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Preface 

Most current military and all civil engines are operated under ‘Safe-life” procedures for their critical components. Experience 
has shown that this philosophy presents two drawbacks: 

(a) The move towards designs allowing higher operational stresses, and the use of advanced high-strength alloys make it likely 
that a disc burst could happen (following a rapid crack growth) well before the statistically-based “Safe-life” has been 
achieved. 

@) It is potentially wasteful of expensive components, since it has been estimated that over 80% of engine discs have ten or 
more low cycle fatigue lives remaining when discarded under “Safe-life” rules. 

Damage Tolerance being an alternative lifeing philosophy, the Sub-Committee on “Damage Tolerance Concepts for the Design 
of Engine Constituents” has therefore decided to conduct a series of four Workshops addressing the areas critical to Damage 
Tolerant design of engine parts. 

The present report includes the papers presented during Workshop 4 which was devoted to Reliability and Quality Assurance. 

It also includes the content of the discussions which followed the presentations. On behalf of the Structures and Materials 
Panel, I would like to thank the authors, the recorders of the discussions and the session chairmen whose participation has 
contributed so greatly to the success of the Workshop. 

Prkface 

I totalite des moteurs civils et la plupart des moteurs militaires sont actuellement mis en oeuvre suivant les concepts “duke 
vie certaine” en ce qui concerne leurs parties vitales. La pratique de  cette approche a mis en ividence les deux inconvinients 

La tendance a l’utilisation des moteurs sous contraintes mkaniques plus &levees et l’emploi d‘alliages a haute risistance 
rendent possible I‘eclatement d‘un disque (a la suite d‘une progression rapide de fissure) avant que la “durie de vie 
certaine”, evaluke statistiquement, ait BtC atteinte. 

@) On observe egalement un gaspillage de  piices onkreuses, puisqu’on estime que 80% environ des disques retires du service 
conformCment aux rhgles de “durBe de vie certaine” ant encore un potentiel sup6rieur i dix duries de vie en fatigue 
oligocyclique. 

suivants: 

(a) 

La Tolirance aux Dommages constituant une autre approche possible de la difinition des potentiels de  vie, le Sous-Comiti 
“Concepts de Tolirance aux Dommages pour le dimensionnement des composants de moteurs” a dicidi  d‘organiser une sQie 
de quatre Ateliers consacrb aus divers aspects de  la Tolirance aux Dommages appliquie aux moteurs. 

Le prisent rapport contient les diverses prisentations effectuies I‘occasion du dernier d‘entr’eux traitant de la Fiahilite et de 
IAssurance Qualite. On y trouve igalement un compte-rendu des discussions qui ont suivi les diverses prbentations. 

Au nom de la Commission Structures et Matkriaux, je remercie les auteurs, les rapporteurs de discussion et les prisidents de 
sessions qui ont grandement contribui au succks de  cet Atelier. 

R. Lahourdene 
Chairman, Sub-Committee on 
Damage Tolerance Concepts 
for the Design of Engine 
Constituents 



Structures and Materials Panel 

Chairman: Mr Samuel L.Venneri Deputy Chairman: MI Roger Lahourdette 
Director, Materials & Structures 

Office of Aeronautics & Space Technology 
NASA Hq 92320 Chitillon 
Washington DC 20546 France 
United States 

Directeur Scientifique des Structures 

29 ave de la Division Leclerc 
Division (Code RM) ONERA 

SUB-COMMITTEE MEMBERS 

Chairman: MI R. Lahourdette 
Directeur Scientifique des Structures 
ONERA 
29 ave de la Division Leclerc 
92320 ChGtillon 
France 

Members: E.J. Bachelet 
P. costa 
D. Coutsouradis 
J.J.De Luccia 
ADeruyttere 
A. Dimarogonas 
M.Doruk 
W.Elber 
G. Griininger 
A. Guemes 
R.H.Jeal 
J.J. Kacprzynski 
L.Kompotiatis 
J.S.L.Leach 
G.Oddone 
F!J.Perry 
M.Rother 
S. Signoretti 
J. Waldman 
W. Wallace 
A.F!Ward 
H.Zocher 

FR 
FR 
BE 
us 
BE 
GR 
Tu 
us 
GE 
SP 
UK 
CA 
GR 
UK 
IT 
UK 
GE 
IT 
us 
CA 
UK 
GE 

PANEL EXECUTIVE 

MI Murray C. McConnell, United Kingdom 

Mail from Europe: 
AGARD-OTAN AGARI-NATO 
Attn: SMP Executive 

Mail from US and Canada: 

Attn: SMP Executive 
7, me  Ancelle Unit 21551 
92200 Neuillv-sur-Seine APO AE 09777 
France 

Tel: 33 (1) 47 38 57 90 & 57 92 
Telex: 610176 (France) 

Telefax: 33 (1) 47 38 57 99 



Contents 

Preface/Pr&face 

Structures and Materials Panel 

SESSION I 

Introduction - Needs and Approaches to Reliability and Quality Assurance in Design 
and Manufacture 

by A.C. Pickard 

Paper 2 withdrawn 

Page 

iii 

iv 

Reference 

1 

La Maitrise des Procedes de Fabrication dans une Conception de Tolerance aux Dommages 3A 
par J.-P. Herteman 

Manufacturing Process Control as a Damage Tolerance Concept 
by J.-P.Herteman 

SESSION I1 

3B 

Quality Assurance and Design Systems 
bv L. Caroni and E.Camoo 

Summary of the Discussion 
by R. Labourdette 

Recorder's Report 
by W.Schutz 

SESSION I11 

4 

S 

R 





INTRODUCTION - NEEDS AND APPROACHES TO RELIABILITY 
AND QUALITY ASSURANCE IN DESIGN AND MANUFACTURE 

DR. A.C. PICKARD 
Chief of Materials and Mechanical Engineering 

Rolls-Royce plc 
P.O. Box 31 

Derby 
DE2 8BJ 
U.K. 

INTRODUCTION 

An AGARD meeting on the Damage Tolerance Concept (DTC) was held in San Antonio in 
1985. One of the conclusions of this meeting was that DTC offers a way to improve 
the integrity and efficient utilisation of critical aero engine components, in 
particular those manufactured from the high strength materials which are required to 
meet the design objectives Set for high performance military engines. Following 
this meeting, a series of workshops were arranged to investigate various aspects of 
DTC . 
The fourth workshop meeting is aimed at exploring reliability and quality assurance 
issues in the Damage Tolerance approach. To this end, a series of papers are to be 
given, following this introduction, to explore the implications on DTC of: 

(a) Component material specifications and standards 

(b) Controls on manufacturing processes and procedures. 

(c) Design systems and quality assurance. 

The meeting will also explore the possibility of a common AGARD approach and 
Database on quality - and integrity-related issues which arise during aero engine 
component life assessment. 

The Need for Quality Assurance 

The primary goal for Quality Assurance is to provide Customer Satisfaction. From 
the customer's viewpoint, this means that the product must meet the specification. 
This is not the complete story, however; there must also be good communication 
between the customer and the manufacturer. The aim here is to ensure that the 
customer gives a clear, unambiguous specification of what is required and that the 
manufacturer understands all aspects of this. 

A good example of this is the definition of the mission profiles, mission mixes and 
life requirements which the aero engine is designed to achieve. A simple 
requirement that "the engine fracture critical parts must achieve an inspection 
interval of x hours" is an insufficient definition, since the relationship between 
cyclic life usage and time in service depends on the types of mission flown. 
Equally, if the customer defines mission 

profiles and mission mixes and then uses the engine for different profiles or  mixes, 
he must expect to see a consequent change in the lives achieved expressed in hours 
and/or cycles. In the case of cyclic life-limited components, however, the life in 
"equivalent cycles" should not change in these circumstances. 

Formality and Audit 

Quality can be considered as a "state of mind" which should pervade all levels of a 
design/manufacturing organisation: it is necessary that companies have the correct 
infrastructure to encourage a "quality" approach. Two important aspects of this 
are: 

(a) Formal systems must be implemented covering all aspects of the product 
definition and manufacturing processes. 

(b) Regular review and audit must be performed against the formal system 
requirements, both internally (self-audit) and externally (customer audits). 
There must also be an acceptance of the need to change a system if an audit 
reveals a potential quality problem. 

Audit is the means by which the customer can check that the supplier will deliver 
products of the required level of quality. This approach should pervade the 
design/manufacturing organisation - every interface within the Company can be 
thought of in terms of "customer/supplier" relationships. 

1-1 
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Definition of Accountability 

Definition of accountability is important, both within the design/manufacturing 
organisation and between this and the customer. 
necessary to ensure consistency and formality of approach and to avoid duplication/ 
overlap or gaps in the overall product definitionlmanufacture process. Smooth 
operation of interfaces is a key requirement for efficiency and quality. From a 
customer viewpoint, it is necessary to know the limits of accountability of the 
supplier and activities for which the customer is responsible - for example, the 
definition of missions and mission mixes. It is also important that the customer 
should have identified contact points within the Supplier organisation from which 
advice can be sought and rapid resolution of problems obtained. 

Quality Assurance in Design 

Verification is a key issue in the assurance of quality in Design. The methods used 
in the design process must be correlated against observed behaviour: this may be 
accomplished by performing measurements using instrumented development engines, or 
by appropriate rig testing. The validated design methods must then be embedded in 
appropriate procedures to ensure their correct use and to call up direct 
verification tests where necessary. 

Examples of information required for direct design verification are: 

(a) Performance checks and measurements. 

(b) Secondary air system measurements (flows, pressure ratios, air temperatures). 

(c) Metal temperature measurements. 

(d) Vibratory stress measurements. 

(e) Development engine growth measurements. 

(f) Damage tolerance crack growth measurements in cyclic engine tests. 

Indirect verification is usually performed for: 

(a) Stress analysis methods, using instrumented rig tests. 

(b) Component overspeed capability, using rig tests. 

(c) Component cyclic life capability, using rig tests combined with laboratory 
specimen tests, to give an understanding of materials behaviour. 

From a supplier viewpoint, it is 

Figure 1 shows a summary of the procedures, methods, verification tests and service 
life management approach required for critical component design, life estimation, 
validation and management. 

Past experience clearly plays a large part in ensuring a "quality" design is 
produced. 
appropriate databanks is important: easy access to this information during the 
design process ensures that good past design practice is fed into new designs. 

Component and Material Specifications and Standards 

Accurate specification of the materials used in gas turbines is essential in 
ensuring a "quality" design. Table 1 indicates some of the key quality standards 
which need to be specified to ensure that the material behaviour will match the 
design intent. 
specification of appropriate material release properties, others are dependent on 
sampling programmes and the definition of appropriate standardisation and approval 
materials evaluation packages. 

One key question here is "is the specification absolute, or is it relative to Some 
process?". A good example is the definition of inspection requirements, which may 
be absolute (e.g. No cracks bigger than x nun long are acceptable) or relative to the 
inspection process (e.g. No cracks visible when viewed with x3 binoculars under some 
standard conditions, with standard eyesight inspectors). 

Quality Assurance in Production 

Control of the manufacturing process is essential to both the traditional "safe 
life" and Damage Tolerance approaches to component life management. Lack of 
manufacturing process control can lead to unacceptable levels of scatter in 
component behaviour and the risk that the parameters used to establish minimum 
component life (e.g. results of individual rig tests) may not be representative of 
the complete family of components in service. 

The incorporation of this experience and derived Design criteria into 

While some of these may be monitored for each component by 



Key issues here are: 

(a) Definition of manufacturing methods. 

(b) Fixed practice concepts. 

(c) 

(d) 

Relationship of process control to design intent. 

Statistical process control as a means of monitoring process variability. 

(e) Change procedures. 

(f) Non conformance and accept/reject criteria. 

(4) Process control and inspection criteria. 

While the need for quantification of process control methods is recognised, a key 
question is "what validation evidence is required to demonstrate the achievement of 
process control'?". 
in the identification and control of key process variables in support of a 
quantitative approach to this issue. 

