package. The operater
needs the manhufacturer's know-how concerning the significant temperature and loading
characteristics of the selected materials nand the resulting impact from exposure to cper-
ating conditiens in ter— »f low cycle fatigue and thermal cycles. Cuntrcl of the mecha-
nical condition cf the engine parts, combined with a module oriented perfcrmancs condition
monitoring program such as Gas Path Analysis applied ™n-wing", wich is alse a muthema-
tical program providing valuable information in respect tc the actuasr engine, radule wd
senscr condition, provides an overall assewsment of the engine and tv parts condition.

In the operators opinion these new mathematical approaches are a potential feature to
contrel the advanced-design and extremely costly high temperature parts and fuel burn in
order to utilize the optimum 1ife of the engine.

1t may be conciuded that the civil operators are torced to becuine awarce of the need to
create or obtain an effective maintenance tocl to further control the behaviour of the
engine in crder to optimize the material uses and fuel consumption, all aiming at the

obj.-etive to keep air transpoertation economically justified.
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ENGINE COMPONENT RETIMEMENT FOR CAUSE
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Pratt & Whitney Aircrait Group
Gover Products Divisi
P. 0. Box 2001
Waest Pair: Bsach, Florida 23402
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ABSTRACT

Traditionally. cyclic life limited gas turbine engine components have been retired from service when they reach an analytically
determined lower bound life where the first fatigue crack per 1000 parts could be expected. By definition, 39.9% of these components
are being retired prematurely as they have (as a population) considerable useful life remaining. Retirement for Cause (RFC) is a
procedure which would allow safe utilization of the fuil life capacity of each individual component. Since gas turbine rotor components
are prime candidates and are among the most costly of engine components, adoption of & RFC maintenance philosophy could result in
substantial engine systems life rycle cost savings. Two n ajor technical disciplines must be developed and intsgrated (o realize these cost
savings: Fracture Mechanics and Nondestructive Evaluation. This publication discusses the raethodology and development activity
required to integrate these disciplines that provide a viable RFC sysiem for use on military gas turbine engines. The potential economic
benefits of its appiication to a current engine system are also illustrated.

INTRODUCTION

Historically, methods used for predicting the life of gas turbine engine rotor components have resulted in a conservative estimation
of uceful life. Most rotor components are limited by low cvcle fatigue (LCF), generally expressed in terms of miseion equivalency cycles
or equivalent engine uperation hours. When some predetermined life limit is reached, components are retired {rom service.

Total fatigue life of & component consists of a creck initiation phase and a crack propegation phase. Engine rotor component
initiation life limits are analytically determined using lower bound LCF characteristics. This is established by a statistical analvsia of
data indicating the cyclic iife at which 1 in 1000 components, such as disks, will have a fatigue induced crack of approxi ly 0.8 mm
length. By definition then, 99.9% of the disks are being retired prematurely. It bhas been documented that many of the 999 remaining
retired disks have considerable useful residual life. Retirement for Cause would allow each component to be used to the full extent of
its safe total fatigue life, retirement occurring when a uantifiable defect necessitates r ! of the comp from service. The defect
gize at which the component is no longer considered safe is determined through nondestructive evaluation and fracture mechanics
analyses of the disk materis! and the disk fracture critical locations, the service cycle, and the overhaul/inspection period. Realization
and implementation of a Retirement for Cause Maintenance Methodology will result in system cost savings of two types: direct cost
savings resulting from utilization of parta which would be retired and consequently require replacement by new parts; and indirect cost
savings resulting from reduction in use of strategic materials, reduction in energy requirements to process new parts, and mitigation of
future inflationary pressure on codt of new parts.

RETIREMENT FOR CAUSE METHODOLOGY

Philosophy — The fatigue process for a typical roior component such as & disk can be visualized as illustrated in Figure 1. Total fatigue
life consists of a crack initiation phase followed by growth and linkup of microcracks. The resulting macrocrack(s) would then prapagate
subcritically until the combination of service load (stress) and crack size exceeded the material fracture toughness. Catastrophic feilure
would result if the component had not been retired from service. To preclude such cataclysmic disk (and poesibly engine) failures, disks
are typically retired at the time where 1 in 1000 could be expected to have actually initiated a short (0.8 mm) fatigue crack. By definition
when 99.9% of the retired disks still have useful life temaining at the time they are removed from service. Under the retirement for cause
(RL'C) philosophy, each of these disks could be inspected and returned to sevice. The return-to-service {(RTS) interval is deiermined by
a fracture mechanics calculation of r g propagation life from a ~reck just small enough to have been missed during inspection.
This procedure could be repeated until the disk has incurred measurable damage, at which time it is retired for that reason (cause).
Retirement for Cause is a methodology under which an engine component would be retired from service when it had incurred
quantifiable damage, rather than because an analytically determined mininium design life had been reached. Its purpose is not to extend
the life of a rotor component, but to utilize safely the full life capacity inherent in that component.

This philosophy in itself is not new, and has been used successfully in the past for low-stressed components which were generally
durability, not fracture, critical. For this discussion, fracture-critical components are those components whose failure would likely result
in engine power loss preventing sustained flight through single or progressive parts failure, Durabiliiy critical components are those parts
whose failure would result in a significant maintenance burden but would not likely result in a flight safety problem. The advent of high
thrust-to-weight engines with sophisticated (and coetly) rotor components made from critical strategic materials, couphd with advances
in the understanding of the fracture p snd imp ts in nondestructive insp: tion, has proonpisd a renewed interest in
applying this philosophy to fracture critical components.

Residual Lite — For simplicity, this section wil! consider component life limita which have been determined from the crack uuuahon
characteristics of the specific disk material, and will not address the problem of intrinsic crack-life defects. While d t
concepts are utilized in some instances to establish life limits, the majority of components in current gas turbine engines have had life
limits set by an initiation criterion.

All fatigue data have inherent scatter. The data base used for desigu life analysis purposes must be applicable 1o all disks of & given
material, and thetzfore includes test results from many heats and sources. Dats are treated statistically ax shown schematicall' in
Figure 2. The disiribution of life, defined as the number of ¢ycles necessary to produce a crack approximately 0.08 ram tong, is obtained
for a given set of loading condilions {siress/strain, time, temperaturel. As can be seen, the + 2x bounds, which contain 95% of the data.
may span two orders of maghitude in fatigue initiation life.
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Figure 2. Material Data Scatter Results in Conservative Life Prediction

When considered with vther uncertainties in any design system (e.g., stress analysis error, field mission definition, fabrication
deviations, tempetature profile uncertainty) the final prediction is made for disk crack initiation life for an occurrence rate of 1 in (000
disks. 1t is at this life that all LCF-limited d'vks are removed from service. This procedure has successfully prevented catasirophic
in-service failures However, in retiring 1000 disks because vne may crack, the remaining life of the 999 good disks is not utilized. The
amount of usable life remaining can be significant, as shown ia Figure 3. Over 80% of the disks have at least 10 lifetimes remaining,

The means of extracting the remaining useful life from each disk must he safe to avoid - atastrophic fallure. This is done hy
determining the disk crack propagation life (N,) (at every critical location) from a defect barew small enough to be missed during
inspection. The RTY interval is then calculated by conducting a life cycle coat (LCUC) analysis to determine the most economical safety
factor (SF) to apply to the shortest N (RTS interval = N/8F). Cost vs SF is plotted for each individua! disk and combined to determine
the most economical interval to return an engine ¢r engine module for inspection. An example is shown in Figure 4.

Ideally, the first required disk inspection is at or near the end of the anslytically determired crack initiation lite. Only vne disk ir
1000 of that type inspected should have a crack and be retired. The remaining 999 could be returned to service for the calculated RTS
interval. This process is repeated at the end of each RTY interval unti! a defect is found whose residual life would not allow safe
completion of the RTS interval, or conversely, would require such a short RTS interval that it is not economically or logistically feasible.
Then, at the end of each RTS interval unsafe disks are retired and the others returned to service. Figure 5 illustrates how the residual
life is < xtracted from each (isk after the analytically determined crack initiation life is used.
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ENGINE COMPONENT RETIREMENT FOR CAUSE
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ABSTRACT

Traditionally, cyclic life limited gas turbine engine components have been retired from service when they reach an analytically
determined lower bound life where the first fatigue crack per 1000 parts could be expected. By definition, 99.9% of these components
are being retired prematurely as ‘hey have (as a population) considerable useful life remaining. Retirement for Cause (RFC) is a
procedure which would allow safe utilization of the full life capacity of each individual component. Since gas turbine rotor components
are prime candidates and are among the most costly of engine components, adoption of a RFC maintenance philosophy could result in
auhstantial engine systems life cycle cost savings. Two major technical disciplines must be developed and integrated to realize these cost
savings: Fracture Mechanics and Nondestructive Evaluation. This publication discusses the methodology and development activity
required to integrate these disciplines that provide a viuble RFC system for use on military gas turbine engines. The potential economic
benefits of its application to a current engine system are also illustrated.

INTRGDUCTION

Historically, methods used for predicting the life of gas turbine engine rotor componenta have resulted in a conservative estimation
of useful life. Most rotor companents are limited by low eycle fatigue (1.CF), generally expressed in terms of mission equivalency cycles
or equivalent engine operation hours. When some predetermined life limit is reached, componenta are retired from service.

Total fatigue life of a component consista of a crack initiation phase and a crack propagation phase. Engine rotor component
initiation life limits are analytically determined using lowet bound LCF characteristics. This is established by a statistical analysis of
data indicating the cyclic life at which 1 in 1000 components, such as disks, will have a fatigue induced crack of approximately 0.8 mm
length. By definition then, 99.9% of the disks are being retired prematurely. It has been documented that many of the 999 remaining
retired disks have considerable useful residual life. Retirement for Cause would allow each component to be used to the full extent of
its nafe total fatigue life, retirement occurring when a quantifiable defect necessitates removal of the component frur: service. The defect
size at which the component is no longer considered safe is determined through nondestructive evaluation and fracture mechanics
analyses of tue disk material and the disk fracture critical locations, the service cycle, and the overhaul/inspection period. Realization
and implementation of a Retirement for Cause Maintenance Methadology will result in system cost savings of two types: direct cost
savings resulting from utilization of parts which would be retired and consequently require replacement by new parts; and indirect cost
savings resulting from reduction in uae of s'rategic materials, reduction in energy requirements 1o process new parta, and mitigation of
future inflationary pressure on cost of new parts.

RETIREMENT FOR CAUSE METHODOLOGY

Philosophy — The fatigue process for a typical rotor component such as a disk can be visualized as illustrated in Figure 1, Total fatigue
life consists of a crack initiation phase followed by growth and linkup of microcracks. The resulting macrocrack(s) would then propagate
subcritically until the combination of service load (streas) and crack size exceeded the material fracture toughness. Catastrophic failure
would result if the component had not been retired from se:vice. To preclude such eataclysmic disk (and possibly engine) failures, disks
are typically retired at the time where | in 1000 could be expected to have actually initiated a short (0.8 mm) fatigue crack. By definition
when 98.9% of the retired disks still have useful life remaining at the time they are removed from service. Under the retiremen? for cause
(RFC) philosophy, each of these disks could be inspected and returned to sevice. ‘The return-to-service (RTS) interval is determined by
a fracture mechanics calculation of remaining propagation life from a crack just small enough to have been missed during inspection.
This proceduze could be repeated until the disk has incurred measurable damage, at which time it is retired for that reason (cause).
Retirement for Cause is & methodology under which an engine component would be retired from service when it had incurred
quantifisble damage, rather than because an analytically determined minimum design life had been reached. its purpose is not to extend
the life of a rotor component, but to utilize safely the full life capacity inherent in that component,

This philosophy in iteelf is not new, and has been used succesafully in the past for low-stressed componenta which were generally
durability, not fracture, critical. For this discussion, fracture-critical components are those components whose failure would likely result
in engine power loss preventing sustained flight through single or progressive parts failure. Durahility critical componenta are those parta
whoee failure would result in a significant maintenance burden but would not likely reault in a flight safety problem. The advent of high
thrust-to-weight engines with sophisticated (and costly) rotor components made from critical strategic materials, coupled with advances
in the understanding of the fracture processes, and improvements in nondestructive inspection, has prompted a renewed interest in
applying this philosophy to fracture critical components.

Rasidusl _its - For simplicity, this section will consider component life limita which have been determined from the crack initiation
charactaristics of the specific disk material, and will not address the problem of intrinsic crack-life defecta. While damage tolerant
concepts are utilized in some instances to establish life limits, the majurity of components in cutrent gas turbine engines have had life
limits set by an initiation criterion,

All fatigue data heve inherent scatter. The data base used for degign life analysis purposes must be applicable to all diska of a given
material, and therefore includes teat results from many heats and sources. Data are treated statistically as shown schematically in
Figure 2. The distribation of life, defined as the number of cycles necessary to produce a crack approximately 0.08 mm long, is obtained
for a giver: sel of loading conditions (stieas/strain, time, tempersature). As can be seen, the + 2x bounds, which contain 95% of the data,
may span twn orders of magnitude in fatigue initiation life.
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In practice, gas turhine engines are overhauled periodically prior to reaching the crack initistion life limits of their rotor
components. This type of procedure could also be used at these overhauls to prevent failure from rooue defects. A RFC maintenance
scheme could be tailored to be compatible with, and an extersion of, the maintenance “rythm” for a given engine system. Initially, it is
anticipated that components selected for RFC would he components that already recvive inspections at scheduled overhaul periods.
"These periods are some increment of the expected crack initiation life; therefore, present methods for predicting crack initiation life are
adequate. Because of this, improved accuracy in knowing the initiation life and understanding the initiation phenomena, while desirable,
is not abuolutely necessary. Also, it is anticipated that upon initial implementation of RFCY, any component found to have a service
induced defect of any detectuble size would be retired vven though a crack propagation analysis would indizate sufficient residual life
for additional RTS intervals. As field service experience builds confidence, ur as specific system supportability problems dictate,
utilization of the total residual (propagation) life in setting RTS intervals could be done. However, assuming that only the initiation
lifetimes shown in Figure 3 were utilized, significant economic benefita would be obteined.

TECHNOLOGY DEVELOPMENT REQUIRED

As Figures 4 and 5 illustrate, RTS intervals are based un two broad technologies: nundestructive evaluation (NDE) and applied
fracture mechanicx, and evaluated based upon economic factors.

Fracture mechanics must provide an asressment of the behavior of a cracked part should it pass NDE with a defect just helow an
inspection limit. To assure safe return to service of a part which may contain a small crack, an accurate crack propagation prediction is
imperative. Recent strides in applied elevated temperature fracture mechanics {References 1, 2, 3, and 4) have provided the neces ury
mathematical description (models) of basic propagation, i.e., crack growth under conditions of varving loading frequency (v}, stress rativ
(R), und temperature (T). Further work (References 5 and ) has expanded this capability to include loading spectra synergism, i.e.,
crack growth subjected to (frequent) periodic major load excursions separated by a small number (10-50) of varving subeveles, It is
important to note that a typical mission loading spectrum to which gas turbine angines are subjected bears little resemblance ti that
oxperienced by air frames, and therefore different predictive touls are required for each (Reference 7).

Referring again to Figure 5, it is seen that accurate propagation predictions constitute a necessary, but not sufficient, condition for
the implementation of retirement for cause (RFC), The olner requisite technology is high reliability nondestructive evaluation. NDE
must provide the means of screening disks with flaws inat could cause component failure within an economically feasible RTS interval.
[naufficient NIJE, reliability has been a major argument against implementation of an RFC maintenance program. NDE capability with
acceptable flaw detection resolution has been available for some time (References 8 und 9), but adequate relighility of flaw detection has
been lacking {Reference 10}. Complementary inspections and improvements in NDE single inspection reliability (hy automation), can
provide the roquired reliability for many gas turbine engine components to economically utilize the RFC' maintenance concept.

The fracture mechanics approach to estimating component service life is baged on the assumption that materials may contain
intrinsic flaws, and that fatigue failure may occur as a result of progressive growth of une or more of those flaws into a critical crack.
Thus, the prediction and monitoring of crack growth as a function of time (or cycles) becomes one of the basic reguirements of the
analysis system. To utilize such an approach in practice requires quantitative information on compunent stress, materiale characteristics,
and nondestructive evaluation capabilities. Much of this infurmation cannot he defined as a single value, but must be described by a
probability distribution. Two examples are: the probability that a flaw of 8 given size will exist in virgin matetial, or the probability of
finding a given flaw size with a standard inspection procedure. In order to obtain a deterministic fracture mechanics life prediction
(given these distributions), the conventional approach hae heen to use worst case assumptions for all parameters. Em ployving all worst
case assumptions (deterministic) necessarily results in a conservative estimate for the service life of the component.

To circumvent this difficulty, the problem can be tteated probabilisticallv. A closed-form solution, which takes into account all the
required probabilities, in far too complex to be practicable. An alternative solution is to employ computer simulation technigues. A
probabilistic life analysis (Referencos 11 and 12) would use a distribution of flaw sizes. This type of analysis resul®  in failure probability
as a function of time, includes NDE reliability, and allows selection of an RTS interval to obtain un acceptable (10 w) failure probability
with realistic NDE reliability.

Both deterministic and probabilistic methods could provide some of the NDE reliability through mulliple inspections and/or
through higher NDF, limits due to shorter RTS intervals. Since mapy NDE errors are the result of human frailty, multiple inspections
and automation can enhance detection reliability. A probabilistic life analysis system, however, would have the ability to accommodate
NDE reliability {probability of detection versus crack length) distributions and assess their effect upon RFC efficiency. Obviously, high
reliahilily NDE is desired te optimize the economic benefits of RFC.
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THE RFC PROCEDURE

B The RFC flow chart (Figure 6) illustrates a simplified view of how this maintenance concept can be utilized. When an engine (or
3 module} is returned for maintensnce, a5 sconomic analysis ia performed oh the engine or module (ie., fan, compressor, high turbine, or

low turbine) identified as a participant of the RFC maintenance program. if the module has already been in service for several inzpection
3 intervals, the probability of finding cracked parts may be great encugh to make reinspection economically undesirable and specific
b comporents of that module are retired without being inapected. This is determined by the economic analysis at decision point one and is
one of three possible decisions. An unscheduled engine removal (UER) may bring a module out of service that is move economical to
return to service for the remainder of its inspection interval than to inspect and recertify it for a new full interval (the second possible
decision at point one). The remaining choice at point one is to tear down the module and inspect the parts. During inspection, there
again are three possibilities (decision point two). If no crack is found, the part is returned to service. If the disk is found to be unsafe, it
is retired. The third choice is to investigate modification or repair of a flawed pert. An economically repairable part may be repaired and
3 returned to inapection (decision point three),

Initial Engine/Module
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-e={ Fie.d Operation

Shop Visit
# Overhaul

1.
Return Without Module
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{ Ingpaction Analysis
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Figure 6. Retirement for (‘ause Flow Chart
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AN APPLICATION OF RETIREMENT FOR CAUSE

The application of a RFC maintenance approach to a military gas turhine engine has been studied (Reference 13), and development
E activity is underway to reduce the RFC conospt to practice. The d tration and first impl ation system is the United States Air
E Force (USAF) F100 engine. This engine is an augmented turbofan engine in the 110 kN thrust ciass with & thrust-to-weight retie in
excess of 8 to 1. The engine is currently in operational service around the world in the twin-engine McDonnell-Douglas F-15 and single
engine General Dynamics F.16 fighter aircraft.

The F100 is an axial flow, low-bypass, high compression ratio, twin spool engine with an annular combustor and common flow
augmentor. 't has a three-stage fan driven by a two-stage. low-pressure turbine and a ten-stage compressor driven by a two-stage,
high-pressure turbine. The engine consists of five major modules: fan, core (compressor, combustor and compressor-drive turbine), fan
drive turbine, augmentor and exhaust nozzle, and gearbuz. Each module is completely interchangeable from sngine-to-engine at the
i intermediate maintenance level. The modular approach was selected so that either functionally or physically related parts can be
removed as unita.