Development of process modelling methods is expected to assist 

The Workshop 

The aim of this workshop on reliability and quality assurance is to investigate some 
of the issues raised in this introduction, and to review: 

(a) The need for  a common AGARD approach to: 

- material and process specifications 
- lifing standards 
- hazard analysis 
- in service life monitoring 
- information exchange 

(b) The possibility of constructing an AGARD database on integrity related issues: 

- materials behaviour (defect types, etc) 
- effects of damaae 
- environmental eifects 
- mission related behaviour 

TABU 1 

FACTORS IN ENGINEERING QUALITY STANDARDS 

Surface Requirements Sub-surface Requirements 

. 
I 

Permitted Crack Size (mm) 

Grain Size ( m m )  

Macrostructural features (mm) 

Microstructural features ( m m )  

Inclusions ( m m )  

Porosity ( m m )  

Machinery abuse/Surface strain 

Scratches (mm) 

Dents/Bruising 

o Ultrasonic Response as standard 
Artificial Defect (SAD) 
1 equivalent flat bottom hole size 

o Inclusion Size 

0 Residual Stress 

0 Defect distribution (within 
component and on going) 

0 Microstucture 
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Jean-Paul Herteman 
SNECMA, Direction de la Qualiti 

B.P. 81 
91003 Evry Cedex 

France 

Concevoir un produit "Tol4rant aux Domages" consiste 8. considerer qu' il peut contenir des dommages ou 
defauts, determiner les earact6ristiques de ces damages et defauts et faire en Sorte qu'ils n'6voluent 
pas, pendant la ducOe d'utilisation consider6e, d'une fagon telle que l'integrite strueturale du produit 
ne soit plus assurhe. Les defauts initiaux que genere le processus de fabrication font bien evidement 
partie des domnages B prendre en considecation. 

La maitrise des procedhs de fabrication est la constante recherche de la plus basse variabilit6 possible 
des caractecistiques des pieces produites. I1 s'agit bien, en jouant sur tous 18s plan8 possibles 
lm&thodes, moyens, homes. etc...) de tendre vecs l'absenee de "dBfauts", que1 que soit le sens que l'on 
puisse donner au terme. A preml8re vue, mais B premiere vue seulement, il pourrait sembler paradoxal de 
traitec de l a  place de l a  maitrise des procbd6s dens l a  conception et production de produits Tolerants 
aux Domages : si, pourraient estimer certains, les defauts Sont tol6cables. pourquoi ne pas en tire? 
parti en allegeant les efforts visant B 18s supprimer et, par 18 mhe. obtenir une reduction des coats 
de production ? 

Une telle stcat6gie est a priori dangereuse, car le postulat sur lequel elle se fonde n'est en pratique 
guere verifie par l'experienee industrielle. Augmenter la variabilit6 d'un pcocOd6 diminue carement les 
coats de production. mais comporte au contraice bien des gecmes de SurcoDts consid6rables : necessite 
d'introduire des inspections suppl6mentaires. accroissement des analyses pour Sanctionnec les non- 
-conformites, augmentation des retouches et rebuts, le tout g6necant une degradation Importante des 
cycles et valeurs d'exploitation, 

Hais eette strategic de "moindce maitrise des proced6s" Constituerait aussi et SUCtOut une faUte sus- 
ceptible de mettre en peril la qualitf m6me du produit congu Tolerant aux Domages. La maitrise des 
procedes est autant, sinon davantage, necessaire dans une conception de Tolerance aux Domages que dans 
une conception Conventionnelle de "Vie SOre". Ceci pour des raisons qui tiennent d'une part B la 
fiabilit4 et sarete d'exploitation du moteur et d'autre part A son coat global de possession. Nous pas- 
serons en revue ces raisons dans la premihre partie de l'expos8. 

Par ailleurs, l a  Toleranee aux Domages contient en e l l e m h e  un certain nombre de concepts qui peuvent 
etre utilishs avee profit pour modifier. infl6chir et ameliorer 18s modalites d'aecesaion B cette nhces- 
saire maltrise des proced6s. NOUS en examinerons quelques uns dans la seconde partie de l'expose. 

NECESSITE DE LA MITRISE DBS PROCEDES 

Piabilite et sarete de fonctionnement : dhfauts ponctuels. 

Considerons tout d'abord le8 defauts m&allurgiques B caractere ponctuel ou local, te18 que fissures de 
rectification. de soudure. de traitement thecmique, repli ou dechirure de forge. micro-retassures ou 
soufflures de fonderie, inclusions ou shgregations provenant de 1'Claboration. etc... A p r h  une hvcn- 
tuelle periode 'd'ineubation", tres variable et imparfaitement previsible en l'etat actuel des 
modhlisations, toutes ces diseontinuit6s locales du mateciau sont susceptibles de se developper en 
utilisation. en suivant peu ou pcou le8 lois de l a  mheanique de la rupture. Et, toutes chases &gales par 
ailleurs, ees lois sont telles que l a  d u d e  de vie rhsiduelle d'une piece est extchement sensible B la 
dimension de 18 fissure - ou quasi fissure - initiale consideree. Une incertitude de quelques dixiemes 
de m sur cette dimension initiale peut eonduice B une ecreur de 50 Z B 100 X sur le nombre de cycles de 
propagation avant la rupture brutale. L'integritB structurale d'une piece Tolhrante aux Damages derive 
done de l a  precision et de la fiabilite de la determination des caraet&cistiques de la fissucc ou defaut 
initial. D'une facon genbrale, cette d6tecmination fait appel B un contr8le non destructif, pratique 
syst&"iquement pendant le cycle de fabrication, puis repCt6, si n6cessaire. p6riodiguement au COUPS de 
la vie de la piece. La taille du defaut initial, dont on doit assucer une propagation sub-critique. pen- 
dant la perlode consid6rEo est alors cello correspondant aux taux de probabilitb de detection et de con- 
fiance qui sont estimes necessaires et suffisants (par exemple 99 % - 95 %). ... /... 
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Le8 methodes qui permettent d'obtenir ces donnees statistiques sont de mise en oeuvre lourde et 
delicate. et 18s resultats. en termes de defaut minimum detectable. parfois eloignes des souhaits du 
concepteur. L'ensemble a largement et6 dlscute au cours de la premiere session de l'atelier AGAKD - SKP. 
eonsacree nux methodes d'inspection non destructive, et nous n'y reviendrons pas ici. Force est 
eependant de constater que la fiabilite de l'inspection, si elle est essentielle dans une conception 
Talerante nux DomageS. n'est pas toujours suffisante B elle seule. I1 est souvent necessaire de lui as- 
socier, et guelquefois. de lui substituer. la fiabilite de fabrication. c'est 8. dire de combiner le 
risque de non-detection du dhfaut et le taux d'oecurence de ce dernier. 

Bien des defauts metallurgiques cites plus haut sont dans une situation 00 une combinaison de ce type 
est necessaire. En effet. dans le meilleur des cas, seules sont accessible8 et connues, des probabilites 
de detection exprimbes en terne d'6talons de reference (diamhtre du reflecteur B trou B fond plat en 
eontrble ultra sons, surface d'une entaille usinee en contrdle par courant8 de Foucault. IQI en contrdle 
radiographigue, etc...). O r  il n'existe pas toujours de correlation simple ou sySt6matique entre ces 
grandeurs de reference et les caract6ristigues physiques du defaut m6tallurgique. qui determinent la du- 
d e  de vie residuelle reelle de la piece. 

Le cas des disques de compresseur ou turbine haute pression elabaces par metallurgie des poudres 
constitue un bon exemple de cette nbcessaire compXmentarit6 entre inspection et maltrise du procede. 
Ces produits contiennent en effet des inclusions de natures diverses (eeramiques provenant du four de 
fusion. de l a  busette d'atomisation, etc. ..), dont la distribution est liOe B la dimension du tamis 
choisi et la technologie de l'ensemble du prochde. L'objectif, pour un moteur militaire. d'une duree de 
vie residuelle en propagation de quelgues milliers de cycles correspond 8. des dimensions maximales 
d'inclusion variant entre 100 et 500 microns environ, selon le niveau de contrainte, la temperature, le 
type et 18s zones de pi8ce. et la nature physique de l'inclusion. Au prix de developpements 
technologiques et d'investissements importants, et d'un coat d'inspection considerable, il est possible, 
par ultra-sons (dans le volume) et courants de Foucault (en surface), de garantir la detection de 
"defauts parfaits" (trou B fond plat. etc...) dont les dimenslons correspondent aux 100 8. 500 microns 
rechereh6s. Kais, c o m e  le montre la figure 1, 18 taille du "dhfaut parfait equivalent" (diamhtre du 
trou B fond plat). telle qu'estimee d'apr8s l'inspection ultrasonore par exemple. n'est que faiblement 
correlee avec les dimensions exactes de l'inclusion eorrespondante (mesuree par dissection de lain- 
dication U-S). 08118 une situation de ce genre, l'assurance que la dur6e de vie residuelle (DR) est bien 
celle prevue repose sur une double assertion du type : 

1') Probabilite >I 99 2. confiance + 95 Z de detecter une fissure initiale dont la vio en 

2') 
propagation est DR. 
Probabillt6 .$ 10 -.+ gu'une piece possede une inclusion dont la vie en propagation est DR. 

Bien entendu en supposant meme que l'assertion 1 puisse Stre suffisante B elle seule, un procede peu 
maltrise , qui s'eloignerait beaucoup de l'as?ertion 2. n'aurait aucune viabilite 6conomigue. c a r  il 
ghnererait des rebuts exhorbitants lors des inspections. Pour piloter l'accession B la maltrise du 
procede de metallurgie des poudres, l'on dispose d'un certain nombre d'indicateurs qui permettent de me- 
surer la distribution - ou Plut8t une partie de celle-ci . des inclusions tout au cours de l'elaboratlon 
: elutriation et dissolution acide des poudres, micrographie des billettes, refusion de "boutons" par 
bombardements d'electrons. La figure 2 montre comment des actions volontaires (modifications 
d'eguipement. ere.. .) mais aussi des ev8nements "exterieurs" ( c o m e  une interruption puis reprise de la 
production) se repercutent effectivement sur de tels indicateurs. Et la figure 3 confirme gu'il existe 
bien une certaine correlation entre ces meaures revelatrices en amont de la maltrise du procede, et le 
taux de dPfaillance lors de l'inspection finale. 

Les inclusions inherentes au procede de metallurgie des poudres ne doivent pas &tre considerees c o m e  un 
cas isole ou trhs particulier. Les segregations alphaghe8 dures. B base d'interstitiels (O,N,C) dans 
les alliages de titane, les segregations de carbonitrures complexes (white-spots) dans les alliages de 
Nickel elabores V l l l l V A R  soulevent des questions voisines et appellent des 801utions analogues. Sim- 
plement les conditions de Sollicitation des pieces (temperature, contraintes) sont en general moins 
sevhres, les defauts "tol6rables" plus importants. 11s ne sont pas pour autant toujours facilement 
inspectables et maltrisables aux niveaux n6cessaires. 

Piabilite et s(iret6 de fonctionnement : defauts non vonctuels. 

Si les defauts ponctuels, proches d'une fissure. sont les premiers qui viennent B l'esprit lorsgue l'on 
traite de la Tolerance nux Damages, ils ne sont pas 188 SeU18 B devoir meriter l'attention. D'autres 
defauts, plus globaux, tels que les Bcarts dimensionnels ou des variations de micr~structure metal- 
lurgique peuvent ruiner la fiabilite d'une conception TolBrante aux Domages si celle-el ne les 
incorpore pas. 

.. ./. . . 



Des non-conformites dimensionnelles peuvent gOn6rer des perturbations a6rodynamiques, modifier le8 con- 
ditions aux limites, les fcequences propres et les amortissements, amoindrir 18s marges vis B vis des 
flottements aecoelastiques avec c o m e  consequence possible. l'apparition d'une composante vibratoice se 
superposant B la sollicitation oligocyclique. O r  l'influence des sollicitations vibratoices sur la 
propagation des fissures est particulierement forte. Une composante vibratoire atteignant simplement 15 
% de la sollicitation oligocyclique sera le plus souvent sans grand effet sur la durbe de vie 8. 
l'amoccage. Mais il suffira qu'elle soit reneontree quelques dizaines de secondes seulement par v01, B 
une frequence de l'ordce de la centaine d'nertz. pour que les duc6es de vie en propagation. exprimees en 
nombres ou en heures de v01. Soient divisees par un facteuc &gal ou superieur B 5. Aucun coefficient de 
securite sur les intervalles d'inspection ne saurait couvrir une telle variabilite ; c'est bien 8. la 
maitrise des procedes de fournir l'assurance que si ce type de phenomhe n'a pas kt6 rencontc6 pendant 
le d6veloppement et la certification du moteuc, il ne se cencontrera pas non plus sur 18s moteurs de 
production. 

Le cas des variations de microstructure m6taIlurgique est leg&rement different. LB aussi. les liens 
entre la microstructure (taille et mocphologie des grains, des phases durcissantes. etc ... ) et le8 
vitesses de fissuration sont forts, mEme s'ils sont souvent complexes et dependent, entre autres, de la 
taille de fissure et des conditions de sollicitation considbrbes. Hais une difficult6 supplbmentaire ap- 
parait : dans la plupart des cas en ef'fet. les variations de microstructure ont aussi une influence im- 
portante sur les durees de vie B l'amorcage. et cette influence est generalement de sinne O D D O S ~  B celle 
portant sur 18s durees de propagation. La dispersion des microstcuctures est aloes doublement nefaste 11 
ne saurait Stre question en effet d'assurec la sfJret6 d'exploitation de la piece au detriment de sa vie 
bconomique. La pcemih-e est fondbe SUP des calculs de propagation, qui seront verifi6s si la taille de 
grain est "suffisament" grande. Hais un grain "trop" gros degradera la seconde. L'intcoduction du con- 
cept de Tolerance aux Domages, dans cet exemple, se traduit done par une nbcessite accrue de maitriser 
18s variations de taille de grain. 

Nous avons jusqu'8 present trait6 de "defauts" au sen8 le plus habitue1 du tecme, c'est B dire de 
violations des sp6cifications constituant la definition du produit. Et il est apparu clairement que 
l'int6gritA structurale des piece8 con$ues Tolerantes aux Domages ne peut &tre assur6e par la seule 
inspection des "defauts". La maitrise des procedes est bien B cet egacd un complfment indispensable des 
inspections et la seule VOie Permettant d'aboutic 8. une garantie suffisante que le8 pieces ne com- 
porteront effectivement pas de "dBfaUt8 non tol&'ables". Hais la maitrise des proc6d6s ne se borne pas B 
offrir cette assurance de capabilite de vis B vis des sp6cifications ; elle vise aussi B reduire la 
vaciabilite des produits B l'int8rieur de la plage de tol&-ance. Et ceci est egalement d'une grande 
utilite pour des pieces Tolerantes aux Domages, pour des raisons qui constituent en quelque sorte une 
g6necalisation de l'exemple des mICrosCructure8 trait6 ci-dessus. 

La maltrise du c&t.global de possession 

La dispersion des caract6ristiques (de toutes natures : m6tallurgiques, dimensionnelles, de surface, 
etc . . . I  des pieces est, avec Celle des conditions d'utilisation du moteur, directement B l'origine de la 
dispersion des durOes de vie B l'amortage et en propagation qui serait observee si les moteurs etalent 
exploit& de f a w n  "absolue". Dan8 une conception conventionnelle de "Vie SOre", beaucoup de pieces 
tournantes critiques (disques, arbres) ont une Ducfe de Vie AutorisBe. obtenue par application d'un fac- 
teuc de s6eurite B la Duree de Vie Prevue (par calcul et essais) de la piece de cacacteristiques 
minimales. Les liens entre maftrise des procedes et coat global de possession existent done, mais de fa- 
con partielle et parfois SatUCOe dans la mesure oh il est difflclle de traduire, au COUPS de la vie d'un 
programme. une reduction de variabilite des eacateristiques produites en tecme d'accroisscment des 
Durbes de Vie Prevues ou de diminution de facteur de securit6. A l'inverse, une piece insuffisament 
maltrisee. dont la durCe de Vie reelle serait inferleure B la Durfe de Vie Prevue, pourca ne poser 
aucune difficult6 tant que le facteuc, de sbcurit8 masquera son insuffisance, puis entrainer une 
situation catastrophique si la Dur6e de Vie AutorisPe venait elle-mEme B plus Stre assurfe. 

Dans une approche de Tolerance aux Domages. les liens entre mattrise des proc6dOs et coot global de 
posSeSSiOn deviennent B 18 fois Plus directs et plus continus. Exploit0e dans son integralit6 
(Retirement f o r  Cause), cette conception peut aller jusqu'k autoriser le maintien en service sans autre 
limite que leu? duree de vie ( B  la detection du Domage maximum Tolbrable) u. Dans une telle 
situation, toute dispersion de caracthistiques se repercutera directement sur les durees d'utilisation 
effeCtiVeS des p i k e s  ; une dispersion excessive, occasionnant un nombre imprevu et OlevB de deposes 
"pr6maturfes" conduirait 8. des COnSCqUcnces extremement lourdes sur le plan logistique. I1 faudrait ou 
bien accepter le risque d'indisponibilites operationnelles, ou bien se couvric par la constitution de 
volants de pieces de rechanges consid6rables : le benefice que l'on peut attendre du concept Tolerance 
aux Domages/Retirement for Cause se trouverait annule. voice transforme en succo0t global de possesion. 

. ../.. . 
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La conception Tolerance aux Domages requiert done, cette fois sur un plan purement ~conomique, que l'on 
cherche B diminuer autant que possible les "petits defauts (tolerables initialement) susceptibles de 
devenic grands". les seuils de non propagation intrins&ques Btant plut8t bas, ceci se traduit par une 
chasse constante aux rayures et blessures de manutention, &carts de forme sur un conge de raccordement, 
bourrelets en limite de zone grenaillfe, etc... On trouvera, si besoin. aux figures 4 et 5, des exemples 
de fissures de fatigue amorgees, en essais partiels, sur des "defauts" de ce genre. Leur &liminatlon to- 
tale est certes malais6e. Hais des progres signiflcatifs peuvent atre realisha des 101s que leuc 
necessite est bien comprise. La figure 6 montre comment l'on peut avancer dans la maitrise des formes 
des conges de raceordement des festonnages et alveoles de disques de turbine basse pression. Une 
premiere am6lioration importante a et6 obtenue par la mise en place d'un contr8le integr8 permettant au 
compagnon de contr8ler lui.m€me la qualit6 du rayonnage. et done de reagir "en temps quasi-rfel". Une 
secondo &tape d'amelioration paralt se dessiner avec l'automatisation de l'op6ration de rayonnage, qui 
apporte un meilleur potentiel de repetabilite (fig. 7). Un autre encmple est fourni fig.8, od la mise en 
place de eonditionnements adapt& aux disques de turbine a permis d'ameliorer sensiblement leur &at de 
surface et le nombre de retouches necessaires suite B des chocs et blessures de manutention. 

&PPPPO_RTS DE LA IOLERANCE AUX DOHKAGES A LA MITKISE DES PROCEDES 

La mattrise des procedes est. nous l'avons vu hautement nfcessaire dans une approche de TOleCanCe 
aux Dommages. Bien entendu les outils habituels d'accession B cette maitrise S'BppliqUent Par- 
faitement : 

- Surveillance statistique des produits, processus et moyens. 
- Haintenance prfventive, analyse de fiabilit6 des moyens. 
- Groupes d'action Quallte. 
- Hodelisation des procedfs. 
- ere... 

Hais le concept de Tolerance aux Domages permet sans doute d'aborder sous un angle nouveau et 
prometteur le classique probleme de la "nfgociation" entre exigences de conception (sp6cification) 
et capacites des pcocedes. 

Voici B titre d'exemple, la demarche qui a et6 suivie pour une aube de turbine HP monoeristalline 
(alliage AHl), caract~risfe par la finesse de ses parois, la sophistlcatlon de son refroidlssement 
interne et unc temperature &levee de fonctionnement (TET = 1850-K). A l'issue de la fabrication des 
20 premiers jeux et de la premiere centaine d'heures d'essais de developpement, un groupe de 
travail multifonctionnel (Bureau d'Etudes - Hethodes et Atelier de fabrications - Qualite) a 
rfalise ce que l ' o n  peut appeler une "revue du produit", selon la methodologle suivante : 

. 49 specifications analysfes, de toutes natures : m6tallurgiques. dimensionnelles, etc.. . 

. 3 critbres : - Criticit6 Fonctionnelle 
- Capabilite du procede de fabrication 
- Piabilitf des contr8les de fabrication. . 4 ou 5 niveaux de cotation : 

Pour la criticit6 fonctionnelle : 

5- Effet sur la navigabilite. 
4- Effet sur le coat de possession. les performances. 
3- Autres effets. 
2- Harge + 50 ?. 
1- Harge 2 100 ?. 

- Pour la capabilite du procede de fabrication et la fiabilitf des inspections : 
5- Procede non capable - Inspection non liable. innovations necessaires 
4- Harges de capabilit6. probabilitf de dftection B ameliorer 
3- Vaciabilite B amellorer pour des raisons de coot 
1- ProcCde sous contr8le 

Ces cotations sont effectuees, entre autres. B partir des enseignements du suivi statistique du 
procede, taux de rebuts, retouches, histogrames et cartes de contr8le. etc... 

. . ./. . . 



Dans un premier temps, chacune des 49 cacact6ristiques est reportee dans un diagramme Capabilite du 
proc6delFiabilite d'inspection. Ce diagramme permet de detecter les points sur lesguels une action 
immediate s'impose. Ensuite. ces 49 caract&'istiques sont placees (fig.9) dans un diagramme 
Criticit6 fonctionnelle/Capabilit~ du procede x Piabilite du Contrale, (d'autres combinaisons de 
ces 2 criteres sont possibles). 11 l'issue de cette analyse, le groupe de travail a emis 55 
propositions dont : 

. 13 revisions de sp6cifications . 26 modifications (dont 1 majeures, c'est B dire entrainant des investissements ) 

. 16 programes d'essais partiels ou sur moteur destines B verifier, locsque n6cessaice. la 
des proC6des de fabrication et de contr6le. 

caractere "Tol6rable" de certaines variations. 

Ce type de demarche consiste bien B assurer la Tolerance aux DBfauts, et par son cacact&re 
universe1 federe et coordonne les efforts de chacun dans le but commun et ultime de la satisfaction 
du client. Cette demarche peut naturellement &tre appliquee aussi avec grand profit des les 
premiers stades de la conception (dessins initiaux), quitte B Stre reajustbe au cours du 
d6veloppement, au fur et B mesure que l'expbrience en production et en essai apporte des 
precisions sur le8 defauts specifiques de la piece consideree et leur comportement particulier sur 
le moteur en question. 

Dans un esprit voisin. le8 concepts de Tolerance aux Dommages peuvent egalement fournic de 
nouvelles oPPortunit6s pour faire lacgement diffuser au sein de l'entreprise 18s liens qui existent 
entre la qualit4 du travail de chacun, et le comportement du produit en utilisation. Nous avons. 
par exemple, mis en place un stage de formation sur le theme "fatigue et mecanigue de la rupture" 
destine B un public aussi large que possible de techniciens et ingenieurs, provenant d'horizons les 
plus divers. equipes de marque ou de programme. laboratoires, services m6thode8, encadrement 
d'ateliers, services techniques d'apres-vente, etc.. 
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D'une d u d e  de 4 jours. ce stage comporte un enseignement th4orique extrfmement rudimentaice sur 
les sollicitations dans 18s turbo-machines, le8 lois de la fatigue et de la mecanigue de la rup- 
ture, mais aussi un apergu statistfque sur les origines des dPfaillances Structurales des moteucs 
en service. I1 comporte surtout plusieurs "etudes de cas", congues B partir d'expertises raellement 
effectuees B l'occasion de ruptures survenues en exploitation, bien entendu simplifi6es ou com- 
pletees pour les besoins de la cause. Pendant ces etudes de cas, les participants, en groupe, S0nt 
amen& B : 

- Identifier et comprendre les causes initiales de la d6faillance structurale. 
- V8rifier, par des caleuls tres samalres, les effets du defaut sur les durCes de vie B l'amorgage 

et en propagation. 
- Confronter ces calculs avec les donnees Issues des examens fractographiques (stries, lignes 
d'arc&, etc. . .) .  

- Proposer des procedures de maintien en exploitation, sous concept de ToMrance aux Dommages, de 
materiels qui presenteralent les mEmes causes potentielles de d6faillance : choir des techniques 
de contr6le, des intervalles d'inspection, ere... 