The objective of the study prograin was to determine the feasibility of applying a RFC maintenance approach to the USAF F100
engine. The study was directed primarily toward rotating comp ta of that engine, specifically the various fan, compressor and turbine
disks and the spacers/air seals that comprise the prime rotor structure. The effort addressed the following five major areas:

Definition of an RFC methodology

Evaluation of the disks and other appropriate engine rotor components for RFC applicability
Asgessment of the nondestructive evaluation requirements for implementation

Estahlishment of a component ranking for development priotities

Establishment of development plans leading to implementation.

The methodulogy has heen discussed in the preceding section of this paper. The life analysis of every major component was

3 reviewed using deterministic lifeing procedures. Based upon this life analysis, individual component coat, and a 15-year average engine

- aystem life, 21.candidate rotor components were selected. The components include: the three fan disks, four of the compressor disks, the

1 four turbine disks, and ten airseals/spacers {from the fan, comprecsor and turbine. These components are all produced from wrought
titanium and nickel base alloys.

Each critical area of each component was then analyzed for residual life to establish the type of defect and the detection
requirements range for optimal economic benefit. A compusite sketch of typical rotor components is shown in Figure 7. As can e seen,
the configuration of these components is complex, and innovative techniques are required to enable reliable inspection, The types of
defects Lo be detected include: corner, surface, through-thickness, and internal flaws. Techniques currently exist, such as eddy current,
ultra sound, penetrants or proof tests, with the ability to detect these flaws in the sizes anticipated. The major problem to be solved ia
detecting these flaws in a high-volume maintenance environment with sufficient reliability to enable RFC to be economically viable.

3 ‘The ranking of compnaents, or groups of components, was based upon three factors: life cycle cost impact, NDE requirements, and
: an assessment of where the state of the art in applied fracture mechanics is at this time. The final ranking of components for the F100
was done by engine module because NDE requirements are similar among components of the same module; it is economically and
logistically impractical to return units of less than a complete madule to an engine overhaul center. The development priorities are:
compressor components, high-pressure turbine components, low-pressure turbine components and fan components. This order was
chosen based upon realistically meeting the NDE goals and the life cycl: cost savings per module. In all probability, the chronological
order in which RFC would be applied to this engine is: fan, low-pressure turbine, compressor, and high-pressure turbine based upon
present technuology.

From the results of the first four activities, a8 preliminary pian was developed to identify the technology and other activities
required to enable implementation and operation of RFC at an engine averhaui center, and the time pharing necessary ior a target
application date of 1985. The lugic upon which the plan was developed is shown in simplified form in Figure 8. There are five sequential
steps inherent in the planning process: (1) development of the required technological and management tools, (2) establishment of irputs
to and exercising the tools, (3) demonstrating the tools, (4) evaluation and documentation of the tools, and (5) implementation end use of
the tools. The resulting development plan is shown schematically in Figure 9 and addresses the technology developments discussed in
previous sections of this paper. At the present lime, these activities are underway and proceeding according to the planned schedule.

Benefits of Retirement for Cause — The assessment of the benefits of a Retirement for Cause maintenance approach to a gas turbine
engine is contingent upon many assumptions. These assumptions include: fleet size, anticipated usage rates, usage life, inspection
interval, labor costs, paris cost and many others,

To quentify the benefits of this maintenance concept for the USAF F100 engine, life cycle cost analyses were conducted. 'These
analyses determined the change in life cycle costs of the F100 engine that could accrue based upon implementation of an RFC
maintenance procedure in 1985 as opposed to a continuation of current or baseline maintenance practices.

The life cycle cost benefits amount to an approximate U1.S. (1979) $250 million savings over & 15-year period. In comparison to the
investment required, the development and imp! tation of RFC are extremely attractive.
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CONCLUSIONS

Realization and implementation of a Retirement for Cause Maintenance Methodology will result in svstem cost savings of two
types: direct cost savings resulting from utilization of parts which would be retired and consequently require replacement by new parts;
and indirect cost savings resulting from reduction in use of strategic materials, reduction in energy requirementa to process new parts,
and mitigation of future inflationary pressure on cost of new parts. With the worldwide concern over the availability of strategic
materials, the resuitant reduction in requirements for, and conservation of critical resources may eventually become as iarge a factor in
applving RFC to specific systems as the direct cost savings upon which the decisions are currently based.

The methodology and procedures described herein are applicable to systems other then the F100 engine. A cursory review of other
gas turbine engines indicates that the RFC maintenance corcept is generic and has direct applicability to rotor components of those
enginea. In fact, the methodology has broad applicability to other types of engine components, and indeed, to systems other than aircraft
gas turbine engines. The decision to apply RFC to other components or systems would be based upon economic factors, predicated upon
the remaining anticipated service life of that system, and it could be & viable naintenance concept for life limited components of
all types.
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Summary

All materials contain defects but recent moves to higher stress levels have lead to an
increasing number of these defects being malignant. Unless the method used to life
fatigue critical components like gas turbine discs allows assessment cf defect presence
and behaviour, the risk ot serious failure is dramatically increased.

A method is discussed where defect behaviour can be assessed as part of a total life
approach to disc behaviour prediction and is explained together with the effects of
differing defect types. Such an approach gives realistic manufacturing standards and
controls and leads directly to an 'on conditicn 1life' approach.

1. Introduction

Since the realisation, some 30 - 40 years ago, that gas turbine discs were the most
critical components in the engine because pieces cannot be contained if failure
gcecurs, various criteria have been used to define both the design parameters and
iives of such components. Until the end of the 1950's the main factors considered
were creep, for the rims of turbine discs, and cvensile strength, to give a
satisfactory overspeed margin without burst, for both compressor and turbine discs.

The lessons were learned early - as can be seen from the failed turbine disc in the
Whittle Mk3 engine in the British Science Museum (Figure 1}.

In the period up to the mid 1960's failures were due, in the main, to lack of
quality control, where the material didn't meet specification, to design problems
mainly at stress concentrations {(dealt with bv geometry modification) or to problems
such as corrosion and fretting which were allvviated by material change or coatings.
In Britishturbines in particular, little attention had to be paid to low cycle
fatigue problems because of the extensive use of martensitic steels where the
limitations for overspeed megant a fatigue 1ife well beyond that practical in
service.

This situation changed with the introduction, first of nickel base and then
titanium alloys in both turbine and compressor discs where, although creep and
tensile criteria still needed observing, it was found that the most important
factor governing component design and performance was low cycle fatigue.

The literature published on the subject of fatigue fills many library shelves,
but, as applied to gas turbine discs, this approach assumes that materials
initiate failure crigins that turn into cracks in a way that can be precicted
from relatively simple laboratory tests, with a variation in performance that can
be handled statistically. This method of life prediction, which is still used in
many areas of the industry, is based upon assumptions that the bounds of the
material behaviour can be circumscribed by manufacturing control and the presence
of defects eliminated by inspection (Figure 2).

This paper sets out to show that recent developments both in materials and design
now require a more complex approach to disc performance and associated manufacturing
criteria.

2. Basic Lifing Approach

The licencing authorities for civil engines demand that the manufacturer ectablishes
the finite life of some ‘best' specimen and then allows *in flight' use of a
proportion of this life to cover the 'worst' expected example cf the disc family.

A similar 1lifing system is used for military discs. The exact way of defining the
finite 1ife varies from authority to authority (and the mode of establishing that
life from manufacturer to maznufacturer).

The British authority {CAA) and Rolls-Royce have always used cyclic spin pit

testing under near engine conditicons as the basis of disc Iifing., Whilst laboratory
materials fatigue data ig used in the design cuntext it has not lsaor el ied oot
calculate in~service performance.
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Such an approach 13 based on careful control of total manufacture Lo make sure
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They affect component life by either eliminating or severely reducing the

% finitiation' or crack nucleation phase. The effects are geometrical;that is,
such defects create a disturbance in the section stress field which accelerates
the build up of fatigue aamage, leading to early crack formation.

If their presence and geometry is known then their effect can be accounted for in
the life methoed, either empirically by disc testing or theoreticallv by stress
calculation and laboratory testing.

3 4.2 Structure deviations .

This category covers coherent defects where any volume within the main body of the
3 material behaves differently under the imposed stress conditions., The defined

3 scatter of material properties depend upon defined bands of micrestructure and

] chemistry.

In volumes of material where the latter fTactors lie cutside the defined limits
the material has a different stress-strain-time behaviour which imposes higher
than predicted stresses in or about the defective area leading to more rapid failure.

i

Both types of defect are, and always nave been, present in even the bhest commercially
manufactured components. Thelr presence can, hcwever, either be benign or malignant.
depending upon their size and the impoered stress conditions. The traditional

h ‘no defect' approach has relied on eliminating all malignant defectis. Clurrent
materials and operating conditions are making such an approach unrealistic as

3 defects below NDI method detection limits are in scme casef now malignant.
3
] &, Methods of accounting for defect bcehaviour
3 4 Disc lifing requires an understanding of component 1ife in the terms described in

section 3 above so that appropriate data and methods can be applied to cach stage.
The e«ffect of varicus types of defect can then easily be agse=scd provided v ir
presence is recognised and thwirbehaviour known - at least within bceunds, if not
exactly. This approach can then be applied to develep a first life for an
individual component using modifica*‘ons of existing fatigue life and fracture

3 mechanicsmethods, and to subsequently extend component life in further increments
] using scme form of inspection = a life on condition er retirement for cause sysiem.
E This overall ascessment of life also allows the practical considerations of =uch

k factors as frettage, corrozion and mechanical damage.

The type of dava and approach required ror each life stage is discussed below.

5.1 Crack nucleaticn

Knowledge of the nucleation mechaniam is «ll important heére - in particular is this
E likely to be associated with a non-coherent defect or dves the crack nucleate at
4 some coherent structure origin?

in the former case life declaration [for this phase depends upon definition of

E . defect size and knowledge of the conditions when the defects becore malignant, If
p . they are benign e.g. silicides in Titanium alloys,then their presence can, of
course, b. ignored. Fxirapelation of previeus cxpericnce 1o higher sire:s s

levels can be very misleading in such caseas,

: Detinition of defect size depend= upon practical knowledpe and experience of
varicus 1 methods and their interpretation to reality. Figure @ Sshows the
relationship of true sizZe and ultrasonic response for a certain coﬁponcnt in
Waspaloy. In pacticular it shows the statistical nature of this type of information -
which alsc applies to eddy current, penetrant or binocular inspection of surface

4 cracks.

E: Rrnowledpe of defect type depends upon detailed understanding of the total

i manufacturing sequence so that the chance of getting a vertain type of defect in a
particular volume of the disc can also be taken into account - ancther statistical
factor.

Understanding of the defect behaviour usually reguires first hand observations of
behaviour of components containing defec:is at representative sirezs/time/temperature

cenditions. Sometimes tiis shows that the geometrical effect can be o sed by
3D finite element techniques (Figure 6¢) but more coften the onset of defect
malisnancy and its extent can only be doetermined empirically. Fven where many

defects are present - as in powder nickel base discs - their behaviour can only tu
statistically assessed by interpolation to engine conditions from labworatory and
component tests.,

-
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rorand and Senirel he oo

Where malisnant defects are not pre
features it o impuertant oo bothour . 3
so that the variation of nucleaticon siles present lieo woilhian the Limios Jube
toooontrel the scufter Land ofF hehavicur o fhat fmssumed in the 1ife calsulations,

Apain the appreach reguires a derailed knowledge of the mechanism, and interpolatim
of dara. Exirapelation of experience %o higher stress levels can be micleading!

A number of cascs have been recorded where a modest change in satrurture has pro
an entirely new mode of behaviour (Figure 7).

Small Crack Growth

Whilst this phase, if it exists at all, must be considered separately from 9.1

moct of the above remarks on defect dependence apply. The most important fac:iur

is nucleated crack size and whether, under the locally applied operating conditiuns,
it is capable of propagation or requires a number of renucleation steps - each

time from a bigger 'defectt'.

As the crack is small its behaviour iz dominated by local conditiens within the
material and so assessment of length of this phase must be statistical.

Large Crack Growth

This phase of life is probably the easiest to assess as the fracture mechanics
techniques required are now well known and the scatter of behaviour small. The
main factor of uncertainty is in definition of the defect size at the star:t of the
phase - particularly if a sub-surface site is invelved,

Final Fracture

By the time the crack has reached the size for final fracture, grewth is se rapid
that total 1ife is relatively insensitive Lo this factor. It is impertant,
however, in assessing the risk of in-service failure which is higher if the final
fracture size is similar teo the 1limit of inspection method available,

Special attention has to be applied where change in temperature promotes a step
in toughness for steels or causes other such discentinuities in behaviocur.

The statistical nature of all these phasecs must bhe noted and the life declaration
for the cemponent can only be expressed in a statistical form - a risk analysis

for any given calculated life should be declared (Figure 8). This involves defining
some definite life end peoint - like % burst life rather than an iil-defined 'firsct
crack critern’ eor a quasi-guantitative crack size e.g. .75mm which gives a
dramatically different end point depending upon the stress conditions and material
invoelved = in addition to he problem of coping with Imm defects using that approazh!

Whilst the above has concentrated on material behaviour facters it alse has to be
emphasised that the approcach requires excellent 3D stressing of the compenent
including detailed knowledge of thermal and residual stresses. Jithout this
knowledge of stress levels and gradients - which in itself deperus upon detailed
stress strain knowledge of the material - the effect of all important component
geometry can nullify other considerations.

Cage studies of 'defect! behaviour

The application of this approach to a number of real cases of defect presence and
behaviour is discussed briefly below.

Failure of a large Titanium Fan Disc

Conventional 1ifing of a fan disc had defined a life of nore than 10,000 flights
with final fracture occurring at the disc bore. Wwhilst spin pit testing confirmed
a high 1life, final failure occurred from the back face. As investigations were
proceeding to examine this discrepancy two in-service failures occurred (Figure 7)
in le=ss than 1,000 flights,

The lifing method and predictions were based on laboratory specimen testing and
spin pit testing of typical samples of the appropriate alloy at 15 to 20 stress
cycles/minute. Investigations of the problem (which was difficult as the in-
service failures were ncot recovered in either case) showed that the effect of
three unconsidered and unknown parameters had combined to cause early failure.
These were -

a) The manufacturing route of the disc lead to high restdual tensile stresses at
the bo~k fare which moved the most critically stressed position away from thai
predinsted.
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b} Ingot poresity occurring in the ingot hot-%top region wae not healed by
subsequent metal working and was too fine to be detected by available DI
techniques

¢) The material microstructure in the back face region was a ccarsev, Slow menied
version »€ that of the typical alloy.which promcted a step cnang fohed
behaviour. The material at the failure site showed alignment over icant
areas which allowed the small pores to rapidly be~oﬂe large prepagating cratks
and these cracks ™r propagale b Twe orders of mug 1de Foocer ynder e :
1dwell' conditions than that measured under normal .e=sv cenditiors. The
effect is shown in Figure 3. Application ¢f the type <f lifing approaw
above allowed the problem to be iden-ified and reproduced even though
failures weren't recovered, and solutions to be found. These showed
albeit short,life could be tolerated in the immediate pericd whilss
term solution was reached, 1t also showed that a material change was
and why.

S

Behaviocur of a Waspaloy Turbine Disc

A rig test disc, being used for normal 1life development cariy
cracking from a sub-surface defect well inside the ultirsa level
(1.25mm flat bottem hole equivalent).

The defect behaved predictably once it was assumed o be a crack (Figure 2709.

Subsequent investigation established (hat it had given a small ultrasoenic
response {(around .7mm fbh) even though it was large and o v (Figure 1),
To prevent in-cervice failuresz a new ulirasonic standard wac adop:ed reiated
to real defect =zize and the mponent 1ife related o largest undetea-ed
defect size = the life method detaliled above was appliel.

~

Use of pewder NI alloys as engine discs

Consolidated Ni-base powder discs Inherently contain defects {rom the manufaciuring

process., These defects are below *he detectability of current NOI methnds and vet

they are the fa-ior guverning comg o Tigure 17

A comparison of lifing methods and acceptatle parameters iz shown in Figure !7 wher.
the tdefect'governed behaviour is presented in a tatigue curve form for compar?
withatraditional fatiguv approach. Spplication of the total life shows
that the use of such a procduct can be safe provided defect henavicur o ria &
used} that the extrapolation of traditicnal fatigue and tensile design criteria ¢
higher stresses can be very misleading, causing early ccmpenent replacement at
best « in-service failure at worst; and that material development needs to accouns
for defect tolerance when the alloy/structure compromise is reachcd.

Implications of Total Life system ({fioure 14)

Rolls-Royce have bean applying this approach of disc 1lifing irn an in
comprehensive way over *he past eight or nine years - barfed on exten
“eterials testing, component spin pit testing and manufacturing defeo:
Experience lLias revealed the foliowing advantages :-~

a) Identification of quantitative defect standards for all features (in
welds) which allow realistic definition of manufacturing allowabkle
component operating requirements

b) ‘Hazard review' of manufacturing processes 1o identify critical phases allcwinga
safe but economic approach to product specificaticns on the basis of operating
requirements.

¢) Safer use of material at high operating stress levels with a realistic appreach
to design allowables.

It is already allowing a 'life on condition' apprecach to individual component life
extension in service beyond the initial 'family 1ife' as well ags realistic use and
definition of inhersently defect-:imited materials and processes such as powder
nickel, castirngs and welds. Whilst the spread of life on condiiion applicaticns arc
being held back by HDI capabiliiy the total life method =till zllcws a ‘otal
examination of component manufacture and vperation to achieve a safe ecconomic life -
the only way that ths high strength marerials required by the new effizcient

aero dynanic designs can be used.
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Fig.l - Failed Turbine Disc - Whittle Mk 3 Engine
(Courtesy Proc. Inst. Mech.
Eng. 1945 152 419)

Engineering premise

All materials are homogeneous, elastic,
isotropic media, free from defects and
amenable to conventional fatigue cumulative

damage analysis within normal scatter limits

Fig.2 - The 'Engineers Premise’
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Conventional disc lifing system
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Fig.3 - Conventicnal Lifing bSystem
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Forged Waspaloy — Ultrasonic indications
conversion factors Large turbine disc
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Fig.5 - Ultrasonic Response of Defects
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Fig.7 - Effects of a Fan Disc Failure :
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Risk analysis 1

MU i‘

i

e Probability of the component containing 2 defect ‘

e Probability of the defect being detected i

e Probability of the defect being malignant 1

o Probability of the defect being in a particular position and
orientation in the component

¢ Relationship of the NDEindication to the real defect size - cut-ups
of components containing defects

® Probability of a defect in a given position being iarge enough to
cause faifure in a given number of cycles or flights

e Variability of material properties
& Probability of a failure being hazardous

. Peﬁnit)inn of an acceptable probability of failure {or hazardous
ailure

Fig.8 =~ Risk Analysis
ML 17008
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Behaviour of cracks in a fan disc in
IMI 685
Initiation phase [ Propagation phase
|
!
I
!
l
a !
|
!
!
. . |
in service behaviour I expected behaviour
N
SML 153160
Fig.9 = Crack Progression in a Fan Disc
@ Crack propagation from a subsurface defect
Nickel base superalloy disc rig test on‘-}
-defect size, shape and distribution 4
{

FRONT FACE

Fig.10 - Propagation of a Sub-Surface Defect
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Crack propagation from a subsurface defect
nickel base superalley disc rig test

i e e b

During manufacture, a defect
was detected in the bore using
ultrasonics, at -11dB to -12d8
level

The disc was rig tested until
failure occurred in the rim
region. The bore crack shown
was then opened.

Ratio of predicted to actuat

life, using CT specimen data,

is 0.86.