- d'Evaluer les consequences logistiques de telles procedures aupres du Client. 
Les personnes ainsi formees ne deviennent pas pour autant des experts en Tolerance aux Dommages. 
Hais e1188 acquierent une bien meilleure visibilite sur cet aspect des phenomenes'et mecanismes qui 
88 produisent en amont. en aval et au sein de leur travail de chaque jour. L'impact qu'elles ont 
sur la satisfaction du client final leur apparalt plus clair et plus proche. Davantage motivees, 
elles peuvent s'impliguer de fagon plus approfondle et plus Coherente B l'int6rieur du processus 
industriel global de conception/production/exploitation. 

La Tolerance aux Damages appliqu0e aux moteurs d'avions, se presente ainsi B la fois camme une 
"acdente obligation" SupplCmentalre de progresser dans la maltrise des procedes et c o m e  l'op- 
portunite d'introduire des voies nouvelles pour accCder cette maltrise. 

. . ./.. . 



US F 

401 
I v  

300 

200 

100 

IO 

P.M SUPERALLOY DISC - rlLn"' 1 

/ 

0 

/.' 
0 

./' 

P o  /'I 0 0  

0 /.' 
I /' 0 0 

I 
.I /' 

I 8 
" 

roo 200 360 400 500 
Actual inciwion Ipl 

P.M PROCESS CONTROL - I ll,lll' 2 

CLEANLINESS FLOW CHART (ELUTRIATION) 
80 

0 nb parl.lkg 

Production start after 8 months break 

SNECMA spec. : 20 max 

87 88 

3A-6 

Number P.M PROCESS CONTROL - I "i"" I 

Of us 
echos 

> 0.2 mm FBH 
OBI 100 ka 



3A-7 

HPT DISC : LCF DOVETAIL CRACK 

INITIATION ON SHOT-PEENING PADS 

- r.clwc a 

Crack 

. I ,,,,,'E > P.M HPT DISC 

LCF crack initiated 
on a 0.8 x 0.02 mm dent 

at bore radius J. 

LPT DISC - RADIUS PROCESS CONTROL - r w n .  G - 

operator 
self inspection 



3A-8 

LPT DISC FLANGE RADIUS ROBOT - ~ w r c .  I - 

LPT DISC HANDLING llllllrl ,I 

- ri,,,,"' I - 
Functional Criticity 



I 

MANUFACTURING PROCESS CONTROL AS A DAMAGE TOLERANCE CONCEFI 

Jean-Paul Herteman 
SNECMA, Direction de la Qualit6 

BP81 
91003 Evry Cedex 

France 

3B-1 

The design o f  a "Damage Tolerant"  product Cons i s t s  i n  assuming t h a t  i t  may Contain damages o r  de fec t s ,  i n  
determining t h e  c h a r a c t e r i s t i c s  of such damages and d e f e c t s  and i n  t ak ing  appropr i a t e  s t e p s  so t h a t  during 
t h e  considered s e r v i c e  t ime they Can not  develop i n  suoh a manner t h a t  t h e  s t r u c t u r a l  i n t e g r i t y  of t h e  
product is no longer  ensured. Or ig ina l  d e f e c t s  generated by t h e  manufacturing proceas a r e  undoubtedly Part 
of t h e  damages t o  be taken i n t o  cons ide ra t ion .  

Manufacturing p rocess  c o n t r o l  means a pemanent  search for. t h e  lowest  p o s s i b l e  v a r i a b i l i t y  of t h e  
manufactured p a r t  c h a r a c t e r i s t i c s .  I n  f a c t  i t  tends t o  a z e r o  "defect" s o l u t i o n ,  whatever t h e  meaning 
given t o  t h e  word "defect" ,  by a c t i n g  i n  every f i e l d  involved (methods, means, workforce, e t c . ) .  A t  f i r s t  
glance,  bu t  only a t  f i r s t  glance,  i t  might seem oon t rad ic to ry  t o  d e a l  with t h e  ro le  played by Process  
oon t ro l  i n  Damage To le ran t  product design and manufacture : it could be assumed t h a t  s i n c e  d e f e c t s  a r e  
t o l e r a b l e ,  i t  should be p o s s i b l e  t o  t a k e  advantage Of i t  by ?educing t h e  e f f o r t s  made t o  e l i m i n a t e  them 
and, i n  doing s o ,  t o  c u t  manufaoturing Costs.  

Such a s t r a t e g y  is a p r i o r i  dangerous s i n c e  t h e  p r i n c i p l e  which i t  is based on is s c a r c e l y  v e r i f i e d  i n  t h e  
i n d u s t r i a l  real i ty .  The inc rease  of t h e  v a r i a b i l i t y  of a p rocess  rarely reduces t h e  manufacturing c o s t s  
and it even con ta ins  many germs of important a d d i t i o n a l  Costs : need f o r  t h e  in t roduc t ion  of a d d i t i o n a l  
i n spec t ions ,  i nc rease  o f  i n v e s t i g a t i o n s  t o  i d e n t i f y  non-conformities, i nc rease  of reworks and r e j e c t i o n s .  
a l l  t h e s e  a c t i o n s  l ead ing  t o  a considerable  worsening of cyoles .  i n v e n t o r i e s  and work i n  process .  

I n  a d d i t i o n  such a s t r a t e g y  of "lower p rocess  con t ro l "  would above a l l  be a mistake l i k e l y  t o  endanger t h e  
very q u a l i t y  of t h e  pPOdUCt designed a s  "Damage Tolepant product". Prooess oon t ro l  is as necessary for 
Damage Tolerance design as f o r  a Oonventional " s a f e  l i f e "  design,  or even more, f o r  reasons r e l a t i n g  t o  
t h e  engine r e l i a b i l i t y  and Operation Safety on t h e  one hand and t o  t h e  l i f e  cyc le  Costs on the o t h e r  hand. 
We w i l l  review these  r easons  i n  t h e  first paPt  of t h i s  paper.  

Furthermore Damage Tolerance con ta ins  s e v e r a l  Concepts which can be used p r o f i t a b l y  t o  modify. r e o r i e n t a t e  
and improve t h e  p rocedwes  g iv ing  a c c e s s  t o  t h e  required Process  con t ro l .  
d iscussed i n  t h e  second p a r t  of t h i s  paper. 

Some of t hese  Concepts w i l l  be 

Necessi ty  o f  process  Control : 

R e l i a b i l i t y  and ope ra t ion  s a f e t y  : punctual d e f e c t s  

L e t  u s  f i rs t  cons ide r  metal luPgical  d e f e c t s  with a punctual  o r  l o c a l  c h a r a c t e r ,  such as g r ind ing ,  welding 
o r  hea t  t reatment  c racks ,  fo rg ing  f o l d s  or t e a r s ,  microshrinkage or c a s t i n g  blowholes. i n c l u s i o n s  or 
seg rega t ions  r e s u l t i n g  from processing. e t c .  After  a p o s s i b l e  "incubation" t ime which v a r i e s  considerably 
and which is impepfeotly p r e d i c t a b l e  i n  view o f  CuPPent model izat ions,  a l l  t hese  l o c a l  m a t e r i a l  
d i s c o n t i n u i t i e s  are l i k e l y  t o  develop during use while  more or less fol lowing t h e  laws governing t h e  
r u p t u r e  mechanics. A l l  t h i n g s  being equa l ,  t hese  laws a r e  such t h a t  t h e  r e s i d u a l  l i f e  of a p a r t  is highly 
dependent on t h e  S i z e  of t h e  oonsidered i n i t i a l  crack o r  near crack. An unce r t a in ty  of a few t e n t h s  O f  a 
mi l l ime te r  over t h e  i n i t i a l  s i z e  can l e a d  t o  a 50 8 t o  100 8 e r r o r  i n  t h e  propagat ion c y c l e  number be fo re  
sudden rup tu re .  So t h e  s t m c t u r a l  i n t e g r i t y  of a Damage To le ran t  p a r t  is de r ived  from t h e  p r e c i s i o n  and 
r e l i a b i l i t y  of t h e  determined i n i t i a l  crack o r  d e f e c t  C h a r a o t e r i s t i c s .  I n  general t h i s  determinat ion 
r e q u i r e s  non-destruct ive t e s t i n g  c a r r i e d  o u t  s y s t e m a t i c a l l y  du r ing  t h e  manufacturing cyc le ,  then 
p e r i o d i o a l l y  r epea ted ,  i f  r e q u i r e d ,  du r ing  p a r t  l i f e .  The s i z e  of t h e  i n i t i a l  de fec t  f o r  which a 
s u b - c r i t i c a l  propagat ion has t o  be ensured during t h e  considered pe r iod  then corresponds t o  t h e  d e t e c t i o n  
p r o b a b i l i t y  and confidence l e v e l s  considered t o  be necessary and s u f f i c i e n t  ( f o r  example 99 % - 95 8 ) .  
The implementation o f  t h e  methods al lowing t o  Obtain t h e s e  s t a t i s t i c a l  d a t a  is heavy and d e l i c a t e  and t h e  
r e s u l t s ,  i n  terms of minimum d e t e c t a b l e  de fec t ,  sometimes d e v i a t e  from t h e  des igne r ' s  wishes. T h i s  s u b j e c t  
was widely discussed during t h e  f i r s t  s e s s i o n  of t h e  AGARD-SMP working group dedicated t o  non-destruct ive 
t e s t i n g  methods, and i t  w i l l  not  be discussed h e r e  again.  However i t  must be noted t h a t  i n spec t ion  
r e l i a b i l i t y  a lone ,  a l though essential t o  Damage Tolerance design,  is  not  always s u f f i c i e n t .  Often inspec- 
t i o n  r e l i a b i l i t y  has  t o  be combined wi th  and sometimes r ep laced  by manufacturing r e l i a b i l i t y ,  i . e  t h e  r i s k  
Of a non-detected d e f e c t  has to be combined with t h e  de fec t  occurrence rate. 

Many of t h e  m e t a l l u r g i c a l  d e f e c t s  mentioned above emerge i n  a con tex t  where such a combination is 
requ i r ed .  I n  f a o t  i n  t h e  b e s t  case Only d e t e c t i o n  p r o b a b i l i t y  l e v e l s  expressed i n  terms Of master gauges 
( d e f e c t  s tandard f l a t  bottom h o l e  diameter i n  u l t r a s o n i o  in spec t ion ,  machined notch s u r f a c e  i n  eddy 
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cur ren t  inspect ion,  IQI i n  radiographic  inspect ion,  e t c . )  a r e  a c c e s s i b l e  and known, whereas a s imple or 
systematic  c o r r e l a t i o n  does no t  always e x i s t  between these s t anda rd  va lues  and t h e  phys ica l  
c h a r a c t e ~ i s t i c s  o f  t h e  me ta l lu rg ica l  de fec t  which determine the r e a l  r e s i d u a l  l i f e  O f  t h e  p a r t .  

The case of high p res su re  compressor and tu rb ine  d i s c s  processed by powder metal lurgy provides  a good 
example Of the  necessary complementarity between inspec t ion  and process  c o n t r o l .  I n  f a c t  t h e s e  p a r t s  
con ta in  d i f f ePen t  types o f  i nc lus ions  (ceramics coming from melt ing furnace,  from a t m i z a t i o n  nozzle. 
e t c . ) ,  whose d i s t r i b u t i o n  depends on t h e  s i z e  of t h e  sieve and t h e  technology of t h e  whole P/M process.  
For a m i l i t a r y  engine,  the ob jec t ive  of a r e s i d u a l  propagation l i f e  of some thousands of c y c l e s  co r re s -  
ponds t o  maximum inc lus ion  s i z e s  ranging from 100 t o  500 microns approximately,  as a func t ion  of  tress 
l e v e l ,  temperature. p a r t  type and p a r t  a r e a ,  and t h e  inc lus ion  physical  c h a r a c t e r i s t i c s .  A t  t h e  expense of 
considerable  investments and technological  developments, not  t o  mention important i n spec t ion  c o s t s ,  i t  is 
poss ib l e ,  when ca r ry ing  o u t  u l t r a s o n i c  ( i n  volume) and eddy c u r r e n t  (on s u r f a c e )  i n spec t ion ,  t o  ensure t h e  
d e t e c t i o n  Of " p e r f e c t  de fec t s "  ( f l a t  bottom ho le ,  e t c . ) .  whose dimensions a r e  c o n s i s t e n t  with t h e  100 t o  
500-micron s i z e  searched f o r .  