Ratio of predicted to actual

life, using corner crack data,

is 1.07

Defect Predicted final Ratio of predicted to actual
crack shape life, from striation count is

144 * (.48,

SML 17597

Fig.1ll - Sub~Surface Decfect in Waspaloy

POWDER ASTROLOY

imm S0pum

Fig.12 =~ Defect Fatigue Origin 1n Astrolov
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R POWDER ASTROLOY

Low Cycle Fatigue Behaviour at 600°C
-3
FRACTURE '
MECHANICS LIFE A
1200 1506 ym POWDER 3
DEFECTS ™
DEFECT FREE
100}
STRESS FATIGUE LIFE
RANGE
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1000}
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MECHANICS
LIFE 400pm » FATIGUE LIFE WITH
soo}  ULTRASONIC 150 ym DEFECTS
DEFECTS s :
p
soof
. -
10° 10° 104 10°

CYCLIC LIFE

Fig.13 - Cyclic Behaviour of a Powder Superalloy

Total disc lifing system
Data bank\ ginite element stre.sslthermal analysis
Design==—=Process/NDT capability

Confirm engine”gpin pit test~Fracture r!wechanics
conditions P P / assessment
-hn--.lJ:e

Factor for }nitia! release Assumes presence
Ex-service inspect/spin test  Of defects to NDT/
i process capability,

Life in'crease surface & sub-surface
RetiremeT for cause

Data bank
Properties Behaviour Service
Stress method NDT capability == NDT
Engine environment Developments

SMLI0138

Fig.14 - Total Disc lLifing System
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RECORDER'S REPORT — SESSION |
by

Dr M.G.Cockroft
Naticnal Gas Turbine Establishment
Pyestock. Farnborough. Hants GU14 6TD
UK

Wg Cdr Hedgecock’s paper emphasised the value of recording actual engine useage by means of simple low cycle
fatigue counters or more comprehensive monitoring systems. The discussion largely concerned points of detail about
such systems.

Replies to various questions can be summarised as follows. The LCF counter in its simplest form takes four shaft
speeds as input, possibly two speeds from each of two engines. Speeds are converted to stresses and stress excursions
during operation are summed to give the equivalent number of zero/maximum stress cycles which dictate disc lite. There
is o analogy with the “reference stress” concept used in creer life predictions. Muny more inputs (e.g. temperatures)
are required for the more elaborate systems which would take into account creep life. the rmal fatigue lfe. ete., and o
“hot end monitor™ is in process of being developed.

Professor Hoeppner raised the question of the criterion for disc lifing: whether it is “life to first crack™ and whether
surface and internal defects are treated similarly. 1t was pointed out that sophisticated Retirement for Cause inspection
procedures are not used for RAF engine discs after they have entered service; lives are set by the manufacturers.
Formerly lives were prescribed on the basis of “life to first crack™ but the current Rolls Roycee procedure is based on the
more definable value of *% life to busst"” obtained from spin-pit tests,

Of the five topics highlighted in Dr Snide’s presentation it was one dealing with the Allison electrophoretic coating
process that attracted discussion.

In reply to Ir. Mom: it was said that the electrophoretic process couid be used for applying internal coatings provided
that the blade cooling passages were not too small. The major advantage of the process. however. is that it gives a very
uniform coating. The thickness after diffusion is typically 0.003 in. This led ir. Stroobach to raise the important
question of the measurement of residual coating thickness after engine service. There appears to be no adequate non-
destructive test and the only acceptable method invalves cut-up for metallurgical examination.

Scveral participants {(Ir. Mom. Dr Worth. M. Mazars) asked for more details of the coatings and for comparisons with
ather coating systems. The coating for nickel-base materdals. AEP 32, is quoted in the paper as AlCr-Mn andis a
diffusion-type coating similar to plain aluminide coatings. It is deposited in a propanol + nitromethane bath: details of the
bath composition could be made available if required. Test results ure given in the paper showing some improvement of
AEP 32 over standard aluminide coatings but these results were obtained from test pins and not from engine experience.

Mr Plumb’s description of the repair methoeds used for helicopter engines and naval propulsion gas turtines led
Mr Deutsch to ask about the causes of deterioration. particularly the importance of the higher aromatic content of
present fuels, a possible higher sulphur content and effects due 1o erosion by incandescent carbon particles.

In reply it was stated that there are as yet no problems with sero-quality fuels used for helicopters. The diesel tuel
used for paval propulsion is ruther variable depending on its source. and both higher sulphur and higher vanadium
soatents are causing some concern. Tests are being done in UK Governn. « ¢ Estahlishments to determine the effects of
simulated lower-quality fucls. Carbon erosion. not necessarily from incandescent particles. van be very serious and can
only be countered by improving combustor design to reduce carbon formation.

The presentation piven by Ir Stroobach drew attention to managing operational and maintenance procedures inorder
to minimise costs. The main factor is fuel cost: materials costs are small in comparison.

Professor Hoeppner asked for more background information on the engine de-rating schedules that are used. In
reply it was said that engines are de-rated as much as possible, the masximum at present being 1877, De-rating ot tuke-oft
hus the lavgest impact on ergine life. Flight crews are unwithing to reduce the take-oft thrust below the thrust used during
chimb and this consideration fimits the amount of de-rating that can be used.

. . Ll_umku.hdﬂmﬂ



s R e

Ri-2

The USA programme on Refirement for Cause was described by Mr Harric. A considerable amoont of development
work. particularly connected with non-destructive evaluation (NDL), is requited in order to meet the target date for
implementation of the system in 1985, The programme was reported to be on schedule.

Ir.Mom drew attention to a recent proposal that [irst stage fan disesin the FI00 engine should be given a proof resramt
eddy current inspection after a given number of cycles (perhaps 18003 and then returmed 1o senvice. This inspect return
sequence. however. would only be permitted for 2 small number of times (perhaps twice) and then retitement would be
mandatory. In contrast. the Retirement for Cause procedure envisaged an indefinite nuimber of inspections and returns-to-
senvice. Did this imply a lack of corfidence in the present procedures? In reply it was pointed out that 1983 technology
will be an appreciable advanee on that of today and it is necessary to proceed cautiously. Further, although proof testing
and inspection may confinn that a disc contains no defect likely to cause burst. there are other life-limiting factors such
s pitting corrosion or fretting at dovetails which must be taken into acvount. Ut is not intended to change any wear or
dimensional Hinits in the Retirement for Cause procedure.

Mr Jeal asked about the basis for selecting the defect size at which a disc would be rejected. The answer wis that
two approaches weuld be used. one being the normal fracture mechanics valculation to predict a defect size which would
not lead to failure during the next inspection interval. and the other being dependent on the outcome of current work on
NDE. Regarding the latter. a probabilistic simulator is being developed which will accept information on detectability
and relisbility of available NDE technigues and will then be used to select a limiting defect size taking into account
appropriate sk and cost criteria.

Protessor Hoeppner returned to the question of the criterion for crack initiation: whether this would be taken as
“first crack™ and whether the same criterion could be used for intemally initiated cracks. He also wished to know how
the current NDE capability related to the fatigue lifing methodology. In response it was emphasised that the
characteristics of the material being used had to be known in very great detail. A large number of discs in INT0O huve
been cut up for examination and there is now detailed knowledge svailable concerning the statistics of the sizes and
numbers of defects  The Monte Carlo (probabilistic) simulation can thus be used to predict the likely behaviour. For
information about internal defects several different NDE methods are used. One of these (eddy current) should reveal
Just-subsurtface detects within about 0.2 in. of the surface. Experience with the inspection of easlier engine dises is not
4 good hasis for developing Retirement for Cause NDE methods since previous engines incorporated less sophisticated
designs and ran at lower stresses under less arduous conditions. Detailed inspection of new discs. on the other hand.
would be usetul; they would be “known™ as a result of periodic satety inspections done before the critical inspection on
which the decision whether to retire or not is based.

In reply 1o a further question from Professor Hoeppner it was said that the expected advantages of a Retrement
for Cause system would be realised in terms of reduced Costs by extending component lives. An altemative advantage
could be to inerease satety but the present policy is simply not 1o increase the present risk.

Mr Jead outlined the more general philosophy being developed in the UK on component hifing und emphasised the
considerable amount of detailed information. obtained under realistic conditions. that is required. Jt would provide a
basis for On Condition Lifing where this could be shown to be economically attractive.

Professor Wanhill wanted o know the differences hetween Retirement for Couse and On Conditien Lifiag and was
toid that they are cssentially the same.

he more generad approach, however, is as much concemed with the first prediction of initiad life as with the
possitility of life extension by periodic inspection. Both demand a detailed knowledge ot the occurrence of defects and
their behaviour on a probabilistic basis.
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INFLUENCE DES TRAITEMENTS DE PROTECTION
SUR LES PROPRIETES MECANIQUES DES

PIECES EN SUPERALLIAGE

b Par HAUSER J.M, DURET C, PICHOIR R,

QFFICE NATIONAL D'ETUDES ET DE RECHERCHES AEKOSPATIALES (ONERA)

92320 CHATILLON FRANCE

1. INTRCDUCTION

Les conditions d'environnement des pléces constituant les parties chaudes des turbaomachines
3 aéronautigues imposent le plus souvent la réalisation de revétements protecteours. Ceux-ci sont d'autant
plus nécessaires que la composition des superallisges utilisés et le traitement thermique assuci€ sont
choisis pour obtenir lesmcilleures propriétés mécanigues a chaud. Je choix de composition ne correspond
E pas, en général, a une bonne tenuc a l'oxydation et & la corrosion ; quant au traitement thermique, i1
n'est généralement pas campatible avec le¢ cycle thermigue de réalisation des revétements protecteurs et cet
aspect cst rarement pris en compte par les élaborateurs et méme par les hureaur d'études. vFourtant, cycle
thermique de protection, caractéristigues mécaniques des matériaux constituant ics revétements, inter-
A diffusion de ceux-ci avec le superalliage, peuvent aveir une influence défaverable sur les propriétés
p mécaniques des matériaux protéyés : comportement en fluaye, fatigue, fatigue thermique ...

La durée de vie des piéces n'est pas seulemunt déterminde par les propriétdcs mécaniques du
superalliage protégé¢ mais également par la tenue du revétement 3 1'oxydation et a la corrosion : renou-
E ve or la protection peut poser divers problémes et, dans certains cas, Constituer un nouveau facteur de
réc action de durée de v:e.

Ces divers aspects seront décrits plus en d¢tail et illustrés par des résultats concernant des
revétements d'aliminiures appliqués aux superalliages IN 104 et IN 738LC. Avant d'exposer Jes rdésultats
obtenus sur les illjiages revétus, nous avons voulu mettre en évidence 1'.nfluence d'un certain nombre de
Eacteurs sur les propri¢tés mécanigues des superalliages, facteurs inhdérents & 1l'élaboration -le la protec-
tion.

2. EFFET DU CYTLE THERMIQUE ASSOCIE A L'OPERATION DE PROTECTION

Les opératiuns de protection, qui comportent le plus souvent au moins un maintien plus ou moins
prolongé a température moyenne cu ¢levée, ont généralement un effet sur la micrestructury des superdlliages,
en particulier sur la précipitation de la phase y' [Hi3 (Al,Ti)] des alliages base nickel ou snr la naturc
des carbures interyranulaires. euvent intervenir la durde ev la temparature du palier de traitement, ct
. 3 dyalement , dans certainsg cas, la vitesse de refroidiscfement qui reste tributaire de la mise ¢n ocuvre du

procédeé de protection.

Par conséguent, le traitement de protection peut affecter les propridtes mécanigue de
1'alliage non seulement dans la zone superficielle mais également dans toyt le velume. Cei est facatement
mie en évidence en soumcttant deyx ébauches d'éprouvettes aux trastements de protection, et en ¢liminant
ensuite par usinage la zune superficielle affectée ehimiguement par le traitemont.

Dans le cds des revétoements d'alliage de type M-Cr-Al-Y réddise par pr o Uion pladmg @ous
Pression raéduite, par svaporation thermisue ou par des techniques i rivees ion-tiat g jat exempled, an
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et moins fragile (par exemple en S © & 1 080°C pour obtenir 60 ium de Ni2All2 sur IN I100). Il est souvent
possible de faire coincider ce dernier traitement avec le trajtement de mise en sclution de la phase '
dsns les alliages base nickel.

~ Les revétements obtenus par aluminisation basse activité, parfois plus performants du point
de vue xésistance 4 la corrasion, ont une cinétique de croissance plus lente, contrdlée par la diffusaiun du
nickel 4 travers la phase [(-NiAl riche en nickel (6G um de NiAl sur IN 100 en 16 h 3 | 050°C ou 60 L &
950°C) . L'incidence de tels traitements sur la morphologie des précipités de phase ;' dans les alliages &
base nickel, et par conséquent, sur leurs propriétés mécanigques, est généralement importants. De plus,
la mise en ceuvre de refroidissement rapide 4 1'issue des traitements effectués en “rack” est difficile.

- Les traitements de chramisation, qu'il peut étre intéressant de réaliser avant aluminisation
des superalliages, sont toujoiurs effectuds & température supérieure 3 1 020-C (30 L &4 1 050°C ou 5 h A
1 150°C) et posent les mémes problémes de refroidissement que précédemment s'ils sont effectués en "pack”.

A titre d'illustration, l'influence de cycles thermiques d'aluminisation sur les caractéristi-
ques de fluage & 850°C de 1'IN 100 et de 1'IN 738LC, non protégés, est présentée sur les tableaux I et I
[1]. On note que cette influence peut varier selon la durée des essais : des essais longs conduisent par-
fois & une amélioration des durées de vie des éprouvettes traitées, a4 1'inverse des essals courts
(tablea:z I, lignes 1| et 2). Il est probable que, dans le cas de 1'IN 100, la microstructure obtenue aprés
traitement a 1 050°C n'est pas stable et est susceptible d’évoluer lors des maintiens a B50°C en fluage
lent, vers une précipitation de y' plus favorable & la tenue au fluage. Pour évaluer convenablerent 1l'inci-
dence des cycles thermiques de protection sur les propriétés mécaniques des superalliages, il apparait denc
nécessaire de réaliser des essais de fluage de durée suffisamment longue et de ne pas se limiter & des
essais de courte durde.

2. CONSOMMATION DE MATIERE LORS DE LA FORMATION DU REVETEMENT

Lors de la formation des revétements par aluminisation, le supcralliage est transformé, par
diffusion, sur une certaine profondeur qui dépend de la nature du traitement et de la composition du
substrat. Pour les piéces aluminisées, la section utile de superalliage est donc plus faible que la section
avant gluminisation. Ceci peut avoir un effet non négligeable sur la tenue en fluage des piéces & parois
minces : nous avons en effet montre gue les revétements d'aluminiures ne coniribuent pas a supporter la
charge de fluage (voir plus loin § 6). Par exemple, la formation d'un revétement d'aluminiure de 60 um
d'épaisseur entraine, sur IN 100, une consommation d'alliage d'environ 40 im ; ainsi, pour une paroi mince
d'épaisseur initiale 1 mm, 1'épaisseur d'IN 100 restante aprés aluminisation de chaque face est de 0,92 mm.
L'augmentation de contrainte correspondante (X 1,087) & charge constante correspond & une durée de vie
réduite d'un facteur voisin de 2 (500 h au lieu de ! 00C h & B50°C). Dans le zas d'une parci 4'épaisseur
initiale 0,5 mm, la réduction de durée de vie serait d4'un facteur 3 environ, 4 charge constante également.

Dans le cas de l'élaboration de revétements par dépét d'alliage (P.V.D, projection plasma ...},
celle~ci n'impligue pas une consommation de superalliage mais entraine seulement une interdiffusion
substrat-revétement limitée. Toutefois, le revétement d'alliage constitue alors une surcharge {masse
supplémentaire soumise 3 l'accélération centrifuge dans le cas des Aubes mobiles) supportée pour l'essen-
tiel par le asubstrat de superalliage, ceci dans la mesure ou l'on admet, comme pour les revétementsad‘'a“u-
miniures, que le revétement ne contribue pas d& supporter la charge de fluage.

Finalement, pour les deux types de revétements, les rapports de la section tctale des piéces

déterminant la charge due 4 l'accélération centrifuge 4 la section de superalliage supportant effectivement
ce*te charge sont sensiblemeut comparables.

4. INTERDIFFUSION EN SERVICE ENTRE LE REVETEMENT FT L'ALLTAGE

Lors de maintiens en service & haute température, de nouvelles phases peuvent se dévelupper par
interdiffusion entre le revétement et le substrat. Ces phases peuvent éventuelleme.t jouer un role spéci-
fique dans la tenue mécanique des piéces, selua leur morphologie (couche continve, précipités dans le revé-
tement, dans l'alliage sous-jacent au revétement), et selon leurs propriétés {ductilité, fragilaté). ‘ette
morphologie dépend essentiellement de la nature du substrat et du mode d'élaboration du revétement (reveé-
tement d*aluminiure obtenu par diffusion, revétement obtenu par dépét d'alliage). Dans le premier cas. on
obtient généralement & la fois des précipitations inter et intragranulaires et des couches continues Jde
phases intermédiaires, alors que dans le deuxidme cas, par un c¢hoix approprié de la composition de
1'alliave du dépdt, 1'interdiffusion peut &tre limitée & une variation progressive de cumpus:ition sans
apparition de phases "fragiles”.

4.1. Interdiffusion entre un revétement d'aluminiure et le superalliage

Les revétements d'aluminiure, formés 3 la fois par apport d'aluminium par vole gazeuse et par
tranaformation de la zone superficielle du superalliage, ne peuvent mettre en solution qu'une faible parthe
dex dléments d'addition de ce dernier, éléments qui précipitent Jdans la zone interne sous forme de carbures
au phases intermédiaires (o par excrple) riches en Cr, Mo, W, Co ... ot ot tendance a diffuser dans 1a
rone sous jacente du substrat au cours de maintiens on température,




Selor 1'alliage et la température de maintien, o6 note l'apparition de cmches monopnasdes iy et |
' et/ou des précipitations intergranulaires (carbures) ou intragranulaires {a, carbures ...} sur yne pzo-
fondeur pouvant atteindre 200 um. Aidnsi, dans 1¢ cas de 1'1N 1790 aluninisé, on observe des precipitations
intergranvlaires de carbures de chrame sur 150 um sous le revétement agpres 300 h de maintien A 8 .
(figure la), ou sur 250 um sous le revétement aprés 307 h & © 750°€ {fijeres lb et le), ainei qu'une préci-
pitation intragranulaire de phase aciculaire 3 (sur 29 an aprés 300 h a 850°C) ou de carbures de chrome
{(sur 50 .um aprés 300 h a ! 050°C).

Dans le cas du fluage, 11 a été obsecrvé 11 (2] que drs ficsures amorcées dans lo revérement 3
un stade avancé de fluage peuvent se propager le lonr des plagueties = forr .3 dans 1l'alliage {(figure 2},
Néanmoins, il n'a jamais été observé de ruptures 3 partir de telles fissures, ces ruptures ayant touiours
A l'origine des décchésions intergjranulaires~nombreuses dans 1V'IN 100 soumis au fluage [1]- et cec: mfme au
voisinage immédiat de fissurss se propageant sur tes plaguettes de phase o intragranulaires (figure i),
Les préciritations intergranulaires de carbures de chrome dans le substrat au voisimnage du revétement d'aiu-
minjure pourraient, par contre, dans ces conditions, avoir une influence sur le comportermest en fluage
{tigure 4 : observation d'une décohdésjon i 1l'interface carbure, grain y - ¥'). 11 faut ajouter gue daus le
cas ou se furment les couches monophasdes | et ', celles-ci ne coniribuent pas & supporter la charge de
fluage.

Dans le cas des sellicitations de fatigue, la précipitation aciculaire de phase T pourrait

avoir un effet plus déterminant : en effet, il a été montrd 13] que, opres des recuits de 3 200 BTy,
1'INCC 738LC aluminisé par le procéddé LDC2 présente une baigse de duree de e en faty E
850°C cue l'on peut corréler avec un amorgage de fissures dans la zone de jreviptar.on de phase .
4.2. Interdiffusion entre un revétement d'alliaye et le superalliage

L'interdiffusicn entre le revétement de type MCrAlY et lo substrat peut &tre trés réduite o2ar,

d'une part la diffusion est limitde pendant le processus de Jépdt, et d'ac*ve part un choix ayproprié de la
nuance de revétement permet d'cbtenir rapidement uné bonne stabilité des phases en priésence.