However, a s  Fig. 1 shows, t h e  s i z e  of t h e  "equ iva len t  p e r f e c t  de fec t "  ( f l a t  bottom h o l e  d i a m e t e r ) ,  as 
evaluated by u l t r a s o n i c  t e s t i n g  f o r  i n s t ance ,  is O n l y  s l i g h t l y  c o r r e l a t e d  with the  exac t  dimensions of t h e  
correponding inc lus ion  (measured by u l t r a s o n i c  i n d i c a t i o n  s e c t i o n i n g ) .  Under such c i r c u m s t a n ~ e s  ensuring 
t h a t  r e s i d u a l  l i f e  (RL) a c t u a l l y  corresponds t o  predicted l i f e  is based on a double a s s e r t i o n  as fol lows : 

1 ' )  P robab i l i t y  L A 9  8, confidence L 95 8 Of de t ec t ing  an i n i t i a l  crack whose propagat ion l i f e  is equal t o  
RL . 
2') Probab i l i t y  5 

Of course,  even when supposing t h a t  a s s e r t i o n  1 may be s u f f i c i e n t ,  a poorly con t ro l l ed  p rocess  l a r g e l y  
dev ia t ing  from a s s e r t i o n  2 would have no economic v i a b i l i t y  and would gene ra t e  huge r e j e c t i o n s  during 
inspect ions.  TO con t ro l  the access  t o  P/M p rocess  con t ro l  t h e r e  a r e  some i n d i c a t o r s  f o r  measuring 
inclusion d i s t r i b u t i o n  (or t o  be more p rec i se  a p a r t  of i t )  during t h e  whole process  : elutr ' ia t ion and 
a c i d  d i s s o l ~ t i o n  of powders. b i l l e t  miorography, but ton e l e c t r o n  beam remelt ing.  Fig.  2 Shows how 
i n t e n t i o n a l  a c t i o n s  (changes i n  equipment, e t c . )  as we l l  as "external"  even t s  (such as pmduc t ion  break 
and resumption) indeed a f f e c t  such ind ica to r s .  Fig. 3 confirms t h e  ex i s t ence  of a c o r r e l a t i o n  between 
t h e ~ e  r evea l ing  measures upstream Of process  c o n t r o l  and t h e  level of f a i l u r e  during f i n a l  i n spec t ion .  

Inc lus ions  inherent  t o  powder metallurgy process  should not  be c o n s i d e ~ e d  a s  an i s o l a t e d  or a very s p e c i a l  
case. Hard alpha segregat ions.  baSed on i n t e m t i t i a l  0. N, C i n  t i t an ium a l l o y s ,  complex c a r b o n i t r i d e  
segregat ions (white  s p o t s )  i n  V I M  / V A R  processed n i cke l  a l l o y s  r a i s e  s i m i l a r  ques t ions  and c a l l  for 
s i m i l a r  5 0 1 ~ t i o n s .  Generally p a r t  stress cond i t ions  ( temperature ,  s t r e s s e s )  a r e  simply l e s s  Severe and 
" to l e rab le"  d e f e c t s  more important.  But f o r  a l l  t h a t  they are no t  always e a s i l y  in spec tab le  and 
c o n t m l l a b l e  a t  t h e  PeqUiPed l e v e l s .  

R e l i a b i l i t y  and ope ra t ion  s a f e t y  : "on-punctual de fec t3  

Although punctual crack-l ike d e f e c t s  are t h e  f i m t  d e f e c t s  t o  cross t h e  mind when dea l ing  with Damage 
Tolerance,  o t h e r s  a l s o  deserve a t t e n t i o n .  These d e f e c t s  Such as dimensional dev ia t ions  or m e t a l l u r g i c a l  
miCrOStPUCtUre VaPiationS a r e  more general  and may r u i n  t h e  r e l i a b i l i t y  of "Damage Tolerancetf  design i f  
not taken i n t o  account. 

Dimensional non-Conformities may gene ra t e  aerodynamic d i s tu rbances ,  modify boundary cond i t ions ,  n a t u r a l  
f requencies  and dampings, l e s s e n  margins w i t h  r e s p e c t  t o  a e r o e l a s t i c  f l u t t e r .  Th i s  may r e s u l t  i n  t h e  
emergence o f  a v i b r a t i o n  component supe~imposed on t h e  low cyc le  s t r e s s ,  t h e  e f f e c t  of v ib ra t ion  s t r e s s e s  
on crack propagation being p a r t i c u l a r l y  important.  A v i b r a t i o n  component reaching only 15 8 of t h e  low 
cyc le  s t r e s s  w i l l  most of the  time have no S i g n i f i c a n t  e f f e c t  on i n i t i a t i o n  l i f e .  However t h e  f a c t  t h a t  
such a v ib ra t ion  component appears  only a few t e n s  of seconds pe r  f l i g h t  a t  a frequency of t h e  Order of 
one hundred Hertz  is ~ u f f i c i e n t  t o  d iv ide  propagation l i f e  expressed i n  f l i g h t  numbers or f l i g h t  hours, by 
a f a c t o r  equal t o  o r  g r e a t e r  than 5. No f a c t o r  of s a f e t y  app l i ed  t o  in spec t ion  i n t e r v a l s  could cover such 
a v a r i a b i l i t y  i i t  is c l e a r  t h a t  process  c o n t r o l  has t o  make sure t h a t ,  i f  t h i s  type of phenomenon has no t  
been encountered during engine development and c e r t i f i c a t i o n ,  i t  w i l l  no t  be encountered on pmduc t ion  
engines. 

The case of me ta l lu rg ica l  m i c r o s t r ~ c t ~ r e  v a r i a t i o n s  is s l i g h t l y  d i f f e r e n t .  Here aga in  s t rong  r e l a t i o n s  
exist between microstructure  ( g r a i n  and hardening phase s i z e  and morphology, e t c . )  and crack growth r a t e s .  
even if they a r e  o f t en  complex and depend e.g on crack s i z e  and s t r e s s  cond i t ions  taken i n t o  
considerat ion.  However an a d d i t i o n a l  d i f f i c u l t y  a r i s e s  : i n  f a c t  i n  most ca ses  micrOStructut-e v a r i a t i o n s  
a l s o  considerably a f f e c t  i n i t i a t i o n  l i f e ,  and such an e f f e c t  is gene ra l ly  of t h e  opposi te  s i g n  when 
compared t o  t h e  e f f e c t  on propagation l i f e .  M i ~ r o s t r u o t ~ r e  d i spe r s ion  is then all t h e  more de t r imen ta l  ; 
as a matter  of f a c t  p a r t  ope ra t ion  s a f e t y  Should i n  no case  be detpimental  t o  t h e  economic l i f e  of t h e  
p a r t .  Par t  operat ion sa fe ty  is based on propagat ion c a l c u l a t i o n s  which w i l l  be v e r i f i e d  i f  t h e  g r a i n  s i z e  
is important "enough". However an " o v e r s i z e d ~ '  g r a i n  w i l l  impair t h e  economio l i f e .  So t h e  i n t r o d u c t i o n  of 
a "Damage Tolerance" concept,  i n  t h i s  example, imp l i e s  an increased need t o  master g r a i n  s i z e  v a r i a t i o n s .  
So f a r  we have been dea l ing  w i t h  "defects"  i n  t h e  most convent ional  sense of  t h e  word, i . e  "an-conformity 
w i t h  t h e  s p e c i f i c a t i o n s  de f in ing  t h e  product.  Moreover i t  has  been c l e a r l y  evidenced t h a t  t h e  s t r l i ~ t ~ r a l  
i n t e g r i t y  of p a r t s  designed according t o  a Damage Tolerance concept can not  be ensured by t h e  "defect"  
inspect ion only. I n  t h i s  r e s p e c t  p rocess  c o n t r o l  is c e r t a i n l y  an  e s s e n t i a l  t o o l  t o  add t o  in spec t ions  and 
t h e  O n l y  way t o  make s u r e  t h a t  a p a r t  w i l l  a c t u a l l y  have no ' "non-tolerable defect" .  However p rocess  
Control is not  r e s t r i c t e d  t o  guarantee t h e  p a r t  c a p a b i l i t y  t o  meet s p e c i f i c a t i o n s  ; i t  also aims a t  
reducing product v a r i a b i l i t y  within t h e  to l e rance  range and is very Useful f o r  Damage To le ran t  p a r t 3  for 
reasons which i n  a way gene ra l i ze  t h e  case of mic ros t ruc tu res  d e a l t  w i t h  above. 

t h a t  a p a r t  con ta ins  an inc lus ion  whose propagat ion l i f e  is equal t o  RL. 
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L i f e  cyc le  c o s t s  c o n t r o l  

Dispersion of p a r t  c h a r a c t e r i s t i c s  ( e i t h e r  m e t a l l u r g i c a l  OP dimenSiona1 OP s u r f a c e  characteristics, e t c . )  
is, along With t h e  v a r i e t y  of engine ope ra t ing  cond i t ions ,  a t  t h e  very o r i g i n  O f  t h e  d i s p e r s i o n  Of 
i n i t i a t i o n  and propagat ion l i f e  which could be noted i f  e n g i n e  were Operated i n  a n  "utmost" manner. I n  a 
convent ional  "safe l i f e "  conoept,  many C P i t i c a l  r o t a t i n g  p a r t s  ( d i s c s ,  s h a f t s )  have a l i m i t e d  l i f e  
obtained by applying a Safety f a c t o r  t o  t h e  p red ic t ed  l i f e  (based on c a l o u l a t i o n s  and t e s t s )  Of t h e  
minimum c h a r a c t e r i s t i c s  p a r t .  So r e l a t i o n *  between Prooess Control  and L i f e  Cycle Costs  do e x i s t  but  
p a r t i a l l y  and sometimes thoroughly i n  50 f a r  as  i t  is d i f f i c u l t  duPing a program l i f e  t o  express  a 
r educ t ion  of generated c h a r a c t e r i s t i c s  v a r i a b i l i t y  i n  terms of an incpease i n  p red ic t ed  l i f e  or a 
r educ t ion  of t h e  Sa fe ty  f a c t o r .  Inve r se ly  an i n s u f f i c i e n t l y  Control led paPt  whose r e a l  l i f e  would be 
i n f e r i o r  t o  t h e  p red ic t ed  l i f e  may no t  be problematic as long as t h e  Safety f a c t o r  makes up f o r  
i n s u f f i c i e n t  Control ,  and l e a d  t o  a d i saa t rou3  S i t u a t i o n  i f  l i m i t e d  l i f e  i t s e l f  is no longer  ensured. 

I n  t h e  Damage Tolerance approach, r e l a t i o n s  between Process  Control  and L i f e  Cyole Costs become more 
d i r e c t  and more cont inuous as wel l .  When exp lo i t ed  i n  i ts  i n t e g r a l i t y  (Retirement f o r  Cause),  t h i s  concept 
may be extended t o  t h e  po in t  t h a t  ope ra t ion  without  any o t h e r  l i m i t  than t h e  Peal l i f e  (a t  maximum 
t o l e r a b l e  damage d e t e c t i o n )  is allowed. I n  Such a s i t u a t i o n ,  any c h a r a c t e r i s t i c s  d i s p e r s i o n  w i l l  d i r e c t l y  
a f f e c t  t h e  a c t u a l  ope ra t ion  t ime of t h e  p a r t s  ; excessive d i s p e r s i o n s  l ead ing  t o  an  unexpected h igh  number 
of "unscheduled" removals would b r ing  about extremely SeriouS consequences i n  t h e  l o g i s t i c s  f i e l d .  

E i t h e r  t h e  r i s k  of ope ra t ion  u n a v a i l a b i l i t y  Should be accepted o r  cons ide rab le  spa res  f l o a t s  should have 
t o  be c o n s t i t u t e d  as a coverage : t h e  p r o f i t  expected from t h e  Damage Taleranoe / Retirement f o r  Cause 
concept would be cance l l ed ,  or even would t u r n  i n t o  inc reased  l i f e  cyc le  cos t s .  

Therefore  Damage Tolerance design r e q u i r e s ,  from an exc lus ive ly  economic viewpoint,  t o  tend t o  reduce as 
much as p o s s i b l e  ( i n i t i a l l y  t o l e r a b l e )  "small d e f e c t s  l i k e l y  t o  t u r n  i n t o  b i g  ones". A s  a r e s u l t  s inoe  
inhe ren t  non-propagation th re sho lds  are r a t h e r  low. s c r a t c h e s  and handl ing damages, blending r a d i u s  
p r o f i l e  dev ia t ions .  peening rims, e t c . ,  are cont inuously t r acked  down. Examples of f a t i g u e  c r a c k s  
i n i t i a t e d  on such  " d e f e c t s "  during r i g  tests are rep resen ted  a t  Fig.  4 and 5. I t  is c e r t a i n l y  d i f f i c u l t  t o  
remove them completely bu t  s i g n i f i c a n t  p rogres s  can be made provided t h e  need f o r  it has  been recognized. 
Fig.  6 shows how i t  is p o s s i b l e  t o  p rogres s  i n  blending r a d i u s  p r o f i l e  c o n t r o l  app l i ed  t o  LP t u r b i n e  d i s c  
s l o t 3  and sca l lops .  A f i r a t  important improvement has  been achieved i n  s e t t i n g  up i n t e g r a t e d  in spec t ion  
enabl ing t h e  performer himself t o  in spec t  t h e  q u a l i t y  of rounded edges and t h e r e f o r e  t o  r e a c t  almost i n  
r e a l  time. A second s t e p  o f  improvement seems t o  t a k e  shape with t h e  automation o f  r ad ius ing  Operat ions 
which provides  b e t t e r  r e p e a t a b i l i t y  p o t e n t i a l i t i e s  (Fig.  7 ) .  Another example i n  Fig. 8 shows t h a t  new 
packaging designs adapted t o  t u r b i n e  d i s c s  have l e d  t o  a n o t i a e a b l e  improvement Of Surface cond i t ion ,  t hus  
s i g n i f i c a n t l y  reducing t h e  number of necessary reworks fal lowing impacts and handling damages. 

Damage Tolerance c o n t r i b u t i o n  t o  Process Control  

A s  a l r eady  seen ,  PI-ocess Control  is highly necessary t o  a Damage Tolerance approach. Na tu ra l ly  
convent ional  too13 t o  a c c e s s  t o  t h i s  t ype  of con t ro l  apply p e r f e c t l y  : 

- s t a t i s t i c a l  follow-up o f  pl'oducts, processes  and resources  
- preven t ive  maintenance, r e s o w c e  r e l i a b i l i t y  a n a l y s i s  
- q u a l i t y  a c t i o n  groups 
- process  model izat ion 
- e t c .  

However t h e  Damage Tolerance concept c e r t a i n l y  makes i t  poSSible t o  t a c k l e  t h e  convent ional  i s s u e  of a 
"oompramise" between design requirements  ( s p e c i f i c a t i o n s )  and p rocess  c a p a b i l i t i e s  from a new p o i n t  of 
view. 

A s  an  example l e t  u s  t r a c e  back t h e  pIIocedut-e followed f o r  a s i n g l e - c r y s t a l  (AM1 a l l o y )  HP t u r b i n e  blade 
cha rac t e r i zed  by very t h i n  walls, a s o b h i s t i c a t e d  inne r  cool ing and a h igh  ope ra t ing  temperature (1850 K 
TET). Once t h e  f i r s t  twenty blade s e t s  have been manufactured and t h e  f i P S t  hundred hours  of development 
t e s t s  logged, a mult i - funct ion Working group (Design. Of f i ce  - Process  Engineering and Manufacturing 
Workshop - Q u a l i t y )  c a r r i e d  ou t  a kind of "p roduc t  review" aocarding t o  t h e  following methodology : 

. 49 s p e c i f i c a t i o n s  (analyzed. o f  any kind : m e t a l l u r g i c a l ,  e t c . )  . 3 c r i t e r i a  : - Operating o r i t i c a l i t y  
- Manufacturing p rocess  c a p a b i l i t y  
- Manufacturing i n s p e c t i o n  r e l i a b i l i t y  . 4 or 5 Pa t ing  l e v e l s  : 

- For ope ra t ing  c r i t i c a l i t y  : 

5 - E f f e c t  an a i rwor th iness  
4 - E f f e o t  on l i f e  cyc le  c o s t s  and performance 
3 - Other e f f e c t s  
2 - Margin 2 50 $ 
1 - Margin 2 100 I 

- For manufacturing process  c a p a b i l i t y  and in spec t ion  r e l i a b i l i t y  : 

5 - Non-capable process .  "on-rel iable  in spec t ion  ; need f o r  innovations.  
4 - Capab i l i t y  margtnns, d e t e c t i o n  p r o b a b i l i t y  t o  be improved 
3 - V a r i a b i i i t y  t o  be improved for c o s t  e f f e c t i v e n e s s  
1 - Prooess under c o n t r o l  

Such r a t i n g s  were performed e .g  from t-ecot-ds o f  t h e  s t a t i s t i c a l  process  follow-up : r e j e c t i o n  r a t e s ,  
reworks, histograms and flow c h a r t s ,  e t c .  
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A s  a fii-st s t e p  each Of t h e  49  s p e c i f i c a t i o n s  was t r a n s f e r r e d  t o  a Process  Capab i l i t y  / Inspec t ion  
R e l i a b i l i t y  diagram which makes i t  p o s s i b l e  t o  i d e n t i f y  t h e  p o i n t s  f o r  which an  immediate a c t i o n  has  t o  be 
taken. The 49 c h a r a c t e r i s t i c s  were then placed on a Funct ional  C r i t i c a l i t y  / Process  Capab i l i t y  X ( * )  
Inspect ion R e l i a b i l i t y  diagram (Fig.  9 ) .  On completion Of t h i s  a n a l y s i s ,  t h e  working group made 55 
proposals  s p l i t  up as fol lows : 

- 13  s p e c i f i c a t i o n  reviews 
- 26 modif icat ions of manufacturing and in spec t ion  methods, (7 of which were major Ones i . e  

inducing investments) 
- 16 programs of r i g  or engine t e s t s  intended t o  ve r i fy .  if requ i r ed ,  t h e  ' t o l e r a b l e '  a spec t  of 

c e r t a i n  va r i a t ions .  

Such an approach indeed c o n s i s t s  i n  ensuring Defect Tolerance and through its comprehensive c h a r a c t e r  i t  
b r ings  toge the r  and COrrObOrateS everyone's e f f o r t .  w i t h  t h e  CuStomer's s a t i s f a c t i o n  as t h e  commn 
u l t ima te  t a r g e t .  Of course such an approach can a l s o  be very p r o f i t a b l e  when app l i ed  a t  t h e  very beginning 
of design ( i n i t i a l  drawings) ,  even i f  i t  has t o  be r e a j u s t e d  during development, as t h e  experience 
acquired from production and t e s t s  d e l i v e r s  p rec i s ions  on t h e  d e f e c t s  S p e c i f i c  t o  t h e  p a r t  and on t h e i r  

. p a r t i c u l a r  behavior On t h e  engine considered. 

From a s i m i l a r  viewpoint Damage Tolerance Concepts can also provide new Opportuni t ies  t o  widely propagate 
within the company l i n k s  between t h e  q u a l i t y  of everyone's work and the  product behavior i n  operat ion.  As 
an example we s e t  up a t r a i n i n g  course on " f a t i g u e  and rup tu re  meohanics" meant f o r  t h e  l a r g e s t  p o s s i b l e  
audience of engineers  and t echn ic i ans  Ooming from a c t i v i t y  Sec to r s  a s  VaPious as  p o s s i b l e  : p r o j e c t  or 
program department teams. l a b o r a t o r i e s ,  pPoce3s engineer ing,  WOPkShop supe rv i s ing  personnel ,  product 
support  t echn ica l  departments,  e t c .  

The 4-day t r a i n i n g  inc ludes  an extremely rudimental  t h e o r e t i c a l  course on s t r e s s e s  i n  t u rb ine  engines.  
f a t i g u e  and rup tu re  mechanics laws as wel l  as a s t a t i s t i c a l  overview o f  s t r u c t u r a l  f a i l u r e  sou rces  for 
engines i n  operat ion.  Above a l l  i t  includes s e v e r a l  " c a s e  s tud ie s" ,  drawn from Pea l  i n v e s t i g a t i o n s  
performed a f t e r  r u p t u r e s  during operat ion.  Of course S U O h  S tud iea  have been s i m p l i f i e d  or complemented for 
t h e  purpose. I n  analyzing t h e  cases  the p a r t i c i p a n t s  who work i n  groups a r e  l e d  t o  : 

i d e n t i f y  and understand t h e  i n i t i a l  r e a m n s  f a r  t h e  S t r u c t u r a l  f a i l u r e  

ve r i fy  the inf luence of d e f e c t s  on i n i t i a t i o n  and propagat ion l i f e  by means of very rudimental  
c a l c u l a t i o n s  

compare such c a l c u l a t i o n s  With data  r e s u l t i n g  f m m  f r a c t u r e  t e s t s  ( s t r i a t i o n s ,  r e s t  l i n e s ,  e t c . ) .  

* propose on a Damage Tolerance baais procedures t o  maintain i n  Se rv ice  m a t e r i a l s  f e a t u r i n g  t h e  Same 
p o t e n t i a l  f a i l u r e  Causes : Se lec t ion  Of in spec t ion  techniques and in spec t ion  p e r i o d i c i t y ,  e t c .  

eva lua te  t h e  l o g i s t i c  consequences of such procedures a t  t h e  customer. 

Even though t h e  p a r t i c i p a n t 3  do not  become expe r t s  i n  Damage Tolerance,  they acqu i re  a f a r  b e t t e r  i n s i g h t  
i n t o  t h i s  a spec t  of phenomena and mechanisms OccuPPing upstream, downstream and i n  t h e i r  everyday work. 
So they have a Clearer  and c l o s e r  understanding of t h e  e f f e o t  of t hese  components an  t h e  end customer 's  
s a t i s f a c t i o n .  S ince  i t  is more motivated,  t h e  t r a i n e d  personnel h a s  t h e  p o s s i b i l i t y  t o  be deeper and more 
c o n s i s t e n t l y  involved i n  t h e  e n t i r e  i n d u s t r i a l  process  of design,  production and Operation. 

F ina l ly  Damage Tolerance app l i ed  t o  a i r c r a f t  engines appears both as a f u r t h e r  "urging necessi ty '  t o  
progress  i n  process  c o n t r o l  and as the Opportunity t o  open up new ways t o  achieve Such a con t ro l .  

( * )  Other combinations of t hese  two c r i t e r i a  a m  poss ib l e .  
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Q U A L I T Y  ASSURANCE A N D  DESIGN SYSTEMS 

by 

Dr L. Carnni  Dr-Ing. E.Campo 
Qual i ty Director 
F ia t  Aviazione F iat  Aviazione 
Via Nizza 3 12 ,  
10127Torino 10138Torino 

I ta ly  I taly 

Head  of Stress Dept.  

Corso Ferrucci, 112 

I n s i d e  t h e  company q u a l i t y  system as o u t l i n e d  by  NATO AQAP-1, a major r o l e  i s  g iven t o  
engineer ing q u a l i t y .  Th i s  i s  t h e  branch which i s  respons ib le  t o  g i v e  assurance t h a t  a 
design and development program i s  set ,  codes of design p r a c t i c e  a re  es tab l i shed  and 
maintained, drawings and s p e c i f i c a t i o n s  i n c l u d e  a l l  p r a c t i c a l  exper ience gained by  t h e  
company. 

The Engineer ing Q u a l i t y  Manual and t h e  Design Manual a re  t h e  re fe rence  f o r  such 
a c t i v i t i e s .  The Engineer ing Q u a l i t y  Manual i n  f a c t  s e t s  t h e  methodology t o  be used i n  t h e  
p r o j e c t  development. The Design Manual, on t h e  o the r  hand documents t h e  t e c h n i c a l  da ta  
and i n f o r m a t i o n  t o  suppor t  m a t e r i a l  choice,  s t r u c t u r a l  ana lys i s ,  l i f e  p r e d i c t i o n .  

An example i s  g iven t o  show t h e  t ype  o f  con ten t  of t h e  Design Manual w i t h i n  t h e  sub jec t  of 
damage t o l e r a n c e  c r i t e r i a  of r o t a t i n g  c r i t i c a l  pa r t s .  

1. COMPANY PROFILE 

F i a t A v i o  c a r r i e s  out  aero-engine business w i t h  a t r a d i t i o n  d a t i n g  back t o  1908 and 
s ince  cont inued w i thou t  i n t e r r u p t i o n s .  