Dans certains cas, cependant, 1'interaction peut étre importante ; ;ar exenple, dans le cas des
revétements de type CoCrAlY dépousés sur un superalliage base nickel, la fraction volumigue d g phase
riche en alumium diminue progressivement, tandis gue se forme une couche intermédiaire de  .ase (7 Ni3AL.
De telles couches d'interdiffusion ne présentent pas de fragilité particulifre, mails ne contriigdent Ldas &
supporter la charge de fluage.

5. PROPRIETES MECANIUES DES PHAS

AR Al Chaa

ES COMSTITUANT LE

Les revétements obtenus par aluminisation comprennent jénéralement une matrice d'aluminiure
(# - Nialj} et des précipites ; les revétements d'alliage sont constitués de phase y - cic base €o ocu Ni,
riche en Cr, yénéralement prépondérante, et de phase * - NiARl (ou Co Al}. Le caractére frayile 3 basse
tem~érature des intermétalligues NiAl et CoAl détermine le comportement des revéiements da les deux cas
dans les revétements d'alliage, l@ caractére fragile est atténud par 13 plusticitd de¢ la jhase ; qul
constitue, en général, la matrice du revétement.

L4 température de transition ductile-fragile des revétements d'aluminiure a &té dtudide, en
particulier en fractich & l'aide de mé.hodes d'émission acoustigue [4]. Pour la phase NHidl, raiche en
sluminium, elle est de l'erdre de 655 a 7%0°C ; au-~dessous de 650°C, des Yissures aj paraissent on tract
pour des dlongations de 0,5 a 1,5% ; au-dela de 750°C, les revétements d'alaminiure peuvent &tre au con-
traire plus ductiles gue le superalliage ¢t peuvent subir des allongements importants sans fissurer
ifijure 5). Les aluminiures de ccbalt apparaissent conme plus fragiles -que les aluminiures de nickel
allongement & rupture en tracticon de V'ordre de 0,25 % ay-dessous de 8000,

[ 5

Les propriétés mécaniqgues des revétements d'alliage dépendent des propristeds sndaividuelles «des
deux phases counstitutives ainsi gque de lears proportions et de leur morphologic. fans le cas d'alliaie:
binaires biphasas o/ {(Co-CnAll, recristullises, une inte atiun du comre rtement mécanijue 3 1'amb-iante
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Les essais de longue Jurde [2] {quelques dizaines de milliers d'heures) a £50°C sur INCO TI8LC
@t F5X 4'4 alumiriseés, ayant subi le traitement themmique standard aprés aluminisation, montrent que la
présernve du revétemernt est sans effet sur la durée de vie -la contrainte étant calculée sur 1la _section de
‘éprouvetre ayant almminisation-.  TOTTTTTOTOTTTmOTOmmmmmmoommmommmscsmasson s

Les esaais de courte et moyenne durée d 850°C sur IN 100 et INCO 73BLC aluminisés 11} montrent
que ce n'est pas la présence du revétement en elle-méme qui modifie la durée de vie du fluage, le temps
d'allongement a 1% et fa vitesse de fluage secondaire (figure 7) - la_contrainte étant calculée sur la

seg:§9§d£§§£§3§lle d¢_superalliage apsés_ aluminisation -. En effet, ia comparaxson d'essais sur éprou-
vettes pues avant p:ote'txon, protégées, nues maxs ayant subi le cycle thermigque de protection, met en
évidence que la dégradation des propriétés mécaniques observées dans les deux derniers cas pour les essais

courts, doit étre imputée au cycle theniirque de protection et non au revétement lui-méme (cf. §2),

Ces deux études téndent done & montrer que le présence du revétement est sans effet sur la
durée de vie en fluage.

Le fait de ne pas calculer la contrainte de la méme fagon dans les deux cas ne modifie en rien
la conclusion prédédente car, pour les éprouvettes utilisées ~éprouvettes cylindrigues de quelques milli-
métres de diameétre~, les vorrect ons de sontrainte sont faibles et leur effet sur la durée de vie s'ins-
orit sensiblement dans la dispe:sicn des résultat-. I} a 5té toutefois montré par des essais multiples
[1] que le revétement A'aluminisre subit la defarmaton imposée par ia partie centrale en superaliiage
sans porter une part apprécicble de la charge et, de ce fait, ii reste préférable de faire la correction
de contrainte ; par contre, cette correction est indispensable dans le cas des éprouvettes i parocis
minces.

L'observation des revétements d’alumihiures aprads fluage & $30°C {1] mont e que ceux-ci pré-
sentent une plasticité importante en fluage & cette tempérzture : i 4% de déformation. les revétements
sont encore exempts de fissures ; des défcrmations encore plus importantes sont possibles Localement, en
particulier au droit des cavités intergranulaires qui s'ouvrent dans le superalliage (figure 5). Aprés
une déformation globale importante, des fissures apparaissent dane le revétement au niveau des zones de
striction. Pratiguement, de telles fissures ne sont jamais rencontrdées siar »iéces réelles, pujsgue
celles-ci sont retirdes du service aprés | & 2% de déformation ; leur rdle éventuel sur la rupture a
cependant &té discuts (§ 4), puisque leur propagation a été obscivée sur gquelques dizaines de um dans le
superalliage le long des plaquettes de phase o de la rone d'interdiff iion et 1l a été montré que, dans
nos conditions d'essais, ces fissures ne semblent pas initier la rupry e gui reste intergranulaire dans
le superalliage {(figure 8). Il parait important de rappeler que, par contre, étant donné la natare de
cette rupture, les phases (carbures) développdes par interdiffusion revékement/substrat dans les joints
de qrains de ce dernier peuvent influencer le comportement en fluaye, en particulier dans le cas des
pifces a parcis minces.

6.2. ratigue

La résistance 3 la fatique est wune proprif%é particuliérement sensible & 1l'dtat de surface et
a l'environnement, pulsque l'amorgage des fissures a souvent lieu 4 la surface des piéces. Les revétements
peuvent done modifier de fagon notaile la tenue de ces derni®res si leur résaistance chimigue a 1'environ-
nement permet d'éviter les interactions corrosion/fatigue ou orxydation/fatigue a'ixquelles peut étre sensi«
ble le superalliage. Il en est de méme s'ils présentent une fragilité oarticuliere dans certains domaines
de température ou pour certains types de sollicitations de fatjgue.

Le xrdle spécifigue du revétement, en fonction de sa nature et de la température, a seulement
pu étre mis en évidence sur des matériaux tels les wuperalliages solidifiés unidirectionnellement poly ou
monucristallins (exemple DS 200 [6]), les alliages forgés (UDIMET 700 (6]} ou les superalliages composites
a fibre de carbure obtenus par solidification unidirecticanelle {7], alliages moins sensibles 3 la fatigue
que les alliages coulés éguiaxes. En effel, dans le cas des alliages coulés equiaxes, ce sont des amas de
porceités internes qui provoquent généralement )'amorgage de la rupture (figures 2.10.11), ce qui rend les
revétements sans effet sur la durde de vie en fatigue (8%0°C, grand n-mbre de cycles, figure 12}).

Selol. le type de sollicitations de fatigue, il faut distingue: : la fatigue & grand nombre de
cycles & la rupture (HCF) et par conssquent faible taur de déformation, la fatigue A& fort taux de déforma-
tion et par suite faible nombre de cycles a rupture (iCF). Dans tous 1les cas envisagés cl-aprés, la défor-
mation du revétement est imposée par celle du substrat.

Fatigue a faible taux de deformation

La déformation du substrat de s''meralliage est alors essentiellement élastique et, d'une
maniére générale, les matériaux constituant le revétement auront tendance 4 avoir une bonne tenue en
fatigue s'ils ont une limite élastique élevée ou s'ils ont un faible module d'élasticité. Dans ce dernier
cas, en effet, pour un taux de déformation imposé, pour deux matériaux dont le module d'é&lasticité différe,
le rapport des contraintes gqu'ils supportent est égal au rapport de leur module d'slasticité respectifs.

Ainsi un revétement d'allizge Ni-20Cr-10A1-2HE-0,1C sur NiTaC 3 - 116 A2 (eutectique orienté
contenant des fibres de TaC) a une meilleure tenue en fatijque gu'un revétement d'alliage Ni-20cr [7] dunt
la limite élastiguc est vraisembiablement plus faible, ce qui peut méme conduire 4 ce gu':l soit sclliciteé
Jans le domaine plastigue. De méme, A faible taux de déformation, unL revétement méme fragile puurvue gu‘il
soit sollicité en degd de son domaine de d¢formation plastique n'a pas d'inflace e sur la tenue en fati-
que : p-ii exemple, il a 6té oshservé [6] que 1'alumiaisation de 1'DIMET 750 -suivie de polissage électro-
Iytigue pour annuler tout offrt de concentra*ior de contrainte~ non seulerment ne Gétérivre pas mals
améliore le comportement en fetlyue 4 1'ambiante de 1'MDIMET 700 non revBti ot AGalement poli. Inversement,
lorsque le revétement subit une déformation plastilgue aiors e 1¢ substrat est enssre dans le damaine
Alastague, on pedt s'attendre 3 oun abwassement e able e Ja durde de v,

"
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Fatigue & taux de déformation éleveé

Dans ce cas, le substrat et ie revétement sont sollicités au-deld de leur limite élastique.

Si le revétement est fragile (aliminiure, alliages y~2 3 basse température), des fissures
peuvent y apparaitre dés le premier cycle et réduire notablement la duree de vie en fatigue. Aimsi, ia
durée de vie de UDIMET 700 est réduite de 20% & 76G°C lorsqu'il est revétu d'un aiuminiure {6].

Au contraire, 5i le revétement est acctile (alumjiniure ou alliages y~{ 3 hautes températures,
alliage Ni-20Cr), la tenue en fatigue du superalliage n'est pas dégradée et peut m@me &tre améliorcde,
rar exemple, dans le cas du NiTaC 3 ~ 116 A2, alliage dans lequel il a été observé [8] que la creéation
volontaire de fissures 4 la surface réduisaiv notabiement sa duréce de vie en fatigue, le revétement
Ni-20Cr-10A1-2Hf-0,1C, relativement fragile, en se fissurant au bout d'un petit nombre de cycles, peut
réduire considérablement la durée de vie de l'alliage {71, alors que le revétement Ni-Cr, ductile, r'aura
pas cette influence néfaste.

7. CONCLUSION

Quelques aspects de 1'influence des revétements protecteurs sur les propriétés mécaniques des
pidces en superalliages ont été discutés : notamment cycle the¢mmigque de protection, anterdiffusion entre
le revétemen: et le superalliage, propriétés physigues ct mécaniques des revétemenis eux-mémes.

Certains Jes effets décrits sont considérablement amplifiés dans le cas de la protection des
pitces & parois minces fortement refroidies ; les problémes d'irterdiffusion revétement/superalliage,
d'influence des revétements sur le camportement en fatigue thermigue notamment, sont particuliérement
aigus et il n'existe pas actuellement de solution satisfaisante.

D'autrer aspects aurajent pu étre pris en compte dans ce textc ; ainsi la recherche de caracté-
élevées pour les superalliages, soit pour augmenter la température d'emploi des pifces,

ristigues mécaniques
soit pour augmenter leur potentiel, conduit i des compositions et des traitements thermiques d'.lliages

bien déterminés ; ces choix précis peuvent conduire & limiter ceux de la nature des revétements et de la
méthode de réalisation, entrainant ainsi une tenue insuffisante de ces revétements & l'ouxydation et a la
corrosion et par suitc une limitation de la durée de vie des piéces. Leur réparaticn par renguvellement
revétement est courante mais pose divers problémes : difficultés de décapage pour les revétements
@'alliages, diminution de section des piéces lors du décapage des revétements d'.luminiures corxrespordant
3 la partie de superalliage consommé pour la réalisation de ces revétements et limitant le nombre d'opéra-

tions possibles de renouvellement.

Ju

Les résultats présentés dans le cus des alliages IN .00 et IN 738LC ne peuvenu jpac
ralisés 3 d'autres alliages ; chague couple revétement/superalliiage doit faire 1'ubret d'investigat:
particuliéres dans des Zonditions aussi voigines gue possible de celles de i'utilisaticn des ;
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Tabteau I — influence des cycles thermiques d'aluminisation IN 100 nu — fHuage & 850° € sous air.

ESSA1S COURTS ESSAIS MOYENNE DUREE
i
Cycle de trait-ments o (MPa) o, () e (Y} ¢ (Mpad | ¥, (W) t (
1% rupture 1% rupture
1. Brut de coulée 372.8 116 200 294,13 515 927
2. 16h A 1050°C
refroidissement 35°C/mn 372.8 65 182 264,13 574 1179
(aluminisation basse
activité sur ébauche)
- 4 —
3. idem 2 + 300 372.8 7% 222
cycles de 1h a 850°¢C
. ]
4. idem 2 + 300
cycles de 1h 2 1050°C 372,38 71 151
5. 7,5 a 700°C
« Sh 3 1080°C puis
trempe 2 l'air 372,8 107 294 294,13 622 935
{(aluminisation haute
activité sur ébauche)
. =

“temps woyens

Tatizau II — influence des cycles thermiques d'aluminisation INCO 738 LC nu - fluage 8 850° C sous air.

i
Cycle de traitements ESSALS COURTS
¥ (MPa) o, (W) H {(h)
1% rupture
1. Brut de coulde 294 98 226
2. 16 h & 1050°C
refroidissement 35°C/un 294 54 31z
(aluminisation basse activité sur ébauche
3. 2h 3 lIzo°c o :
refroidissement 35°C par mn 294 50 |
« 24h A B&57C trempe 3 LMair ]
{traitement thermique standard de 1'alliage) ito 22 !
—
4. idem 3, + 16 h 23 1050°C
refroidissement 35°C par mn 3o 30
(aluminisation basse activité sur &bauche)
+ 1dem 3.
5. idem 3. + 16h A 1050°C
refroidissement 35°C par an 3i0 24
(aluminisation basse activité sur &bauche}
+ 24k & B45°C trempe 2 l'air
6. idem 3 + 7,5h A 700°C
{aluminisation haute aclivitd sur ébauche) 310 41
+ idem 3 !
i

lemps mwyens

W valeur interpolée
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Fig. 1 — Interdiffusion revétement {aluminisation basse activité] — substrat
a) 300 cycles de 1h a 850° C sous Ar (image électronigue/
b) 300 cycles de 1h & 1050° C sous air {image dlectronique}
¢} 30C cycles de Th & 1050° C sous Ar limage X du chrome).
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Fig. 2 - IN 100 aiumirisé (basse activite! : Huage 3 850 C sous air {388 MPa, rupture en
232 h}— phases o formées par interdiffusior substratrevétement pendant ie main-

rien & 850° C en fiuage.




Revitement, MiaA:

- - Phesey

~= Ducohesinn lergranulave
.3_57“.,,:‘.'; bed T

Fig. 3 — IN 100 aprés aluminisation basse activite, traitement de 300h 3 85C C sous a:r (300
cycles de 1h), fluage 3 3507 C sous air (388 MPa, rupture en 384 h /.
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Fig. 4 ~ IN 100 aprés aluminisation basse activité, traiternent de 300h a 850 C
sous argon (300 cycies de 1h), fluage @ 8507 C sous air {0 388 MPs,
rupture en 235 h — image electronique).
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Fig. 5 - IN 10 aprés aluminisation basse activité, traitement ce 300h & 850 C suus 2ir (300
cycles de Th), fluage & 850 C sous air {o 388 MP3, rupture en 98 hi.
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protection).

89

Fig. 6 — Evaluation de la température de transition ductile-
fragile d'alliages Co Cr Al Y et d'aluminiures Ni Al
et Co Al (d’aprés {5)).
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Fig. 8 — IN 100 aprés aluminisation basse activiié, traitement de 300 h & 850" C sous
air (300 cycles), fluage 3 850° C sous air (388 MPa, rupture en 98 h).
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Fig. 9 — IN 100 non revétu. Fatigue 3 850 C.45 — 450 MPa,
rupture en 240 000 cycles.

’ a) surface de rupture (MEB)
bjamaorce de rupture IMEB]
- ¢ vue en coupe de 'amorce
d/} autre amorce, 3 2 mm du plan médian
{coupe longitudinaie).
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IN 100 chramaluminisé. Fatigue 3 850 C, 45-450 MPa, rupture vn 115000 cycles.

al surface de rupture IMEB]

b} surtace de rupture du revétement (MEB)
ci amarce {MEB)

dj et e} coupes longitudinales du revétement.
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1 — IN 100 aluminisé haute activité. Fatigue 4 850 C, 45 — 450 MPa, Rupture en 56 000 cveles.

a) surface de rupture (MEB)

b} surface de rupture du revétement {MEB)
¢} coupe de I'amorce

d) coupe longitudinale du revétement.

‘ MPa Omax
IN 100. Fatigue a 850°C, 50Hz, (01~ 110mg.

. Brut de coulée (usmé) + Alurinisé H A (NiAl)

. Chromaluminisé - Aluminisé M A (Niy Aly)
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Fig. 12~ IN 100, fatigue HCF 4 850°C
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RECONDITIONNEMENT DE PIECES FIXES DU TURBINE
PAR BRASAGE DIFFUSION

b TURBINE STATOR PARTS RERAIR
: BY DIFFUSION BRAZING
par/by

Y. HONNORAT - J. LESGBURGUES

Département Matériaux et Procédés
Diraction Technique
SOCIETE NATIONALE D'ETUDE Fi DE CONSTRUCTION DE MOTEURS D'AVIATION
2, Boulevard Victor - 75724 PARIS CEDEX 15

3 Le brasage-diffusion permet, lorsque les surfaces & assembler sont trés proches (écartement maximal

de 1'ordre de 50 g pour les superalliages), d'obtenir des zones de liaisons dont les propriétés sont du
méme ordre de grandeur que celles du matériau de base. Cette technique trouve donc une application de choix
dans la réparation des fissures fines sur les aubes de turbine aprés fonctionnement. Cependant, comme
certaines dégradations dépassent les écartements maximaux admissibles, une nouvelle technique a éié déve-
lopp€e. Ce procédé, dénommé "RBD" {Rechargement-Brasage-Diffusion), permet d'effectuer, & partir de poudres
préalliées, des liaisons sans limites géométriques. La zone réparée est d'une composition chimique légé-
rement différente des piéces (& 1'inverse du brasage-diffusion qui produit une liaison homogéne) mais par
un choix judicieux des paramétres opératoires du cycle de RBD, les propriétés locales peuvent &tre du méme
ordre que celles de-la piéce massive.

Diverses applications illustrant les possibilités en réparation des deux techniques mentionnées ci-dessus
sont présentées,

With very close surfaces (maximum gap of approximately 50gm for superalloys), bonding areas obtained
by diffusion brazing have the same properties as the parent material., This technique is successfully applied
for repair of fine cracks affecting turbine vanes after operation. However, a new technique has been deve-
loped to eliminate those defects which exceed maximum tolerated gaps. The new process, called “RBD"
{Rechargement-Brasage-Diffusion), allows bonding without geometrical 1imits from pre-alloyed powders. While
diffusion brazing produces homogenous bonding, the chemical composition of the repaired area after RBD
processing is slightly different from that of the part. But, rough part prenerties can be maintained in

: the bonding area, provided that operating pziameters of the RBD cycle are adequately selected,
4 The two above mentioned techniques may have variuvus repair applications which are presented.

PREAMBULE

L'accroissement des performinces des turboréacteurs est en partie assujetti aux progrés de la metallur-
gie et notamment & Ja détermination de nouveaux alliages dont les limites d'utilisation sont sans cesse
repoussées, mais dont 1a mise en oeuvre implique le développement de techniques adaptées en particulier
pour ce qui concerne 1'assemblage,

C'est ainsi que 1'industrie des turbomachines utilise largement des matériaux tels que les superalliages
de fonderie ou de métallurgie des poudres préaliiées dont la "soudabilité", par les procédés conventionnels,
est de plus en plus médiocre, certaines nuances comme le NK15CATu (IN 100) ou le NC14ik8 {(René 95) étant
mime réputées insoudables.