The Company headquarters and main manufactur ing p l a n t  a re  l oca ted  i n  Tor ino;  o t h e r  
p l a n t s  are i n  B r i n d i s i  (southern I t a l y )  and i n  Tor ino v i c i n i t y .  

F i a t A v i o  has f u l l  c a p a b i l i t y  i n  design, development t e s t i n g ,  manufacturing and product  
support  r e l a t i v e  t o  major sec t i ons  o f  m i l i t a r y  and commercial aero-engines. 
F u l l  r e s p o n s i b i l i t y  i s  h e l d  by F i a t  a l s o  f o r  complete a u x i l i a r y  power u n i t  and f o r  
space a p p l i c a t i o n s  such as t h e  APU f o r  t h e  AMX a i r c r a f t  and t h e  oxygen turbopump of 
main engine of Ar iane 5 .  
S p e c i f i c  involvement i n  design and manufactur ing i s  a l s o  t h a t  of t h e  h e l i c o p t e r  main 
power t ransmiss ion  f i e l d .  
F i n a l l y  g r e a t  importance i s  g iven t o  t h e  p roduc t i on  under design r e s p o n s i b i l i t y  h e l d  
o u t s i d e  F i a t A v i o  such as those f o r  major sec t i ons  of commercial engines, f o r  complete 
m i l i t a r y  engines, f o r  overhaul  of I t a l i a n  A i r  Force engines and l a s t  bu t  no t  l e a s t  f o r  
i n d u s t r i a l  gas tu rb ines .  

2. DESIGN MANUAL CONCEPT I N  F I A T  AVIO 

The summary presented hereabove shows how F ia tAv io ,  l i k e  most f r e e - w o r l d  aerospace 
companies, i s  s i g n i f i c a n t l y  i n v o l v e d  i n  design engineer ing;  t h i s  has become more and 
more due t o  t h e  need o f  m a i n t a i n i n g  products  i n  l i n e  w i t h  a f a s t  and demanding 
progress.  

As a consequence of t h i s  evo lu t i on ,  a l s o  i n  our company t h e  bas i c  q u a l i t y  concepts and 
techniques f i n d  new and complex a p p l i c a t i o n s .  
A spec ia l  a p p l i c a t i o n  o f  these i s  t o  design engineer ing a c t i v i t y .  
F i a t A v i o  has r e c e n t l y  implemented an i n t e r e s t i n g  program t o  t h i s  e f f e c t .  

Subject  o f  t h i s  paper i s  a summary of t h e  concepts developed by F i a t A v i o  t o  c o n t r o l  
q u a l i t y  i n  engineer ing a c t i v i t i e s ,  and t h e  d e s c r i p t i o n  of a s p e c i f i c  a p p l i c a t i o n  o f  
t h i s  concept i n  t h e  f i e l d  o f  DAMAGE TOLERANCE c r i t e r i a  f o r  r o t a t i n g  f r a c t u r e  c r i t i c a l  
p a r t s  I i f i n g .  

The s t r a t e g i c  dec i s ion  t o  address our a c t i v i t i e s  t o  products  designed by F i a t A v i o  has 
had a heavy impact i n  t h e  company. 
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For l i c e n s e  produc t ion  F i a t A v i o  t o  implements t h e  q u a l i t y  concept m a i n l y  as conformance 
t o  a des ign w i t h  known c h a r a c t e r i s t i c s  and performance. This  i s  assured by proper  
a c t i o n s  bo th  a t  p revent ion  l e v e l  i n  a l l  t e c h n i c a l  departments and a t  v e r i f i c a t i o n  
l e v e l s  through t h e  necessary inspec t ions .  

On t h e  o t h e r  hand where we h o l d  f u l l  des ign r e s p o n s i b i l i t y  same concepts have t o  be 
app l ied .  I n  f a c t  we cannot a f f o r d  t o  s imp ly  check t h e  f i n a l  product  f o r  conformance t o  
t h e  a p p l i c a b l e  requirements. The long t i m e  span and t h e  very  h i g h  cos ts  necessary f o r  
t h e  development o f  new products  from p r e l i m i n a r y  des ign through q u a l i f i c a t i o n  r e q u i r e s  
t o  keep under proper  c o n t r o l  t h e  whole company's t e c h n i c a l  process. 

Wi th in  t h i s  e v o l u t i o n ,  Design Engineer ing i s  t h e  h inge of t h e  company's approach. This  
i s  t h e  f u n c t i o n  through which t h e  product  i s  conceived and t h e r e f o r e  i t  has t o  be open 
t o  a l l  new t e c h n i c a l  a c q u i s i t i o n  and t o  be capable of c a p i t a l i z i n g  t h e  company's 
experience on es tab l i shed know-how. 
Design Engineer ing should there fore  b lend more and more w i t h  t h e  o t h e r  company 
f u n c t i o n s  through a mutual exchange of experience and methods. 

The bas ic  p r i n c i p l e  o f  t h e  Engineer ing Q u a l i t y  program i s  t h a t  t h e  ou tpu t  of t h i s  
f u n c t i o n  can be compared t o  t h a t  of a complex system. Th is  i s  confirmed by t h e  f a c t  
t h a t  i t s  q u a l i t y  l e v e l  cannot be assessed by a s imple a n a l y s i s  o f  t h e  f i n a l  ou tpu t .  
Such assessment can i n  f a c t  o n l y  be performed through a system capable t o  ensure a l l  
a c t i v i t i e s  upstream of t h e  f i n a l  product  ( i . e .  drawing, s p e c i f i c a t i o n ,  t e s t ,  e t c . )  a r e  
under complete c o n t r o l .  

Rather than per forming v e r i f i c a t i o n s  on t h e  f i n a l  outputs ,  i t  i s  necessary t o  emphasize 
an engineer ing s e n s i t i v i t y  t o  q u a l i t y ;  such s e n s i t i v i t y  should become a bas ic  element 
of t h i s  a c t i v i t y .  
Conso l ida t ing  t h i s  s e n s i t i v i t y  i s  t h e  main o b j e c t i v e  of t h e  program and inc ludes  a l l  
Design Engineer ing a c t i v i t i e s  through t h e  d e f i n i t i o n  of accepted methods. 

I t  s t a r t s  f rom p r e l i m i n a r y  design w i t h  t h e  o b j e c t i v e  t o  de f ine  methods and procedures 
t o  ensure t h e  general a i rwor th iness  and c o n t r a c t  requi rements are i d e n t i f i e d ,  
c r i t i c a l l y  examined and e x p l i c i t l y  assumed f rom t h e  i n i t i a l  des ign phase. 

Moving t o  t h e  subsequent s tep of f i n a l i z e d  design, procedures and hence o r g a n i z a t i o n  
channels must be i d e n t i f i e d  t o  ensure a cont inuous comparison o f  t h e  developed product  
t o  t h e  i n i t i a l  des ign  concept: t h i s  guarantees t h a t  t h e  necessary changes i n t r o d u c e d  
d u r i n g  t h e  development phase are i n  l i n e  w i t h  t h e  i n i t i a l  d e f i n i t i o n ,  i . e .  w i t h  t h e  
re fe rence s p e c i f i c a t i o n .  
F i n a l  design i s  i n  i t s e l f  a complex process and should use p r e c i s e  methods. 

The design engineer should i n  f a c t  have conso l ida ted  des ign c r i t e r i a  as g u i d e l i n e s  and 
use o n l y  q u a l i f i e d  t h e o r e t i c a l  a n a l y s i s  and design methods. 
This  i n  f a c t  ensures t h a t ,  w i t h o u t  l i m i t i n g  i n d i v i d u a l  c r e a t i v i t y ,  t h e  methods used 
have been checked and approved f o r  e f fec t i veness ,  accuracy and cos t .  T h e o r e t i c a l  
a n a l y s i s  methods, f o r  ins tance,  should be considered s p e c i a l  processes which must be 
q u a l i f i e d ,  i . e .  t h e i r  boundary c o n d i t i o n s ,  operat ion,  accuracy and ou tpu t  must be 
assessed and found acceptable. 

A lso experimental work has t o  be c o n t r o l l e d  through a p p l i c a b l e  s p e c i f i c t i o n s ,  a c t i v i t y  
f l o w  path  and performance o f  t e s t  work. 

Th is  means t h a t  t h e  complex des ign eng ineer ing  a c t i v i t y  has s p e c i f i c  g u i d e l i n e s  and 
inst ruments,  t h e  performance o f  which i s  t h e  r e s p o n s i b i l i t y  o f  t h e  f u n c t i o n  i t s e l f ,  and 
a development a c t i v i t y  f low-path  r a t i o n a l l y  conso l ida ted .  

This  a l lows t o  p l a n  s u i t a b l e  v e r i f i c a t i o n  s teps w i t h  s p e c i f i c  acceptance c r i t e r i a  and 
t o  schedule and c o n t r o l ,  even t ime-wise, i n t e r l o c k e d  and h i g h l y  complex a c t i v i t i e s .  

I n  such a scenario, Q u a l i t y  cooperates very  s t r i c t l y  w i t h  Design Engineering, and 
main ta ins  f u l l  r e s p o n s i b i l i t y  f o r  q u a l i t y  a l s o  i n  t h i s  area. T h i s  i s  achieved through 
t h e  Engineer ing Q u a l i t y  f u n c t i o n  which i s  p a r t  o f  Engineer ing w i t h  a f u n c t i o n a l  
r e p o r t i n g  l i n e  t o  Q u a l i t y .  



I n  t h i s  area two bas ic  ins t ruments  have been i d e n t i f i e d :  

- t h e  Engineer ing Q u a l i t y  Manual 

- t h e  Design Manual 

The Eng ineer ing  Q u a l i t y  Manual i s  devoted t o  t h e  d e f i n i t i o n  o f  t h e  procedura l  aspect of 
eng ineer ing  opera t ion .  Therefore i t  conta ins  t h e  d e s c r i p t i o n  of t h e  a c t i v i t i e s  w i t h  
t h e i r  r e l e v a n t  f l o w  diagrams, t h e  d e f i n i t i o n  o f  i n t e r f a c e s ,  t h e  d e t a i l  r e s p o n s i b i l i -  
t i e s ,  t h e  eng ineer ing  q u a l i t y  c o n t r o l  f e a t u r e s  and r e s p o n s i b i l i t i e s .  

The Design Manual on t h e  o t h e r  hand i s  concentrated on t h e  conten t  of design. It has 
t h e  aim o f  c o n s o l i d a t i n g  and updat ing  t h e  s c i e n t i f i c  and t e c h n i c a l  knowledge w i t h  
s p e c i a l  r e g a r d  t o  lessons learned f rom experience. 
It i s  a ma jor  t o o l  t o  suppor t  t e c h n i c a l  dec is ions  and t h e i r  proper  de legat ion .  But i t  
has a l s o  a s p e c i f i c  o b j e c t i v e  of  helping t r a i n i n g  o f  eng ineer ing  personnel. F i n a l l y  
through t h e  ded ica ted  c h e c k - l i s t s  i t  i s  a mean o f  eng ineer ing  q u a l i t y  c o n t r o l  and a 
d i r e c t i v e  f o r  des ign rev iews.  

The Design Manual i s  s t r u c t u r e d  by i n d i v i d u a l  monographies cover ing  separa te ly  
homogeneous sub jec ts .  

As an example, we have summarized t h e  conten t  o f  chapter  "Lifing-Damage Tolerance" 
i n c l u d e d  i n  t h e  Turb ine Disks monography which i s  be ing  prepared by Engineer ing 
Department. 
The conten t  i s  b y  n a t u r e  dynamic and i s  c o n t i n u o u s l y  improved and evolved. The example 
i s  however r e p r e s e n t a t i v e  of t h e  t y p e  o f  con ten t  our  des ign manual i s  based on. 

3.  EXAMPLE OF IMPLEMENTATION 

3.1 TURBINE DISKS FAILURE MODES 

Turb ine d i s k s  o f  advanced t u r b o j e t  and t u r b o f a n  engines are  h i g h  speed r o t a t i n g  
components whose f a i l u r e  would y i e l d  h i g h  energy fragments, l i k e l y  unconta ined by and 
i n s i d e  t h e  engine t u r b i n e  cas ing(s1 .  
S ince such a f a i l u r e  would c o n s t i t u t e  a hazard t o  t h e  a i r c r a f t  sa fe ty ,  t u r b i n e  d i s k s  
are  c l a s s i f i e d  as f r a c t u r e  c r i t i c a l  p a r t s ;  t h e i r  s t r u c t u r a l  i n t e g r i t y  must be 
guaranteed w i t h  a h i g h  g l o b a l  sa fe ty  l e v e l  aga ins t  a l l  t h e  p o s s i b l e  f a i l u r e  modes. 