Aussi, des Etudes ont-elles &té menées par la SNECMA qui ont abouti & la mise au point de nouveaux
procédés tels le Brasage-Diffusion (BD) et plus récemment le Rechargement-Brasage-Diffusion (RBD) qui,
outre 1'avantage d'&tre insensibles aux problémes de fissuration, présentent un intérét économique certain
de par leur réalisation au four sous vide industriel, sais outillages spécifigues.

Ces techniques trouvent un terrain de choix dans le domaine de la réparation des piéces de turbine ol
1a nature, la morphologie et la guantité des dégradations en fonctionnement sont trés variées,

Nous nous proposons, aprds une présentation des procédés BD et RBD, d'illustrer par des exemples
traités & la SNECMA les possibilités offertes par ces deux techniques,

1. PRESENTATION DU BRASAGE-DIFFUSION (BD) ET DU RECHARGEMENT-BRASAGE-DIFFUSION (RBD)

Le Brasage-Diffusion a été d&éfini comme un procédé J4'assemblage par un métal d'apport qui, par le jeu
d'une phase liquide transitoire et de la diffusion inte-métallique, permettrait d'obtenir des liazisons
homogénes chimiquement dont les caractéristiques sont du méme ordre gue celles des matériaux a assembler,

Cette possibilité suppose un choix treés précis des paramétres opératoires qui sont principalement :

- la nature et 1a quantité du métal d'apport qui, outre son rdle de remplissage du joint, doit Btre
compatible chimiquement avec le métal de base pour permettre une diffusion compléte et réciprogue
des &iéments en présence,

- le cycle thermique, moteur de la diffusion, qui doit 8tre congu de fagon A éviter les formations de
compos®s stables, les retassures ou les dégagements gazeux et permetire une honogéndisation aussi
complete que nécessaire de la zone de liaison,

Sur le plan technologique, le métal d'apport peut tre déposé sous forme de poudre ou introduit dans

le joint sous forme d'un fediilard. La fijure 1 3 monti? czz d1F%%vents points et retrace schematiguement
les différentes étapes du processus.
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Fig. 1 PRINCIPE DES PROCEDES BRASAGE-DIFFUSION (BD) ://l
ET RECHARGEMENT BRASAGE-DIFFUSION (RBD) ’f”%
- T L J"
Fig- 1a : Brasage Diffusion Fig. 1b: Rechargement Brasage Diffusion
) Application du métal d'arport Mélange de poudres
. Poudre ds supe@ﬂ,age base Ny ou Co
mézal d apport Fewilard et métai ¢ apport

Jeufin Jeu épaix

F 3

d

Fusion du métal d'apport

Solidification isotherme

r Diffusion (homogénéisation chimique)

Pour les superalliages base nickel et cobalt, il a pu 8tre montré que o'excelients résyltats étaient
obtenus en utilisant certdins métaux d'apport fondés sur les systémes Ni-Cr, Ni-Co, avec des additions de B
et/ou de 50, dont la matrice est d'unc composition voisire de celle des matériaux a assembler, et pourvu que
le jeu entre les surfaces & assembler n'excéde pas une valeur de 50 a 100gm selon les alliages.

La figure 2 i1lustre un cas d'application obtenu sur un alliage NKI5CATu (IN 100}. Sur cet exemple,
le wiasage-diffusion a été réalisé au four sous vide & 1'aide d'un métal d'apport du systéme Ni-Co-S5i-8 ;
1'étude métallographique révele que la diffusion est totale, résultat confirmé par 1'essai de fluage rupture
3 980°C qui montre une teaue luy liaizans Ju m@me ordre yuo welle du matériau de,lase.
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Fig. 2 BRASAGE-DIFFUSION DU NK15CATu (IN100) 1 |
3 A LUAIDE D'UN METAL D'APPORT NiCoSiB ;ﬁ.?
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D'aussd bons résultats sont obtenus pour la majorité des superalliages de fonderie.

Do par ses caractéristiques, le Brasage-Diffusion (BD) est donc bien adapté & la réperration des
fissures fines qui proliférent souvent en reseaux denses : les phénoménes de mouillabilite et de capillarite
permettent d'assurer un bouchage physique des défauts puis le travail métallurgique ce la diffusion restaure
en ces zones les propriétés du meétal de base.

Cependant, la limitation dimensionnelle imposée dans le jeu des surfaces i assembler ne permet ni
d'envisager la réparation de toutes les dégradations possibles, notamment sur une aube de turbine, ni de
recharger les Suriaiu, frodées. Aussi, une technique a-t-elle été développée par la SNECMA & partir du
brasage-diffusion (BD), le "Recharyement-Brasage«Diffusion" ci-aprés dénommé RBD.
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Dans son principe, le RBD (figure l.b) consiste a densifier au cours d'un cycle thermique, un mélange
de poudres préalliées de deux catégeries distinctes :

- 1'une de composition analogue & celle d'un superalliage base nickel ou cobalt classique,

- T'autre de composition analogue & celies des matériaux de brasage-diffusion,

ta composition chimique globale de l'ensemble etant identique ou trés proche de celle gu metériau constitut f
des pieéces traiteées.

La diffusion des éléments abaissant le point de fusion des poudres de la deuxiémr catégorie se fait, au
cours du cy¢le de traitement thermique, autant vers les surfaces de la piéce traitée que dans les qrains de
poudre de la premiere catéqorie. Tet artifice permet, par rappost au B0, de raccourcir lvs parcours de diffusion

et de conserver des temps de traitement raisonnables - e: identiques - guel gur soit le volume de matiére &
diffuser.

Fig. 3 ASSEMBLAGE PAR RBD DU NK15CADT (René 77) /
A L'AIDE D'UN ALLIAGE RBD{NiCrB + NK17CDAT (Astroloy)] | ‘,,,ﬂ‘;
$
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L'exemple de la figure 3 montre un assemblage réaliseé sur XKISCADT (René 77) & 1'aide ¢'un matériau RBD
elabore avec un metal d'apport NiCrB et d'une poudre HK17CDAT {Astroloy} conduyisant a une compocition finale
proche de celle du René 77. Seule une variation structurale due au bore excedentaire peul y &lre remarguve,
difference gui n'entraine pas d'abattement en Tluage-rupture § 980°€. t'essat de fatigue thermiaue {figure 1}
d'eprouveites prismatiques reconstituves par RED ne fait pas apparaitre d'accroissement de vitesse de fissu-
ration dans les zones de liaison,

11 est possible d'obtenir des structures denses pratiguement sans limitaticns géometrigues, souit dans
des interstices entre des piéces a assembler, soit sur la surface externe d'une piece. De telles structures
ssurent une continuite, dans tout sor velume, des caractéristigues mecaniques et physiques de la piéce
traitée.

Fig. 4 ESSAI DE FATIGUE THERMIQUE SUR EPROUVETTES T,
EN NX15CADT (René 77) RECONSTITUEES PAR RBD /;;,
A LUAIDE D'UN ALLIAGE RBD[NIiCrB + NK17 CDAT (Astroloy)) o
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Grice au Jeu des paramdtres opératoires qui régissent les propriétés physiques du melange pendant i'opé-
ration de constitution, il est possible de bdtir des formes, combier des trous, recharger des surfaces...

11 y a cependant liey de roter que lorsque le volume concerré par le matérigu RED devient trop impartent,

¢'est-3-dire au-4013 de quelques dixidmes de millimdtres, 1'influence du watéria: support s'estompe et i3
zune RBD présente alors sa structure propre gqui est celle d'un matériav "métallurgie des prudres™, graies
eéquiaxes moyens a fins.

De plus, grice & leurs principes identiques les prccédés BD et RBD peuven® 8tre combinés, c'est-3~dire
que ies cycles thermiques propres a chacun sont compatibles, peuvent se cumuler, se cumbiner.,,

[1 apparait alors possible, par une détermination précise et une combinaison judicieuse des apératicns,
d'aborder tous les types de réparation sur piéces de turbine, comme en témoignent quelques exempias traités
4 Ta SKICMA et présentés ci-aprés,

2. MODELES D'APPLICATION DES PROCEDES BD €T RBD EN FONCTION DL LA REPARATION ENVISAGEF

Les dégradations essentielles qui caractérisent une piéce de turbine détériarée en fonctionnement sont :
- d'ordre géométrique {fissure, arrachement par imract, érosion),

- d'ordre structural (corrosion, brilure),

Devant des dégradations du premier type on procéde généralement & un reconditionnement des surfaces
de fagon a assurer leur mouillage et d une tiaison métallurgique, sans enlévement de matiére. Dans le
second cas, an procéde 2 une élimination des parties défectueuses et & leur remplacement. Cette technique de
“rapiégage” s'applique aussi de fagon avantageuse lorsque les dommages de type geométrique sont trop étendus
ou que la forme de la piéce a réparer est trop complexe,

Les exemples suivants sont destinés i {llustrer les possibilités offertes,

2.1 Réparation directe de la piéce

Ce tvpe de reprises est pratiquement limité & la réparation de fissures, au rechargement de petits
manques de matiére, de parties érodées,

Un premier exemple est celui d'aubes fixes de turbine, coulées de précision en alliage & base de
cobalt KC25MW (HS 31), dégradées par fissuration ou fatigue thermique, Pour le reconditionnement de ces
pigces, 11 a été nécessaire de procéder & un rechargement du bord de fuite en vue du ragrément du profil,

La réparation a ét& conduite selon la gamme de principe suivante :
- nettoyage des surfaces par une succession d'opérations classiques telles que décapage chimique et
parachévement par un traitement sous atmosphére contrdiée,

- remplissage des fissures les plus fines par un métal d'apport & base de NiCrB sous forme d'une pite
constitude de poudre préaliiée et d'un liant velatile,

- fusion du wétal d'apport et colmatage des fissures par passage & 1200°C 15 mm sous vide,

- dépAt !'un matériau de RBD constitué de poudre d'alliage base cobalt et de poudre de métal d'apport
du type NiCoSiB,

~ fusion du métal d'apport par passage & 1200°C 15 mn sous vide,

- contrdle de 1'aspect géométrique des réparations,

- traitement de diffusion & 1200°C 4 h sous vide,

L'aspect d'une de ces pidces est montré sur 1a figure 5, 3 1'état brut de réparation. La microphotogra-

phie met en &évidence, pour les zones rechargées, la continuité de la piéce 3 la réparation et la nature de
celle-ci.

Un autre exemple est celui d'aubes de distributeur de turbine, en alliage & base de nickel NC22DK {C 242)
présenté par la figure 6, Dans ce cas, des fissures assez importantes étaient présentes sur 1'intrados et
1a réparation a 6té réalisée par une opération simultanée BD/RED & laquelle un rechargement RBD a été adjeint
pour la retouche du bord de fuite. Du point de vue métallurgie, on a obtenu :

- une parfaite continuité entre 1a réparation et la piéce,

- une légére différence entre les structures, le métal de base, un alliage de fonderie base nickel,
présentant un grain plus fin que le rechargement,

2.2 Changement de parties défectueuses

11 arrive, dans certains cas, que des dégradations trop importantes conduisent 3 opérer un changement
total des parties défectueuses, Cette solution peut &galement 8tre préférée lorsque les zones concernées sont
trop owvragées pour subir des retouches directes, comme par exemple un bord d'attague perforé d'aube mobi'e.

On procéde donc au découpage de la zone endommagée pour y substituer une partie neuve de mime géom trie.

e b _:.i.g;.:Lﬁ

i



Fig & REPARATION D'UNE AUBE FIXE DE TURBINE EN ALLIAGE : :
DE FONDERIE KC25NW (MS31) PAR BD ET RBD M
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Fig 6 REPARATION D'UNE AUBE DE DISTRIBUTEUR DE TURBINE %
EN SUPERALLIAGE BASE NICKEL DE FONDERIE PAR BD ET RBD M
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La reparation peyt 8tre abordee selon deux voies distinctes, en fonction Je 'objectif oise

" I - 13 recnergne ues Cardadteristigees mecanigues rertigues 3 celles -
. = . parfaite contingité de a structure, necessite le recowrs &u orasage-aifiusiin,
ausst parfait que possible des :ur.aces 4 agsemtter e CPOEX SEFY Dat eReERlc thfﬂrP
chacgement d'un bora d'attague ou Jde fuite <ur 47 aube mobiie de turbine 0d 13 qualite
liaisons doit &tre aussi bonne gue possibie,

Conpte .enu de la geometrie des piéces, on procéde gineralement 3 un usinage mécanigue des surfaces
d'accostage de fagon & assurer des tolérances etroites.

ro

~ La recenstitytion géomeétrique au moindre colt. On peut alors s'‘accomoder gereraiement d'une légere

. i évolution locale des proprietés mécaniques et donc d'un accostage moins précis des surfaces & assem~
bler. Le cheix se porte alors sur une ablation des parties endommagées par usinage EOM au fil et

un assembleqe de 1'insert par R&D.

Cette deuxiéme voie est illustree par 1'exemple donné figure 7 du changement des bords d'2ttague
et de fuite sur une aube fixe de turbine en alliage & base de cobalt KU24KWTa (Mar M 520).

I Pour cette application, un montage permet de ”Ettre en position les piéces, en vue d'un raintien
par pointage ; le jeu releve qui varie alors de 0,2 4 3, ™1 est comble par 1'atliage RbC consti-
tue de poudre ae NAI7CDAT (Astroloy) et d'un metal d‘apport NiCoSiB. Dars ce cas, it a ete Juqt
preferable d'eviter 1'utilisation de pouarec d'alliage a base de coualt susceptizies de fory
Tors duy traitement thermique, des composés intermétailigues se comportant comme des :arrieres ae
diffusion. Le traitement de diffusion est effectué en four sous vice sans outilizge partia ier,

Sur des secteurs multipales, i} est possible que la degradation e !'ure des pales scit telle que
son changement total devienne otlijatoire.

La recupération peut alors &tre envisagee selen le principe suivant @ les secteurs reformes sont
decoupes en aubes elémentaires, par les plates~-formes, & ces cctes standaras, par eaempie sur une
machine £..0.M, 3 1'aide d'un il de 1 m d'epaisseur 3 les pidces unitaires sont ensaite soii
rebutées, soit récupérées pour les eldments suffisamment sains. * partir de ces gernjers ge nou-
veaux secteurs sont constryits par assemblage RB3. La preparation ¢ 1assemdlage consisie essen-
tiellement i pointer les piéces sur un montige Qui @ssuvre ia section de passage a2ns Ya veine, Apres

.. remplissage des joints par un matériau RBD, \ assemblage lui-néme est mené au four sous v.de. e
type d'operation peut 8tre effectyd en atelwer aprés réintegration des piéces réformées. ine répa-
ration identique peut &tre effectuée sur des pléces neuves rebutees en fonderie pour defauls geo-
metriques.

tn example de cette possibilite est montre par la figure 2 gui illustre 12 recorstitution e secteurs
de distributeurs de terbine en alliage W¥':CADT (Rene 7 Les photcgraphies montrent le jeu entre
ies surfaces 4 assembler aprés le pointaqe, et 1'aspect externe de ia liaison RBD qui est suffi-
samment fin pour éviter toute retouche mecanique.

Conjointement & 1'assemblage, dans e cas des piéces réparees, certaines port&es sont recnargees
afin de permettre un usinage précis avant remontage.

Dans le cas de dégradations importantes, il est aussi possidle de reconstituer entiérement la
partie dégrades 2 partir de poudres et 1'exemple présenté a la figure 9 iilustre cette possibilité.
IT s'agit ici de la reconstitution d'un bossage de prise d'accesscire sur une auvbe fise de turbine
en NK15CADT {Remé 77). Dans ce cas, la proéminence initiale nécessitant une modification vpéométrigue
5 a éte arasée et une nouvelle forme a éte bitie, directement en materiau R3D. Four ce faire, unz
forme en poudre RBD a été préfrittée d une géométrie tenant compte du retrait ultérieur du materiau
lors du cycle thermique . La forme de la prise d'accessoire est ensuite obtenue par usinage.
L'interdét d'une telle opération réside essentiellement dans sgn caracidre &conomique d 3 la faci-
lité d'application ; la retouche est en effet appliquée directement sur la peau de forderie apres
une préparation chimique, voire un simple degraissage si la surface n'est pas owylee. Je nombreuses
interventions de ce type sont possibles : bouchage de trous, reprises de nervures... pourve que
les caractaristiques recherchées aient pu &tre auparavani assurees par des essiis en Laboratoire.

CONTLUSION

Le développenent par la SNECMA des techniques de Brasage-Diffusion et de Recnargement-3raszge-2iffysion
permet une nouvelle approche des probliémes de reparation. Les premiéres applications ont ete
motivées par la carence des procédes de scudage conventionnel nctasment sur les superalliagds de

fonderie. Mais 1'intérdt economique est vite appary de Ya reparatiorn de piéces dlautres tvpss chamires

de compustion, carters...). fes techniques €tant mise en oeuvre i 1'aide d'un four sous vide Je trai-
tement industriel et d'outillages simpies, elles permettent Je traitement simvltane de nombreuses
piéces.

Bien entendu, une expérience reste & acquérir qui permettra d'affiner les techniques et d'en obtenir
un meilleur profit. Nous pensons par ces quelques lignes, avoir mis en evidence 1'¢tenaue es possis
bilites offertes quoigque 1a iiste des ¢as traiids soit loin 4'8tre exiausiive,




Fig 7 CHANCEMENT DES BORDS D'ATTAQUE ET DE FUITE SUR UNE
AUBE FIXE DE BANC EN KC24NWTa (Mar M509)
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RECONSTITUTION D'UN SECTEUR DE TURBINE
EN SUPERALLIAGE DE FONDERIE PAR ASSEMBLAGE BD ET RBD
DE TROIS AUBES ELEMENTAIRES
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Fig 9 IMPLANTATION D'UN BOSSAGE DE PRISE D'ACCESSOIRE
SUR UNE AUBE FIXE DE TURBINE EN SUPERALLIAGE
BASE NICKEL NK15CADT (René 77)
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REJUVENATION OF USED TURBINE BLADES BY
HOT ISCSTATIC PRESSING AND REHEAT TREATMENT

CHEUNG, K. L., LEAGH, Ce C., WILLETT, K. P,
WESTINGHOUSE CANADA, INC,
P.0. BOX 510
HAMILTON, ONTARIO, CANADA
LBN 3K?

KOUL, A. K.
NATTONAL AERONAUTICAL ESTABLISHMENT
NATIONAL RESEARCH COUNGIL
OTTAWA, UNTARIC, CANADA
KIA OR6

SUMMARY

GCas Turbine blades operatine at high temperature and stre.ns experience microstructural transformations
which eventually lead to their replacement. The occurrence ot creep bevend allowable limits is a majer
cause of turbine blude replacement.

Micrustructure and preperties ot many superalloys can be resotred by relieat treatment. This
restoration is only partially effective if interral creep voids 1are present, Hot Isostatic Pressing (HIF)
is a process which can be used tu heal such creep voids and, in conjuncticon with the reheat treatment,
provides a viable method tor the rejuvenation of used turbine blades.

INTRODUCTION

The use of rejuvenation processes, usually heat treastments, to reccver the properties of superalloy
materials {s a concept that has been with us for a rumber of years. tHowever, this approach has received
a3 new Impetus, particularly for gas turbine biade muterials, due to the current high cost and decreased
dvailability of these components.

A mdjor cause of blade replacement at vverhaul is blade growth beyond the acceptable limits,
Excessive blade prowth, or creep, may be due to a number of weclanisms, Blades which experience a
turbine overtemperature can undergo microstructural transformations which reduce the creep resistance of
the material. Such blades can be expected to prow at a faster rate than those with normal microstructures.
Similarly, blades with a long in-service life will experience this lessening of creep resistance, albeit at
a more gradual rate, The normal blade tip clearances are quite small, and often as little as 1 or 2%
creep elongation in the blades can cause tip rubs,.

The degree of microstructural degradation found at overhaul may be acceptable, and in such instances
the use of repair welding, blending, etc. can be used to return these blades to service. However, the
blades will have lost some fractfion of their useful life, and would benefit from a rejuvenation treatment.
Further, if creep volding has occurred, heat treatment alone will not heal these cavities. Here the
additional factor of pressure, found in the hot isostatic pressing (HIP) process, is required,

There are several benefits from a successful rejuvenation process. The ability to return scrapped
parts to service has obvious economic advantages. Reclamation of uged blades decrivases the need for spare
parts, a definite gain in an era when suppliers must meet an increased demand for new components, to which
the spare parts inventory perforce takes second place., Also, a reductio.. in the need for superalloy spare
parts assists In the conservation of rvelatively scarce materials, e,g. cobalt, tantalum, etc,

The present programue is almed at developing HIP rejuvenation re-heat treatment cycles for two
Nimcnic alloys, Nimonic 109 and Nimonic 115. The developuent of the cycles is in conjunction with the
National Aeronautical Establishment, National Research Council, Canada.

REJUVENATION CR{TERIA

Turbine blade life is limited by internal and external damage. The external damage includes hot
corrosion, oxtdation/erosion, thermal fatigue cracking and foreign object damage. The environmental
effects are influenced strongly by the type of fuel used: land-based tucbines utilizing clean natural gas
suffer littie or no corrosion attack, while similar units burning of{l or similar fuels will experience
corrosion carly in their life, and must be monitored more frequently. Uithin llmits, oxidation and
corrosion products can be removed successfully by blending, but the repair of open cracks ovn the blade
surface is not so reliable.

The internal damage which occurs in the nickel-based superalivy turbine Llades may be brcadly
divided [nto two types. Firstly, microstructural damage results from the ulteration uf the basic
structure due to high temperature thermal cycles. The nickel-based superalloys depend upon a [ine
dispersion of the gamma prime precipitate within the gamma solid solution matrix for their elevated
temperature creep resistance. Thermal cycling results in the coarsening vor agglomeration of the gamma
prime phase, resulting in fewer obstacles to dlslocation wovement, with a corresponding reduction of
creep resistance. Other undesirvable etfects include the breakdown of primary carbtides and the furmation
of the topologicatly clese-packed phases, namely sipma, Laves and mwu.

These microstructural changes, cither can be reversed or have their effect minimized for many
alloys by re-heat treatwent, or !'"ermal rejuvenation cvcles,

.
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The other area of internal blade damage way be classified as structural discontinuities. These
include cavitation, mlcro-cracks, and, in cast blades, inherent casting detects. Cavitation is the
term applied to internal microporosity at grain boundaries with a transverse orientation to the
direction of applied stress. These cavities can grow and ii:" up to [orm micro-cracks, and give rise
to a styess rupture failure. Micro-cracks may torm also at such {orernal stress raisers as inclusions,
er Lrom the fracture of brittle carbides. Casting defects, uf course, do not result from turhine
operation, but are rormed duriap scliditication. Porosity, either due to entrapped gas or shrinkage, is
the most common casting defect, but all such detects can have a deleterivus eftect on the opcrating lite
of the blade.

T3 1t way suggested carlier that the majority of microstructural defects were the result ol elevated
temperature, and may be reverted by heat treatment. Similarly, structural discontinuities, other than
casting detects, are genecrally the result ot applied.stresses. These defects can be healed by the use
ot stress, the pressurc vt the UIP cycle. Therefore, a combination ot HIP and heat treatment can be
cffective in reversing both classifications of internal plade damage, and restore not only the
microstructure but alsu the mechanical properties of turbine blade materials.

HIP FACILITY

The Hot Isostatic Pressing process was developed originally for the consolidation of metal powders
3 to attain theoretical density., The HIP unit is tasically a pressure vessel, Figure l,which is pressurized
with an inert pas and sinultanecusly heated. The combination ot heat and pressure collapses internal
cavities and bonds surfaces together.

This concept was applied te investment cast turbine blades to heal the internal micru-poresity
inherent fin these compenents, This treatment proved very effective, and it {s now standard practice at

e Westinghouse Canada Inc. tuv HIP as-cast vlades in IN738 material before installation in turbines 1),

; REJUVENATION PHILOSORUY

Data accumulated on service exposed Inconel X=750 turbine blades with microscopic voids show that )
3 full restoration of mechanical properties iu possible with a HIP re-heat treatment rejuvenation, Figure 2, .
: Further, insservice testing of the treated blades shows no degradation of properties after 25,000 hours of
post-ve juvenation life, Figure 3, 3),

Despite the relative simplicity of the HIP rejuvenation concept, early work(J)has shown that careful

3 selection of cycle parameters is essential if the requisite microstructural features are to be maintained

3 during the rejuvenation process. The need for the optimization of HIP and/or post-HIP thermal cycles for
specific applications cannot be over~emphasized.

HIP CYCLE

The HIP temperature selected for a given alloy 1is above the gamma rrime solvus temperature for the
alloy. Such a temperature allows for the dissolution of the gamma prim phase, and ensures that material
; flows readily under the isostatic pressure impused to segl the internal cavities. Other factors must be
considered also for the exact temperature to be chosen{%), These include the grain coarsening temperature
of the alloy, which may be time dependent also, Figure &, Another consideration is the solvus temperatures
of precipitates other than gamma prime, The ideal selection would include examination of virgin alloy
-3 material to detarmine the degree of primary carbide degeneration that has occurred during service exposure.
4 Further, much rejuvenation work is naturally carried out on older materjals, where perhaps the composition
3 was not as strictly controlled as in later alloys. The examination of virgin stock could deterwmine the
pregence of sigma phase, for example,and how much, if any, was tolerated in the original blades.

RE~HEAT TREATMENT CYCLE

—

The aim of the post-HIP reheat treatment cycle 1s to restore the microstructure of the alloy to its
pre-service condition. Some alloys require a slow furnace cool from the solution treatment temperature
to either a lower agelng temperature, or a partial solution treatment temperature. Such a treatment
exists for Nimonfc 115(%8) " ud 4 similar treatment is used for HIP processed IN-738 castings(7). The
treatments give improved creep ductility over the conventional alr cooling treatments. This {s attpibuted
to the formation of serrated grain boundaries, that are believed to resist sliding and give rise to more
homogeneous deformation.

The slow cooling rate can provide desirable grain and twin boundary morphology, and by allowing
longer times for MC and M23Cq particle growth, could cause the formation of large, discrete carbides at
these boundaries. Such larger carbides could improve creep rupture propertics by disrupting grain
boundary sliding.

The adverse effects of the slow cooling can be the formation of carbide platelets at the grain
boundaries, and a larger gamma prime particle size, with a resultant incrcased interparticle spacing for
a given volume fracrtion of wumma prime precipitates. Such particle size changes tend to increase the
creep rateé Figure 5, as a result of easicr Orowan looping and ditfusion contrelled grain boundary
migration .

Thus thr selection uf the pest=RIP reheat treatment cycle must consider?
a) serrated grain boundary furmation

b) carbide precipitate morphology
¢) size and shape of gamma prime particles.

The microstructural tcatures are Interrelated, and the optimum results are obtained by control ot
solution temperature, coeliag rate, partial solution temperature and apeing treatment.
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CURRENT DEVELOPMENT

HIP reheat treatment rejuvenation cycles arz being developed for Nimonic 105 and Nimonic 115
servige exposed turbine blades. The blades had experienced approximately 100,000 hours of exposure, and
the as-received materials shoved & corresponding degradation of physical properties, This was particularly
noticeable in the Kimonic t15 biades, where heavy sigma phase formation had caused severe embrittlement.

4 Initial rejuvenation trials have resulted in the restoration of tensile and stress rupture properties
b but full ductility has not been recovered. However, further cycles involving slow cooling techniques are
k- being studied, and a full restoration of all properties is expected.

The secund stage of this programme will be the rejuvenation of a complete row of service exposed
blades of each allcy. The treated blades will then be returned to their respective turbines, and their
in-service performance measured on a regular basis. This monitoring is essential to prove the long term
effectiveness of the rejuvenation treatménts.

o

E CONCLUSIONS

E The microstructural philosophy necessary for the successful HIP reheat treatment rejuvenation of
i service exposed superalloys has becn developed, and Westinghouse Canada Inc. has applied this philosophy
1 to ugsed turhine hlades.

The in=service performance of r¢ 'uvenated parts has been monitored, with very good correlation of
properties between rejuvenated and new -omponents. Existing results suggest that HIP reheat trcated
blades are a viablealternative to new rep acement blades tor gas turbines.
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HIP PROCESSING -
Potentials and Applications
by

W. J. van der Vet
CHROMALLOY DIVISION~OKLAHCMA
1720 National Boulevard
Midwest City, Oklahoma 73140
U.5.A.

5 SUMMARY

3 Introduced in the early 1960s as

5 a sophisticated metalworking and lheat
. treat process, hot isostatic pressing has
made strong inroads against estuallished
techniques. Hot isostatic pressing, or
HIP, is a process in which components are
subjected to the simultanecus application
of heat and pressure in an inert gas
medium. From its inception as a means of
gas pressure bonding nuclear fuel assem-
blies (1) HIP processing today finds a
wide variety of uses from cermet cutting
tool manufacture, to the production and
rejuvenation of gas turbine hardware. (2)

The results obtained on complete
engine sets of Inconel X-750, Udimet 500
and Rene' 100 turbine blades indicate
that HIP processing is capable of re-
sStOring new Or near new creep properties
and low cycle fatigue properties to used
blades.

The process should be applicable to
most superallcys, nevertheless, recent
work emphasized the need for preproduction
process parameter verification to estab-
lish optimum cycles which take into ac-
count both the metallurgical and mechan-
ical aspects of sup@ralloys.

1. DESCRIPTION OF CHROMALLOY'S HIP UNIT

The basic equipment needed for HIP processing consists of a pressure vessel, a high
temperature furnace, a gas compressor, and a temperature pressure control system. Ad-
vanced HIP pressure vessels must withstand pressures up to 30,000 psi (2068 bars),
furnaces must operate up to 2730°F(1500°C), the gas compressor must not contaminate the
workéng flusd, and the control system must maintain work zone temperature to within
+ 257F(+ 147C), and pressure within 2%.

Figure 1 illustrates the latest generation of equipment, and Figure 2 shows the
actual Chromalloy HIP unit.

In Table 1 the basic parameters for the Chromalloy HIP unit are given.

The Chromallgy HIPofacility wéll accgpn. parts 18"D x 20"L for processing at temper-
atures from 14007F(760°C) to 24007 F(1315 C) at pressures from 5,000 to 29,000 psi.

The unit offers complete thermal cycle capability including rapid quenching. As will
be discussed later, this feature is particularly useful for engine run turbine hardware
which requires post-HIP heat treatnents for optimum property recovery. Use of high purity
liguid argon as a medium for pressurization minimizes the potential for surface contam-
ination. Temperature of the work pieces is precisely controiled and monitored by multiple
thermocouples distributed throughout the area.

2. PRINCIPLE OF HOT ISOSTATIC PRESSING

As shown in Figure 2A, a part placed within the work zone is simultaneously acted upon
by heat znd pressure. Internal voids, sealed from the surface, experience a pressure
differential exceediny the local yield strength of the material at appropriate operating
temperatures.

Deformation occurs in this regyion as the internal free surface of rhe void 1s pressed
shut. Metallurgical bonds ure formed soon after void collapse. Once at temperature and
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pressure, healing occurs ratihery rapidly.

Need for more cost effective manufacturing to produce wrought superalloy and titanium
products has brought forth the use of HIP to manufacture near net shape forying preforms.
(3,4,5)

Most major engine manufacturers foresee HIP incorporated on a large scale into turbihe
disk manufacture., In fact, based on results from HIP powder conscolidation experiments,
the U. 5. Air Force is funding several manufacturing programs on airframe and engine
components which will use hot isostatic pressing to save time, conserve material and
produce better products.

In the mid 1960s, researchers reasoned that 1f HIP densities sealed or presintered
wrought material and imparts superior mechanical properties, then HIP should favorably
affect castings with subsurface porosity, or shrinkage cavities. Provided the micro-
porosity is well distributed, no measurable dimensional changes due to pore closurz should
occur during HIP. Preliminary work by GE(6), Battelle(l), and Howmet(7) confirmed that,
indeed, this was the case.

Appliication to the aerospace investment casting field was obvious, for as turbine needs
have led to stronger, more complex alloys and shapes, casting guality did not keep up with
these demands.

Chromalloy Division-Oklahoma has used the HIP unit especlally for the aerospace
industry in developing repairs ané rejuvenating jet engine parts which were considered
unserviceable a few years ago.

3. RESULTS OF HIP REJUVENATION OF TURBINE COMPONENTS

Reduction in microporosity has a profound influence on the mechanical properties of
cast superalloy components.

Representative data (Figures 3, 4 and 5) demonstrate that for stress rupture type
applications, HIP processing can improve mean property levels and decresse scatter bands.
(6,7). At temperatures above the notch sensitive range, typically 1600 F(8707°C) and
above, HIF has less effect on the mean property level, but by reducing the porosity, HIP
reduces the scatter. Obviously, the thinner the cross section the yreater the potential
benefits of HIP,

Fatigue properties can be improved by HIP processiug as well. Recent data on B190¢
and Nimonic 105 alloy turbine blades are jresented in Figures 5 and 6., Note that both
mean and 98% confidence limit are improved through use of HIP.

Engine manufacturers have several ways to capitalize on these developments. First,
since HIP reduces property scatter more confidence may be placed in the design, either by
raising allowable stress levels or extending overhaul periods. Second, the elimination
of porosity greatly reduces the chance for premature failure, Third, by eliminating sub-
surface defects less rejections will occur during final machining operaticns as these
areas become the external surface.

Successful application of HIP on castings depends on optimally combining the casting
parameters, HIP parameters, and subseguent heat treatments, to bring forth those charac-
teristics most desirable for the given application.

Use of HIP to rejuvenate damaged components, or extend the service of life limited
components, is an area of keen interest to the Chromalloy organization.

Theoretically, HIP should heal internal damage generated during service; surface
microcracks may be healed provided a suitable coating is first applied. Immediate c¢nuine
applications would include turbine blades and disks from both the turbine and compressor.

At Chromalloy Division-Oklahoma, numerous programs employing HIP recovery of mechan-
ical properties of engine run components have produced positive results. One program
demonstrated property recovery of engine run B1900 blades through useoof typscal H1lP
process conditions followed by reso&ution eat treatment; HIP at 2175 F(11907°C) 27,000 psi
for % hoursoplus resolution at 21757F(11907C), 2 gours rapid cool plus coating cycle at
1975 F(1079C) for 4 hours plus age at 1650 F(9007C) for 10 hours.

Before and after HIP mechanical properties and microstructures, illustrated in
Figures 6 and 7, demonstrate that HIP will improve the stress rupture ilife and clese voids
in service run hardware, produce some internal structure homogenization and favorably in-
fluence carbide formation and distribution,

Stress rupture properties of the engine run B1900 parts fall on the low end of the
new part scalter band. Subjccting the used parts to HIP processing, fully restored stress
rupture properties. Later work with Chromalloy's advanced HIP unit, having rapid cooling
capability, produced equivalent results without the need for a resclution trcatment. A
similar effort undertaken to recover Rene' 100 and SEL-15 alloy turbine blades has
resulted in a preduction process for rejuvenation of turbine blades now used by a major
airline and the general aviation fleet.

AmtHs,
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The full procedure includes a tip weld to restore length, a hot reform to reset twist
and warp angles of the airfoii, and hot isostatic pressing to insure that the overhanled
part has optimum stress rupture properties.

Initially, the Rene® 100 blades were HIP processed in units without heating or cooling -
flexibility and received post-resolution treatment as part of the process, The Chromalloy
unit, offering rapid guench capability, allowed elimination of this heat treatment with no
loss in properties. In fact, significant improvemernt in 1400 F{760°C) rupture character-
istics are observed.

The importance of thermal cycle flexibility in the HIP c¢ycle is illustrated by results
of the program to improve the SEL-15 version of the hlade. Conventional HIP followed by
post-HIP resolution treatments caused severe degradation of the alloy properties while a
wodified ¢ycle in a unit using rapid guenching improved the alloy properties (Figures 8 and
9).

Thus far, we have indicated benefits of HIP in recovery of stress rupture properties.
Similar benefits caa be gained in fatigue. Figure 10 illustrates a comparison of HIP
versus no HIP on a cast SEL alloy component. The parts not HIP processed were given a
conventional solution treatment in an effort to recover mechanical proverties. It is
evident that a dramatic improvement of fatigue properties could be achicved by using HIP
rather than conventional heat treatment.

Data on Rene' 80 alloy turbine blades reinforce the notion of correctly tailoring the
process cycle to the alloy and component. Chromalloy conducted a number of cycles aimed
at optimizing the process cycle, HIP followed by normal coating and aging heat treatments
optimized stress rupture properties.

Further improvement was not possible through resolution treatment after HIP and caused
deterioration of properties (Figures 11 and 12}. Recently, Chromalloy studied the feasi-
bility of incorporating HIP rejuvenation in the repair scheme of low pressure first stage
turbine blades made from Nimonic 105 material. The total engine time on the blades was
1,290 hours. Three matevial conditions were studied:

(i) "As received” to document the degradation of material propertics;

(ii) Simulated Conventional Repair Treatment (CRT) representing normal
repair procedures;

(iii) HIP rejuvenation.

Seventeen blades were used for each of the three material conditions. For the "as rcceived”
conditijon, no additiocnal treatmgnt wasogiven and the blades were tested as such. gne o
simulated CRT consisted of 1900 F(1038 C) for 0.5 hours, air cool folloged by $290 F(700°C)
for 16 hours and air cool. The third grcup of samples was HiP'ed: 1975 F(1080°°C) for

4 hours at 28 531 foé;owed by a rapid cool and a heat treatment at 1560 F(850°C) for 24
hours and 1300°F(700°C) for 18 hours. 'Three blades were used for e%evateg temperature
tensile testing at 1200°F (650°C) and stress rupture testing at 1200°F(650°C), 1ll8.7 ksi

was performed on seven blade test specimen for each condition. The configuration of test
specimens for both testings is shown in Figure 13,

Fatigue testing was performed at 1000°F(538°C) and 150 ksi stress level on seven test
specimens for each condition.

The blades used for stress rupture testing were alsc employed for metallographic °
exam&nation. As a result of these tests we found that the tensile properties at 1200 F
(6007C) were comparably similar for "as received" and HIP'ed conditions. The CRT material
showed lower strength levels, but better ductility. However, for all three conditions,
tensile properties were within the alloy specifications.

The stress rupture data is presented in Figure 14, The data show good stress rupture
capability for all three conditions (Alloy Digest data at 650 C, 118.7 ksi, indicates a
50-hours life). CRT material and HIP'ed blades show some marginal improvement in the
stress rupture life over "as received" condition. HIP'ed blades show a wider spread in
stress rupture lives although the spread in data is evident for all the three conditions.

The fatigue results (Figure 15) show a distinct improvement for the HiP'ed condition;
both log mean and 98% limit cyclic lives are superioxr to those exhibited by "as received"
and CRT material. The "as received" naterial shows a definite degradation in fatigue
performance at the engine run blades.

As a result of these tests, HIP was incorporated in the repair scheme ar. the blades,
life limited before, are used again for at least one more overhaul cycle.

Encouraged by these results, Chromalloy is working toward applying HIP for recovery
to other wrought alloys .lncluding Nimonic 80A, Inco 901 and 12% chromium steel. We feel
that directionally solidified alloys will respond to HIP process treatments as well.
Optimization can be achieved either through resolutionizing after HIP or py direct
guenching from the HIP temperature.

e N LT TR et
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For overhaul work Chromalloy recvormends a Jdirect guench method to avoid potential

; deleterious effects due to rempant aluminide coating which may occyr dur&ng 2 conven-

; tional post-HIp resolution treatment. Stress rupture data at 1800 F{282°C} and fatigue
data at L4007 F(7607°0) illustrate potential improvements for HIP of D.S. hardware

{Figqure 16). Extending these thermomechanical technigues to othe: Jet engine hardware,

b such as disks, will require developing further technigues in order to maintain dimensional
i tolerances and to heal surface related defects.

The preceding examples, however, emphasize several points.

4 First, HIP can be used to recover life limited cumponents at overhaul if damage has
3 not progressed to the point of incipient failure. Second, HIP can be used to optimize
both new and used part properties, Third, both cast and wrought components will responc
to HIP processing. Fourth, further studies are required in order to optimize HIP c¢ycles
for those materials that do not respond favorably to HIP treatment using the parameters
established for conventional heal treatment procedures.
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The papers in the sesston “Lite extension and repair 17 could be brought under three different headings.

(1Y Some papers, the papers which were presented by Mr Manjnissen of Eibar and Mr Pichoir of ONERAL dealt
with high temperatore coatings. their protection and the effect of coatings on the mechanical properties of the
substrate.

(2 The paper given by Mr Honnorat of Sacema can be brought under the heading: Repair braze processes.

(3 The other two papers. given by Mr Leach of Westinghouse and Mrv.d Vet of Chromalloy. discussed the
rejuver dtion of turbine componenss by the use of the HIP process. which means Hot Isostatic Prossing.

Although all the above processes do not seem directly aelated to cach other, they have several things in common.
Fimtly . they are mostly applicd on high temperature turbine parts. Secondly. and most importantly. they all senve the
samwe purpose: the extension of service life of high temiperature parts which are very, niot to say extremelv, expensive. Ta
give an example: present st stage turbine blades will cost up to about 2000 dollars cach: vane segment prices can be even
higher.

Let us po back now to tiwe list subject in this session: the cootings. Mt Marijnissen of Elbar told us about the Fleoat
360 coating. which is a FisSi coating developed by his company for use anindustrial gas turbines, The voating is obtained
by finstly applving a thip titanium taver on the surface by means of won-plating, followed by a diffusion heat treatment.
Subsequently the part is pack-siliconized and finally aged The coating application heat treatiment is part of the heat
treatment of the substrate. Acconding to the speaker this Ti-Si coating should demoenstrate 4 supenior corrosion resistimay
at around 700°C and equal corrosion resistance at about 900°C in comparison to the MOTAIY type overlay s,
Unfortunately these comparaiive results were not included in the paper. Nevertheless, according to the published ng
tosting results this coating seems to be fairly promising. at teast for the lower temperature range.

Mr Pichoir of ONERA pave a presentation about the effect of coatings on the mechanical properties of superalloy
vomponents. The adverse effects of coatings can be dae to ¢hy the thermal vvele of the coating application treatment:
{2 the reduction in cross section and the coating weight. resulting in higher toading of the net. load-bearing cross section:
) the interdiffusion between coating and substrate during service, which might resuli in unfavourable precipitation and
t-H the microstructure of the vasting itselr. e g a Jow ductility of the coating resulting in carly crack initiation.

The author emphasised that dependent upon the naturne of the coating (pack-aluminides in companson to the
overlays) the effect on the mechanical properties can be quite different. Eog., the overlay coatings show less negative
effects on the mechanical propertics because their thermal application cycle can casily be miade compatible with the
superalloy substrate heat treatinent. Furthermore, the interdiffusion between overlays and  vbstrate is only of minor
impartance owing to the better stability of the overlay coating. Finally the overlay shows noach better ductitity.

In the discussion on these papers the questions were especially directed to the ductility of the Fleoat 360 coating
ard the behaviour under thermal cydding. According to the author the ductility of the coating and its evelic behaviour
should be good.

The second subject in this session was repair brazing,

Mr Honnoral gave an interesting preseniation about the technique of diffusion brazing for repais of eracked and
even further depraded turbine stator components. He described two processes: € 1) brasage dittusion, which is o diffusion
brazing process vsing a low mclting point braze filler metal. based on a Ni-Co op Ni<Cr base alloy with S and B-additions.
The braze filter metal can be applied in the torm of a metai foil or as a paste containing braze metal powder. This process
van bridge gaps up to a naximum of about 100 um
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The second provess the author mentioned was “rechurgement brusage diffusion™ which b abo s dittuston brazing
provess. However, in this case the bruze filler metal is alwavs applied as a paste. Forthermore, apart from the low meiting
point braze powder g sevond B pe powder is added. which has the same or approvmatels the ~iame composition as the
base material of the component. aad which will not melt during the process. This altows for the repair of wide gaps and
even aliows for the build up of wom-off and corroded surfaces. The described technigues. which seem to be very similar
to the ADH process developed by GE_ ook very promising

The final subject in this session was the potential of HIP processing on rejurenaiton of turbine components. Both
authors, Mr Leach of Woestinghouse and Mrvd Vet of Chromalloy pointed to the heneticial effeo 1 of the combination of
applicd pressure and heat treatment dunng the HIP proces.

During hipping the component s simultancowsdy subjected to high temperature and very high prossare Such o treat-
ment will on the one hand result in Jhiminating structural discontinuitivs te.g. by clasing ap miemal creep voidsi, On the
other hand the process has the potential of reheat treating the component and reversing the microstructural degradation
which has occurred in service. On several allovs hipping has shown really remarkable resalts, on other alloas hipping
seems 1o have a negative ettect. The most important problem still is the selection of a sutable heat treatment ovele tor
cach individual alloy. because temperature has & marked effect on the dissofution of the 3" phase and other precipitates
and on grain coarsemng. Alo the cooling rate at the ¢ad of the HHP process itselt or dutige rebeat-treatment cveles is a
major tactor. A more tundamental knowledge of the combined effect of heat and pressire seems to be necessary 10 gain
the tull potential from this very promising technology.

To conclude: New vcoatings are being developed : many repair processes are appearing, e.p. diffesion brasing with the
option of adding extra parent metal powder to bridge broad cracks. or even to build up airfoil surfaces: and hipping i
underway as g medns 1o rejuvenate rejected wrbine parts sOH wnting in stock for better times. Al these processes are
highly important. yet ] missed something which handiy was spoken of during the presentations and discussions. | will
mention two simple things:

(1) Is there anybody here who can tell me how you can determine the remaining life of a coating when a blade
comes in for overhaul? T will make this chear: it a blade comes inanad it i looks good, who s soing to say
that you van retum it to service instead of revoating it? Because it the coating s gaing to Ll shortly afver
retuming it to service then the blade will not even be repairable at the neat overhaul, owing to severe parent
metal attack. Thus the renuining couting lite has to be measured @ some wayv

2y Al repair processes like ditfusion brazing amd also hipping can ondy eliminate surface connected cracks with
very clean surfiaces. Henee cloaning is a major topic. Perhaps we can ¢cover these topics during the discussion




-
§

process to
riectes anu
recovered to a si
cut te iavestigs
cast superalloy, :
this alloy nad shown that after variocus
gave more revroducii values
ent in properties { ar ©
velved relatively short lives to rup
wark has teern that low stresses were
important to deter=ine the limit of the
nipping tecame ineffective, creep tests have teen

damage trerety rest
creep deforrxati

A and the usel

.
of welng the same

iy

%

ENPERIMENTAL FROCIIURES

The
sSeriss wWere

Two batches of testpieces were used, identified respectively as IV
[CH series were machined from investment-cast tlanks while those of the S

machined

"carrots". The ICH specimens had a more uniform and slightly larger grain sice tut extensive tests
that the difference was not sufficient to affect the creep verformance (10} The analyeis - ke 2

used in this work was within the limits for the nmormal commescial specificat
naving an electron vacancy number of 2.%6 and that of St t
ment of 2h/1I20 C/AC + 265/BLTC/AC was applied.

ot

. AN : PPN . .
high seneitivity creep tests were carried cut at 2500 using tesirieces ¢

parallel portion, Bimm; wgauge length, “U.3mm; gauge diameter, ~.0mm. The cauge leng
ty circumferential ridges tc which extensometer limte were conrected. Al
aut on DCH material and those at 25CMFa on material.
varying amounts of creepr Jdamage tests on different specimens were terminate:
creep viz. from early secondary tc the tertiary stage of deformaticn. Ihe
regererative treatment which involved hipping for 2k at 11807C in a pres
bty the commercial heat treatment. The surfaces were cleaned ty rem
and each specimen was then rztested to failure undir the same condit
previously. base~line data were ocbtaiped Ty testing twc specimens of il zaterill

without interruption and eimilariy one specimen of 83U material at [ CMFa,

REZULIS
Tests orn sever specimens of DUH at 170MPa were
iatle 1 and described as conditien 'B', after appl
ime for metall =

zpecimens were convinued tc failure, but two spec
granhic examiration with no further crrep testi
the same sequence of testing, regeneratiorn and
alsc contained in Table 1. The Jife and strain to
condition 'C', is detailed alsv in Table 1 and the combined life, ie. inclu
the hipping treatment, is given by 'B + C’.  Tre total life to ruypture ma ared with tha* [or testr
to fracture withbout interrupticn in the same test copditicns, ie. condition "A® in Jable 7, and it wiil te
observed that for all tests except that stopped at the earliest stage (7IXHSL  there was an incrsase ir
total rupture life and, to varying extents, in rupture ductilit; as a result ~¥ the regenerative treatr.ont.

L 1ecelved

The sigmificance of these results tecoTes more apparent when the durati~n of tie irnitial cree: prir
te hipping, expressed as a jercentage o5i the expected neminal 1ife, is pl tted ar & Functirn of *oe totad
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life ottained by zombining the duratione in creep pricr and subsequent ¢n hinping, also expressed as &
percentage (f the expected nominal life, A graph illustrating the relationship obtained is shown in

Fig.?, and it is evident %hat o greater tenefit in ircreased life was obtai: for spf"imrrr tested to tne
later stages f creep yrior to niigpin.. Examples s the creer curver wttained tefore wng after the regern-—
erative treatment are given in Fxgures 2 and %, for tests interrupted during ateady-state and tertiary

creep respectively, In rig.3 u creep curve trom & specimen tested to ruptire without interruption ic
ailso shown for comparlisof.. PigS.c ana 3 and the data in Table § show that the creep rewictance wan re=
stored by the ripping procvess and {rom Fig.sd it is evident that the greatect impr.ovement in creeg

ance was obtained T.r the specimens with the highest creep rate prior to hipping.

The results of experine srted elsewhere (A(} "ho.ed thatl rzavities ayn yrain boundaries in

Li 2zl were ocbgerved atfter ! s curvied wut at ttOC and Vaollbag 2o that coreep dutuged orain
cundaries would be expected to oceur in a1l the tests perfermed in this study. A metallographic examin-
ation to investigate the effect of hipping on creep damage on all specimens was clearly imposcible becsuse
of the iestructive nature of the examinaticn required, so that observations of the effect of hipping have
been confined to twu representative cases. Thus tests o two specimens, 7DCHED and 70CH7L, wers st 51

stop

at -pproximately 4500h and on a further two specimens, 7IXH11D and 7DCHEA0D, at approximately 7500h (Table 17

Subsequent to the application of the hipping procedure to these two pairs of specimens, one of each was re-
tested in creep while the .ther was sectioned fur metallographic examinatior. There was nc evidence of
any intergranular cavitation or cracking ir eitner specimer so that it is reasoneble to assume that the
creep damage hud been healed as a result of the hipping treatment.

LIBCESEILn

It is eviuert from the reculte presented that hipping can resture the creep performance of specimers
crept to various stages of secondary and tertisry creep, presumably as a result »f the restoration of the
original microstructural condition (6,9!. Except for the specimen hipoed after less than 2Uk of the ex-
pected life, the total life to rupture was extended in every care -nd the increase in duration was more
marked for the specimens which had been crept for the longeet times prior to rveceiving the regenerative
treatment. A feature of the results is that for the three teste interrvpted after creep duraticns of
between 33U and 6UUCh (creep strains of up to 1.5%) the life to rurture sfter hipping was appreximately
the same ie. ~70euh, This may represent the maximum life recoverakle by a sinble regererﬁtive treatment.
S3ignificantly, for the =ingle specimen crept to the beginning =f rapid tertiary (2.64 strain/, the life
after hipping was approximately 15C0h less than this apparently optimum recoveratle life. Thue the
average line drawn thrrnugh the points in ig.1l, wrich ascumes that there is no decrease in the efficienc
of hipping ut high prior-strains, may not be valid. However, further wnrk would bve necessary to estall
the precise form of this relationship which could have important implications for the practical application
of hipping technigues to the recovery of properties in compenents remeved from service,

There war no metallographic evidence to suggest that hipping becare Jess effective after higher creep
strains since grain boundary cavitation and cracking was remeved in the specimen crept te the tertiary
stage. Alsc the creep recistance was re<tcred suggesting that the morpho
similar te that in the "as heat=treated' cordition.

gy of the microstructure wac

Surprisingly the recovery of creep life in the specimen interrupted in the early stage of creep
strain} also showed less than the apparent maximum amount of recoverable life. This is illustrated t
dotted line in Fig.1 since it would be expected that any benefit of happing after creep would result in a
total life to rupture of more than 100%. ©One possible explanaticn is that the hipping operaticn was soume-
what danmaging. In this case alsc further work would be necessary to establish a complete understanding of
the behaviour since in a limited programme the effects of variability of performance, characteristic of
cast alloys, cannot be assessed.

Despite these limitations the work has shown, for the first time to our knouwledge for a cast alloy
under the conditions of test described (vis, low stress and long durations), that creep performance can be
restored by a hipping treatment. In terms of the practical ayplication the evidence that significant
extension of life can be obtained by regenerative treatment applie.! in the later stages of creep defor-
mation is obvieuriy advantageous particularly from the point of view of planning maintenance intervala.
However it will be important to identify the stage at which effective regeneration will not be achieved.
For the present alley, comparison with other work (10) suggests that full regeneration of properties is
obtained up to the atage at which intergranular cracks are no greater thesn about O.CZmm in length.  Thus,
for this perticular alloy, the cbservation of internal crack length may provide a simple criterion for
asgessing the probable efficiency of a regenerative treatment although parameters appropriate to the lower
applied strosses ercountered in practice may have to be established, also no effort has been made to
investigate the effects of successive hipping operations but the results from work on a wrought alloy
sugrest that further restoration of properties could be expected {(11).

In the wider context of repair of components the use of a welding procese may result in a lecally
heterogeneous microstructure and occasionally in the furmation of small defecte. The applicaticn of
regenerative treatments which include hipping after weld repair will ensure the re-establishment of o
microstructure with good creep resistance and rupture properties.

CONCLUSIONS
The regenerative treatment referred to in these conclusions is a combined process which involves
hot isostatic pressing followed by commercial heat treatment 2nd tne conclusions relate specitically te

the cast superalloy IN?738LC.

1. The rogenerative treatment was effective in recovering the rupture properties when up to 85%
af the nominal life had been consumed.

S fhe later the stage in creep at which the regenerative treatment wae applied, the greater was the
increase in total life to ruptwre, A maximum improvement of 55% in rupture life was obtained.

e

L




o

Fe

C,.

1.

The maximum efficiency of the regeneration treatment, in terms of subseguent added creep life, is
approximately constant over a prescribe! but wide range of creep duration.

The creep resistence wag restored for material in which the deformation had been allowed to procees
well into the tertiary stage of creep.

The minimuwn cyecp rate after the regenerative treatment tended to decrease as the creep rate at
wiich the test wns stopped prior t¢ the regenerative treatment increased.

The practical imrliceions ¢f the work relate to the use of regenerative treatments to extend the
life of gas turvit  ~omponernt s rermuved from service drulny perivdic averhaal.
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TABLE 1

Influence of hipping treatment on creep properties of IN738IC at 850°C

Creep rate, iys
Applied % per h x 10 Ductility
Stress | Condition Mark Duration
MPa Minimum { End of h Elongation RA%
Stage B %

170 B 7DCHSD 3.3 3.3 1505-8 Q.5 0.6
" C FDCHSD 2.5 - 5758-F 7k 9.0
n oy DCHED 7263 749 9.6

1.0 B 7DCHED 249 2o 3005=8 0.8 1.0
" C 7DCHED 2.7 - 7952-F 6.0 11.0
" B+ O ?DCHED 10057 6.8 12.0
170 B 7DCH7D 2.26 2.9 Leg7-3 1.0 0.6
" ¢ ?DCH7D 2.69 - 7305-F 8.0 11.0
" B+ C 7DCH?D 12002 9,0 11,6

170 B 7DCHED 2ok 2.2 4518-8 0.95 Ol
170 I3 7DCLHID 2.37 L5 60k %5 1.5 0.5
" C 7DCHID 1.3 - 7538-F 6.6 11,0
" B+ ¢C 7DCHID 12581 8.1 1.5

170 B 7DCHIOD e 8.9 7558 2.6 2.6
" C 7DCH10D 1.7 - 57331 4.0 8.3
" B+ C 7DCH10D 13288 6.6 11.5

17¢ B ?DCH11D 2.2 Gl 75405 3.0 2.2

170 A Mean of 2435 8680-F 5.2% 7.0

Two Tests

250 B SU01 21.0 30.8 553 1.5 1.3
" ¢ SUO1 23.5 - hp-F 5.0 11.0
" B+ C SU07 1295 6.5 1243

250 A su10 24,6 860-F 4,5 10.0

F = time to fracture S5 = test stopped at time given
Condition A = Cht + creep to rupture (Cht = 2h/1120°C/AC + 24h/845°C/AC)
Condition B = Cht + partial life creep prior to hippin

(hipping = 20/1180°C/170MPa + Cht)
Condition € = <Creep to rupture after hipping
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Repair and Regeneration of Turbine Blades, Vanes and Discs

H. Huff and J., Wortmann
MTU Miinchen
BOOO Miinchen 50
West Germany

sSummar

Even today, the repair of incipiently cracked turbine components is essentially limited
to non-rotating parts, Repairs to rotating parts are carried out on low-stressed
areas, such as seals, only. In this case, weld build~up has proved to be a suitable
process, Stator vanes can be high-temperature brazed following reduction annealing.
However, problems are encountered when it comes to making sure of the complete removal
of oxides. A highly promising method for increasing the reliability of turbine blades
that have been in service lies in their regeneration by heat treatment or HIP-process-
ing. Results to date have been So pesitive that one may reckon with the use of regen-
erated blades in the near future. However, a prerequisite for the use of these repair
procedures is a guarantee of reliability and a knowledge of the stresses that occur
during operation,

Repair of Turbine Blades, Vanes and Discs

Turbine components suffer from different kinds of loading, which in the highly stressed
parts results in life-limiting consumption by creep, thermal fatigue and lcow-cycle
fatigue. Several repair procedures have become well established for non-rotating

parts in particular. Repair of rotating components, discs and blades, for instance,

is usually restricted to lowly stressed areas, especially sealing fins, blade tips

and couplings (Tables).

Welding and brazing techniques have been successfully developed even for materials

that are difficult to weld, such as Ni-based superalloys with high %' -content. Regen-
erative treatments have been specified and will be in use soon. This applies to turbine
blades, and investigations have been started for disc materials.

In any case quality assurance methods have tc be available to attest that the repaired
component, base material and zone meet the specific strength requirements, Component
tests under near-to-gservice conditions as well as test runs will in most cases be
necessary to validate the repair procedures,

Repair of abraded seals

Because of unbalances and during running-in, seals of discs, shafts and blades are
usually abraded, resulting in a decrease of engine efficiency. Several repair methods
have been developed.

Figure 1 shows for example a detail of a repair instruction for turbine blades with
seal tips at shroud and platform. These are removed completely by grinding the assem-
bled rotor. A mating ring is prepared, sectioned, joint by brazxng and finally the
fins are restored (Fig. 2). The brazing temperature is about 1200 C, well above

the solution temperature and neuar the incipient melting point. Embrittlement of the
grain boundaries by borides can also be observed, which may be dettigental to the
thermal fatigue behaviour of the fins. Temperatures well above 1000 "C have to be
used because of poor wetting behaviour of these alloys at lower temperatures (1),

To overcome the problems resulting from the heat treatment of the whole blade at
highest temperatures a micro-plasma spraying or welding process would be preferred.

Pigure 3 ghows an experimental TIG welding, using blade material IN 100 and welding
filler material Nimonic 90, which shows a micro-fissure-free heat-affected zone,
despite the poor welding properties of IN 100. Thermal fatique tests proved that
this repair procedure produces sufficient properties. Stellite filler materials
will further improve the wear properties of the sealing fins,

Abraded blade tips can be repaired using the same procedure (Fig, 4) (2).

vVanes

Crack formation in vanes is very common, in particular at trailing edges and near
changes in section, owing to thermal fatique-type loading. Because of the high temper-
ature gas environmert these cracks reveal heavily oxidized gurfaces, Because of their
thermodynamic stability, sophisticated methods have to be applied to reduce the oxides,
Soaking under hydrogen or more effective fluoride atmosphere is used (3).

L
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Problems arise particularly fom narrow cracks which have proved difficult to deoxidize
and inspect. Incompletely cleaned crack surfaces will not be wetted by the brazing
filler and consequently will give rise to crack propagation (Fig. 5).

It would seem necessary to monitor the repair process by metallographical examination
of a representative sample,

Regeneration of Turbine Blades

Problem

The remaining creep life of a set of turbine blades has to be assessed on the basis
of several microsections taken from samples. The criterion for the degree of consump-
tion of creep life is the creep voiding of the grain boundaries. Classification of
the sectioned blades is done with reference to a standard, which is assumed to give

a correct correlation between consumption of creep life and the degree of voiding
(Fig. 6).

The mean creep life damage of the test sample is taken as representative of the whole
set and the remaining service time is assessed accordingly.

This procedure is unsatisfactory because of
- inspecting a relatively small test sample
- difficulties in correlating a definite microsection with a standard

- taking mean sample creep damage to define the remaining service time despite rela-
tively large scatter,

We therefore feel that the probability for premature turbine hlade failures associated
with this process should be diminished by a suitable method, which could be a regen-
eration of the blades,

The blade in question, made of wrought Ni-base alloy Nimonic 108 ;20 Co, 15 Cr, 5 Mo,
5 Al, 1.2 Ti), is cooled and coated (aluminium diffusion coating). An increase in

the usable service lifetime of at least 30 & is thought to be sufficient to glve

an acceptable standard of in-service failure probability.

Treatments promising successful regeneration of the creep properties are;:

- heat treatment typical for this alloy and

- hot isostatic pressing

on condition that no loss of other mechanical properties ¢f tha blade is caused by
the treatment,

This means that the impact and fatigue properties must be examined closely after
regeneration.

The investigation has been performed on test bars and blades., The bars were precrept
up to about 75 & of their creep life, treated for regeneration and loaded finally

to fracture, Blades were taken from engines, treated and tested in a hot gas test
facility and compared with both new blades and those that had been in service.

In addition, fatigue (HCF), tensile impact tests and metallographic investigations
were carried out,

Typical heat treatment

The first approach to restore the creep propertiecs of samples and blades was the
application of heat treatment typical for Nimonic 108:

4 h/1150 ° / ac + 16 h/10306 °¢ / Ac + 16 h/700 °c

Results:

Creep properties of precrept bars (up to 70 % rupture time) were shown to be comple-
tely restorable (Fig, 7). More severely elongated bars ( 7 &) were affected positively,
revealing some ten per cent increase ‘n total life.

Elimination of creep porosity is achieved by sintering and grain boundary migration
during the solution heat treatment, Complete removal of voids was not attained (4).

Grain coarsening and precipitation of large inter-metallic phases within the coating
occurred simultaneously.
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HIP Treatment
Among others, the following HIP parameters were tested.

1h 7 1150 °% / 1600 bar
1 h / 1050 °C / 1800 bac
1.5 h / 1070 °C / 1320 bar

3 Partial heat treatments at 1030 °c and/or 700 %¢ were carried out additionally, the
} complete heat treatment showing the best results.

Results:

Total rupture life of bars and blades - already damaged in a test rig corresponding
to arout 75 % of their lifetime - was improved by at least 50 %.

No significant difference in the high cycle fatique behaviour (bending fatigue) of
virgin and HIP-treated blades and no embrittlement were observed.

: Even subsurface grain boundary cracks can be eliminated (Fig. 8 and 9). No grain
; boundary cga:sening or degradation of coating were observed at HIP temperatures lower
- than 1100 “C. The standard deviation of untreated blades is s = 75 h, of treated

] 3 s = 40 h (Fic. 10). unte.

3 © treat. :

" 3 The microstructure ( ' and carbide morphology) is restorable, with one peculiarity,

{ that <vy'~precipitates after HIP treatment are of cubic modification whereas the normal
3 modification is spherical. (The same is true after an additional heat treatment.)

3 1 The explanation for this behaviour is probably a change in the misfit of 7 and 7

1 under HIP conditions to lower values as well as a change in solubility of the alloying
3 elements.

N Conclusion

The creep properties of damaged test bars and blzdes proved to be restorable - at

P least partially - by both typical heat treatme:nt and HIP treatment. But grain coarse-
E ] ning and degradation of the aluminium diffusion coating precludes the application

3 ] of solution heat treatment.

A HIP treatment at a temperature level of about 1050 9¢ and pressures of more than
1000 bar would appear to be a successful method for restoring the service properties
of turbine blades for more than 50 8§ of their designed life time,

Quality assurance has to guarantee closely-kept HIP parameters such us temperature,
pressure, cooling rate and contaminants,

The application of a regeneration treatment will only decrease the probability of

an engine failure, not prevent it, of course, For there is as yet no reliable method
for sorting out those blades which suffer from internal cracks starting from the
cooling holes. Even high definition X-ray radiography has not proved suitable. Because
the probability of internal cracks of critical sizes is significantly small, these
defects would seem to be tolerable,

In 1982 regenerated blades will be fitted in three flight engines, and others will
run in an endurance test.
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Type of defect Type of toading Repair procedure Problems

—~ Fatigue cracking! LCF Removal of aress possibly inciplently Complete removal
in bores, holes cracked by machining (regeneration]
gears

- Fretting in bolt HCF, LCF Shot peening, removal Parameter monitoring,
holes and crack detection
qrooves

— Worn contact Wear Metal spraying Adhesion
surfaces

— Abraded seal Waar, Weld huild-up, micro-plasma Welding cracks, defects
lips therma!l fatigue spraying

— Woin grooves Waar, HC™ Electroplated protection against wear HCF strength,

process monitoring

Table 1 Repair Procadures for Shafts, Rings and Discs

|

"
-
ot y o

Type of defect

Type of loading

Repair procedure

Problems

— Coating damage

— Creep damage

— Abraded seal
lips

— Thermal
fatigue cracks

— Notches

Thermal fatigue,
erosion, corrosion

Creep-rupture
Wear,
thermal fatigue

Thermal fatigue

FOD

K echanical, chemical stripping

Regeneration

High-temperature brazing,
weld build up

Reduction of oxides, high-temperature
brazing

Biending

Residues, wall thickness

Effects on material, extreme
damage 1o certain components

Welding defects

Cieaning of small cracks,
effects on material

Smearing of starting cracks

Table 2 Repair Procedures for Turbine Elades and “Vaice
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Figure 1 Detail of a Technical Repair Instructiorn for the replacement of abraded
sealing fins by a high-temperature brazed piece of suitable material,
tinal shaping by grinding

Figure 2 Microsection showing repaired sealing fins, blade material IN 100,
brazing filler material Rané B0 + 2 % B

Figure 3 Wela build up of worn fins, TIG welding, filler material Nimonic 90.
blade material IN 100

Tigqure 4 Weld build up of abraded blade tip
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Figure 5 Repair of vane material by soaking in reducing atmosphere and high

temperature brazing
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Figure 6 Consumption of creep life of sets of turbine blades vs. service time,
as assessed by taking the mean creep damage of a test sample from each
set
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Figure 7 Creep rate of specimens with and without regeneration treatment
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Figure 8 Grain boundary cracking in a creep rupture tested specimen before and

Belore HIP (100x)  After HIP (100 x)

Figure 9 Microsections of blades before and after HIP treatment
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Figure 10 Rupture probability of blades tested in hot gas atmosphere, with and
without regeneration treatment
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A REW APPROACH TU T WELLABILITY UF

AT=DACT AND opo

Y TUPERATY
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5943 AC LOMM
The Netherlands
SUMTIARY
The 1nvestipation has shown that crack “ormation in the HAZ associated with the weldine
of high & -contant niskelbase superalleys is due rainly to the shrinkase, whizh takes
n

place during precipitation »f the ¥ . :rqck formation ca
the coulins rate during welding of these loys.

Cn the basis of measurerments, which 1llustrate the relatinnships btetweesn van 2onli
rate after welding, the partial effects of the elements Co, Cr, Al and 71 on the
weldability were calculated, and this allowed a modified weldability diazranm for
nickelvase superzlloys to be established. Simple har.iness measurements appear teo ~live
really useful results for crack-free TIG welding, plasma wel)lng, friction weldi

and EB welding of nickelta.es superalloys. $mall differences in chemical composition
and the degree of homogeneity ~f the ¥ - ¥’ structure can hiave a desisive =ffezt on the
welding behaviour of superalloys.

be pravented Ly 2ontrolline

15

1. INTRODUCTION

The repair and recovery ¢f bath the stati_nary ari the rotating parits cof the hot
section of a gas turbine is becoming more and rere a renerall; acr»w 2! practice. Tk
repgularly repeated assertion that repair of the hot section, and in particular the
first stage inlet zZuide vane and rotating blades and buckets iz not possible, s based
more on commercial considerations than on any practical and/or thecretizal basis.

In the special casc discussed in this report, concerninz the repair of nickelbase

superalioys, such as are used in the first 2Znd starses of *the rotatine sections of 2z
zas turbine, welding plays an impertant vart, Some types of damace, c.s. tip wenar
and FOD wan be repaired eccnomicylly only by weldinc. The application cf weldine fer
the repair of rot.ting parts, and in particular hlades =z2nd bus 1, 15 nonetheless
affected by a number of Tactors, namelry :

a) the stress level In the remion of the blade, which is to bz welded.
b) the temperature level 1in the P(blun cf the blnﬂo to repaired,

¢) the wall thickness of the region to be welded,

d) the material of the part to be welded.

@]
o
Il

As the wall thickness of the rotating parts to be repaired increases, accompanied
normally by a nigher level of stress, the weldability of the hirhly-stable nickelbase
superalloys used for these parts falls rapidily.

The cobaltbase superalloys are senerally characterized by mueh iower sirensth, but thisg
is accompanied by much better weldability. Thelr use is generally confined to the
stationary parts of hot section. A fortunate 2ircumstance fram the rep ir raint o7
view is that an inercase in the stress level from tre tip to the root cf a tlade is
accompanied by a correspending dcerease in operating temperature. The use of, for
example, TIG repair welds has been hitherto mainly restricted by the followine facstor

1) a Jack of commercially available nickelbase superalloy filler wires of satisfactory
hizh-temperature strength (creep characteristics) suitable for weldins the hichly
stressed regions of blades.

2) the denrea>1ng weldability as the wall thickness increases in the case of

-strengthened nickelbuse alloys as used for the hishly stressed rewxions of
blades,

These two factors more or less balance each other. Up till now very 1itt1q recearch has
heen carried out into the factors, which affect the weldability of hich & -content
nirkelbase superalloys., "t is moreover a fact that allcys, such as Tn 73% n 939

and U 720 were developed not with a view teo their weldire chara
basis on high temperature properties, such as thermal stability,
corrosion resistance.

zt o the
#th and hnt

2. THE WELDING OF NICKELBASE SUPERALLDYS
2.1 Historical

One of the earliest publications in the field of the weldability of nickelbase
superailoys dates from 1966 and provides a recognized model of HAZ crazking (Ref. 1).
The ereatest increase in practical repair work by Elbar, parcizsulariy in the eage of
stationary turbine hot scction components, teran in the last five venrs, Due ta the
necessity for repairs to an extremely difficult te weld suroraller, sush as In 739 for
example, the need arose for furdasental investimatisn »~f ¢ Cacteors, whi affect the
weldability of this alloy. The most irportant defests, whizsh ca ]
nickelbase superalloys, which contain are HAZ erackine and Pooprarkine.,

The investigation began U years ago under contract from the Ministry of Fronomie Affairs

a1y

ArAr when welddins
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In the case of In 735 the followine "procipitation-rate nusbeprs" wor

+300) (#2860 f-5u%) (-3¢ ,53

Al T Cr Y

Co is more or less indifferent, Cr is 4 atror
Ti is a stronger & -rormer than AL ! (in

Note :

Atomic percentages only are used ror G’- safle

s. Thus, a hisher Ti-A1 ratis
can result in a higher teo ot -pracipitat!

any offect on the lv number,

When we graphically plot the compositions of 4 number of welleknown su
mined from mpixiual;y ~derived formulas, a ch clonrer picoture
el:ments on the weldability is obtained, {(See firure ne. 7 3
distinctly froam praphs :'ﬁrllwd by ther investivaters (pef, 3

peralloays, deter-
of the =fleat of the
picture differs

3. APPLICATION OF THE RE3U
TIG- ALT PLACMY WELDING,

INVELTISATTI AN W5 WELDTNG PROCESSED

The differences in the electron beam weldins behaviour
petwWween two apparently ildentical 7 796 B.M,
the basis o a difflerence in precipi ion behaviour,
effects of composition on the weldability diamran
types (U 700 P.M. A and B), whioh 2learly aiff:
plotted on the diagram. This showed that the pesiti
distinctly different.

The more crack=-sensitive U 702 F,M. type B was appreciably dispacsd
of hlgher crack sensitivity, In view of the fact that the - sured
=particles were not uael in the determination of the » IR
case of the U 700 typcs menticned, this results can be cc lered as “ﬂﬂﬂ“kabT .
Measurements - =de later and, which illustrate the relatienship batween hardness
ma x imum L0071ng rate and -particle size are prescnted in Figure and 9. The m re
crack sensitive type B appears te produce a lower hardness for the me maximum cecll
rate. On the basis of thece results the welding parametsrs were moadified in sueh a
manner that maximum hardness was proaduzed in the HAZ, resulting in 1 orack free weld.
It seems therefore that there are two parameters which wive an idea of thoe weldinge
behaviour of high ¥’ -content niskelbase superallcys, These are :

(c

thie

s

in ir w&ldin;

Yhege a1loys

a) the compositional balance cf Co, Cr, Al and Ti.
b) the hardness measured in relation tc the cocling rate.

These two factors form_in fact the basis for the development of & welding mcthod with
less crack-sensitive, =zontaining nickelbase superalloy filler wirss with sufficient
ereep strength to allow welding of the highly-stressed regions of blades and buckets.
The results of the investigation appear applicablie to the friction weldineg of super=
alloys, but no further observations as regards this can be made here. .1nrn prehed ing
before welding obvioucly huas an efffect on the maxirmum conline rate 28 woanlld o

thit
crack-free welds can be produced by this means. ¥or nickelbase uuptralluyo, howuvcr this
is not really effective until the temperatures are above 200°C, Fipure 10 shows the
effects of several precheat temperatures on the hardness pattern in the HAZ of In 73%,

EB welding of nickelbase superalloys with preheat has been recently reported in the
literature (ref, 2) without any rigorous theoretical explanation. Freheating for

EB welding will, however, involve temperatures above 300°C

An important conclusion, which also can be made is that pre-weld heat trea‘wm -nt can have
an effzct on the weldablllfy of nickelbase superalloys only if it has a di © effect

on the homogeneity of the ¥ - &’ -structure, It iz far th-4 peason that ¢ weld hip
treatment can sometimes have a positive effect on the weldability of ths * ‘leult to
weld superalloys,

b
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RECORD'S REPORT — SESSION 1l
by

Dr James A.Snide
Director. Materials Engineering
University of Dayton
Coliege Park 300
Dayton, OH 45469, USA

The first two papers of this session continued from the previous discussion of hot isostatic pressing (HIP) to
rejuvenate cust nickel base turbine blades. The third paper considered the weld repair of as-cast and powder metallurgy
superalloys.

The first two papers showed the promising benefits due to HIP processing as a regenerative treatment to extend the
life of gas turbines components removed from service during overhaul. The focus of these efforts were on the removal of
creep damage during HIP processing. The importance of controlling the cooling rate after the HIP operation was
emphasized. The following questions were discussed but not resolved.

(1) How many times can a turbinc blade be rejuvenated?

(2) What is the effect of HIP rejuvenated on properties other than creep. that is. microstructure. fatigue behavior.
etg.

The paper on weld repair of ascast and powder metallurgy presented a framework for evaluating heat-affected-zone
cracking as a function of composition and welding speed. The paper presented an interesting way to look at a very
complex problem. It appeared that the data might be treated in a more fundamental way using thermodynamic.
nucleation and growth and diffusion theory.




APPENDIX

COMMENTS ON THE MAINTENANCE IN SERVICE OF HIGH TEMPERATURE
COMPONENTS IN AIRCRAFT JET ENGINES

by

George C.Deutsch
8303 Whitman Drive
Bethesda, MD 20817, USA

1 tirst became acquainted with jet engines in 1946 and since that ime | have. of course. seen many changes. Toduay's
engines are far more powerful and fuel efficient: but they have lost one of their most beguiiing features  simpliciiy.
Today’s engines with their multiple stage turbines and concentric shafis ure very complex and therefore much more
difficult to maintain.

In 1946 military engines had a time between overhaui of 150 hours but very tew of them attained even this time
interval. The blade temperature was about 725°C and it has grown ut the rate of about 13°C per vear ever since. A truly
remarkablc achicvement when all during this period metatiurgists kept predicting that they had pushed alloys abhout as
far as they could go.

It is perhaps mor clear today that at any time in ihe past that the end is not in sight and I believe we should not
only be working on extending and predicting the life of current engine components but we should devote considerable
atfention to making higher temperatuares possible. [t should. of course. be noted that in the past we wanted higher
temperatures to enable aircraft to fly at higher speeds. Today we want these same higher temperatures so that the engine
operates in @ more fuel efficient manner. Some of the studies that 1 believe should be undertaken to prepare us tor the
future are listed below:

(a2} We should seck a far more precise definition of the environment {(temperature. stress. and chemical) than is
available today. This definition would give us better clues to the mechanisms of failure and would enabic the
designers to come up with less demanding designs.

by We should develop far superior methods of keeping track of component histories so that we can better devide
when rejuvenation procedures are appropriate.

(¢} Surface crack cleaning still seems 1o mie 1o be a major problem and better methods are needed betfore we can
be confident of the repairs.

td)y [ think there is further room for improvement in the presently used braze alloys. We are currently adding
boron or other clements 1o reduce the brazing temperatures. however. it would appear to me that if we could
find substitutes which would completely vaporize duning the brazing processes. supenor repairs could be made.

{e) New techniques are needed in both NDE (particularly for coatings and cooling passages) and welding. In the
latter case 1 believe lasers should be looked at intensively.

{1 We should be getting ready for the newer materials that are already finding their way into jet enpines. The
principal one is, of course. conventional alloys made by powder metallurgical methods, single crystal blades,
inter-metatlic compounds and ceramics will gradually follow along. We should be prepared to inspect and
maintain these new matenals.

I would like to close with one final comment. We should also be very conscious of the gradually deteniorating
quality of jet engine fuels. We ulready have seen a gradual increase in the perventage of aromatics these fuels contain and
we know these cin cause severe crosion problems and temperature increases in the engine. Other changes in fuel
chennstry can introduce commosive ingredients. We must ever be mindful of these chang » in planning our maintenance
procedures for jet engines.
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