I n  t h e  des ign phase t h e  f o l l o w i n g  f a i l u r e  modes a r e  considered:  

Permanent se t  
B u r s t i n g  
High Cycle f a t i g u e  
Low Cycle F a t i g u e  

While f o r  t h e  f i r s t  t h r e e  modes des ign c r i t e r i a  a re  w e l l  assessed and b a s i c a l l y  common 
t o  a l l  aeroengine mani factures,  l i f i n g  c r i t e r i a  r e l a t e d  t o  low c y c l e  f a t i g u e  have 
evolved from t h e  convent ional  safe l i f e  approach a f t e r  t h e  i n t r o d u c t i o n  o f  h i g h  
s t r e n g t h  a l l o y s  l i k e  those based on powder meta l lu rgy .  

L i f e  p r e d i c t i o n  r e l i a b i l i t y  depends on t h e  procedure i t s e l f  as w e l l  as on t h e  
conf idence o f  t h e  engine o p e r a t i n g  c o n d i t i o n s  d e f i n i t i o n ,  t h e  methods o f  s t r e s s  and 
temperature ana lys is ,  t h e  m a t e r i a l  des ign  data.  

I n  t h e  f o l l o w i n g  paragraphs t h e  l i f i n g  methodology adopted by F i a t A v i o  w i l l  be t rea ted ,  
as w e l l  as some r e s u l t s  o f  t h e  planned a c t i v i t i e s  t o  v e r i f y  t h e  c r i t e r i a .  
Th is  methodology i s  cons idered as  t h e  bas is ;  i f  necessary i t  w i l l  be m o d i f i e d  t o  meet 
t h e  requi rements of s p e c i f i c  p r o j e c t s .  Emphasis w i l l  be g i v e n  o n l y  t o  those f e a t u r e s  
which make advanced m a t e r i a l s  l i f i n g  d i f f e r e n t  f rom t h e  t r a d i t i o n a l  ones. 



4-4 

3.2 LIFING CONCEPTS AND PROCEDURES 

The most general f a t i g u e  l i f i n g  approach i s  based on t h e  t o t a l  l i f e  concept. 
Wi th  re fe rence t o  a component c r i t i c a l  area, t h e  u s e f u l  c y c l i c  l i f e  (N ) i s  g iven  by 
t h e  two terms corresponding t o  c rack  i n i t i a t i o n  and t o  c rack  propagat ion ( N  ) :  

t 
P 

Nt  = N i  + Np 

The r e l i a b l e  s e r v i c e  l i f e  ( S )  can be e s t a b l i s h e d  by sp inn ing  t e s t s  (us ing  a r e f e r e n c e  
s t ress  c y c l e )  t o  determige t h e  exper imenta l  c y c l i c  l i f e  (N), t a k i n g  i n t o  account t h e  
f a t i g u e  l i f e  s c a t t e r  f a c t o r  ( y )  and t h e  miss ion  exchange r a t e  ( 0 ) :  

where 5 i s  i n  opera t ing  engine hours. 

The two values y and D are  n o t  r i g  t e s t  ; r e s u l t s ,  b u t  t h e y  are  p r e v i o u s l y  assessed on 
t h e  bas is  of m a t e r i a l  da ta  and des ign miss ions.  
The t h e o r e t i c a l  t reatment  o f  t h e  fa t . igue phenomenon as w e l l  as t h e  exper imenta l  
f ind ings  suggest t o  r e f e r  y and R t o  t h e  f a t i g u e  l i f e  stages ( i n i t i a t i o n  and 
propagat ion) :  

When o n l y  t h e  f i r s t  te rm i s  considered, t h e  approach i s  "SAFE LIFE" type,  whereas by 
cons ider ing  t h e  second te rm on ly ,  t h e  l i f i n g  method i s  "DAMAGE TOLERANCE". 

According t o  t h e  remote p r o b a b i l i t y  l e v e l  r e q u i r e d  f o r  t u r b i n e  d i s k s  f r a c t u r e ,  y i  va lue  
i s  about 10 f o r  convent ional  n i c k e l  a l l o y s ,  about 100 f o r  powder m e t a l l u r g y  a l l o y s .  
The very  l a r g e  s c a t t e r  f a c t o r  o f  PM a l l o y s  i s  shown i n  f i g . 1  w i th  re fe rence t o  t h e  
A s t r o l o y  LC PM a l l o y .  
It i s  ev ident  how f o r  advanced h i g h  s t r e n g t h  a l l o y s ,  t h e  crack i n i t i a t i o n  l i f e  
demonstrat ion i s  no t  an e f f i c i e n t  way t o  assess t h e  component l i f e .  
F i a t A v i o  has adopted t h e  method t o  demonstrate t u r b i n e  d i s k  l i f e  on t h e  bas is  o f  c rack  
propagat ion on ly ;  i n  l i n e  w i t h  t h i s ,  pref lawed d i s k s  are  spun up t o  t h e  c r i t i c a l  c rack  
s i z e  i n  order. t o  demonstrate t h e  propagat ion c y c l i c  l i f e .  

The f laws have t o  be obta ined by appropr ia te  methods and t h e  induced c rack  s izes  must 
be o f  t h e  order  o f  t h e  remote p r o b a b i l i t y  defect  s i z e  assessed f o r  t h e  s p e c i f i c  
component o r  m a t e r i a l .  
I n  accordance w i t h  t h e  major european aeroengine companies approach, t h e  i n i t i a l  d e f e c t  
s i z e  assumption i s  based on t h e  i n t r i n s i c  m a t e r i a l  defect  d i s t r i b u t i o n ,  r e l a t e d  t o  
c h a r a c t e r i s t i c  features of t h e  m a t e r i a l  process and i t s  c o n t r o l .  

The t e s t  method mentioned above i s  a p p l i c a b l e  o n l y  t o  surface c r i t i c a l  areas; i f  
i n t e r n a l  areas are  t h e  most c r i t i c a l ,  t h e  t e s t  r e s u l t s  ob ta ined on sur face  pre f lawed 
d i s k s  should be p r o p e r l y  fac to red .  

C o r r e c t i v e  f a c t o r s  a re  a l s o  t o  be a p p l i e d  t o  take  i n t o  account any d i f f e r e n c e  between 
t h e  a r t i f i c i a l  crack s i z e  and t h e  s i z e  o f  t h e  most severe i n t r i n s i c  one. 

I n  conclus ion,  c y c l i c  growth l i f e  Np has t o  be determined by pre f lawed d i s k s  sp inn ing;  
t h e  corresponding safe c y c l i c  growth l i f e  i s  obta ined d i v i d i n g  by t h e  s c a t t e r  f a c t o r  
YP. 
For a l l  t h e  m a t e r i a l s  of i n t e r e s t ,  t h e  crack propagat ion s c a t t e r  f a c t o r  i s  y p  = 2. I t  
could be o m i t t e d  i n  t h e  case i t  can be j u s t i f i e d  by t h e  i n i t i a t i o n  l i f e  ana lys is ,  based 
on S vs. N f a t i g u e  curves ob ta ined us ing  specimens, when S i  2_ Sp. 
The above i n d i c a t e d  al lowance about y p  i s  t h e  f i r s t  s t e p  towards t h e  t o t a l  l i f e  
approach which has t o  be used o n l y  when s u f f i c i e n t  experience has been accumulated and 
t e s t  da ta  bot l i  on specimens and d i s k s  are  ava i lab le .  



The exchange r a t e  e v a l u a t i o n  (Rp) has t o  be done on t h e  b a s i s  o f  engine miss ions,  u s i n g  
an ad-hoc computer code developed on t h e  b a s i s  o f  f r a c t u r e  mechanics concepts and 
e x p e r i m e n t a l l y  v e r i f i e d .  

3.3 MATERIAL DESIGN DATA 

M a t e r i a l  s t r u c t u r a l  p r o p e r t i e s  a r e  e s t a b l i s h e d  by t e s t  on specimens from "as produced" 
p a r t s .  
A d d i t i o n a l  da ta  r e q u i r e d  by t h e  damage t o l e r a n t  approach are  t h e  c y c l i c  crack growth 
d a t a  (da1dN vs 
F r a c t u r e  mechanics d a t a  a re  t y p i c a l  (average)  va lues s ince  i n  t h e  damage t o l e r a n t  
approach t h e  r e q u i r e d  h i g h  safety  l e v e l  i s  achieved m a i n l y  th rough t h e  assumption about 
t h e  most severe i n i t i a l  f law s ize .  

The d e f e c t  s i z e  d i s t r i b u t i o n  i s  d e r i v e d  by t h e  scanning e l e c t r o n  microscope 
f rac tography  on low c y c l e  f a t i g u e  t e s t  specimens (an example i s  shown i n  f i g . 2 ) .  
By focus ing  on t h e  crack i n i t i a t i o n  s i t e ,  if crack n u c l e a t i o n  i s  caused by embedded 
i n c l u s i o n s ,  t h e  s i z e  w i l l  be determined r e l a t i v e  t o  t h e  axes o f  t h e  e l l i p s e  which 
c i rcumscr ibes  t h e  ac tua l  f law w i t h i n  t h e  s t r e s s  p lane.  Then "penny shaped" c rack  s i z e  
( r a d i u s )  i s  es tab l i shed,  e q u i v a l e n t  t o  t h e  e l l i p t i c a l  one i n  terms of area: t h e i r  
equiva lence i n  terms o f  f r a c t u r e  mechanics i s  demonstrated. 
For  s u r f a c e  i n c l u s i o n s  and corner  i n c l u s i o n s ,  t h e  shapes t o  be used a r e  t h e  
s e m i - e l l i p s e  and t h e  q u a r t e r - e l l i p s e ,  w i t h  t h e  equ iva len t  r a d i u s  of t h e  semi and 
q u a r t e r - c i  r c l  e r e s p e c t i v e l y  (see f i g  . 3 ) .  

A l l  e q u i v a l e n t  d e f e c t  s i z e s  c o n s t i t u t e  a set ,  by r a n k i n g  t h e  va lues i t  i s  p o s s i b l e  t o  
assoc ia te  t o  each se t  element a cumula t ive  occurrence p r o b a b l l i t y  and then by us ing  a 
proper  s t a t i s t i c a l  d i s t r i b u t i o n  i t  i s  p o s s i b l e  t o  e x t r a p o l a t e  f rom t h e  esper imenta l  
d e f e c t  s i z e  t h e  des ign s i z e  w i t h  t h e  r e q u i r e d  remote p r o b a b i l i t y  of occurrence. 
F ig .4  g i v e s  an example of t h e  defect  s i z e  d i s t r i b u t i o n  ob ta ined u s i n g  t h e  method here 
i l l u s t r a t e d ;  t h e  same approach can be adopted f o r  o t h e r  d e f e c t s  (pores, ppb's, 
i n c l u s i o n s  c l u s t e r s ,  e t c . )  if t h e i r  s e v e r i t y  i s  such as t o  generate f a t i g u e  c rack  
i n i t i a t i o n .  

K curves) ,  f r a c t u r e  toughness (Kc) and t h e  defect  s i z e  d i s t r i b u t i o n .  

3.4 PROCEDURE TEST 

The l i f i n g  procedure summarized i n  paragraph 3.2 has t o  be t e s t e d  i n  i t s  r e l e v a n t  
assupt ions and codes b e f o r e  i t  can be used f o r  p r o d u c t i o n  engines. 

Three elements a re  impor tan t :  

- s h o r t  c rack  behaviour  

- s t r e s s  i n t e n s i t y  f a c t o r  e v a l u a t i o n  

- exchange r a t e  

It i s  w e l l  known t h a t  f a t i g u e  c rack  propagat ion  d a t a  ob ta ined by convent ional  ASTM 
specimens a r e  n o t  a p p l i c a b l e  f o r  s h o r t  c rack  behaviour .  
In order  t o  avo id  p o s s i b l e  l i m i t s  i n  t h e  c rack  growth d a t a  a p p l i c a t i o n  i t  has been 
dec ided t o  c h a r a c t e r i z e  t h e  m a t e r i a l  by t e s t i n g  specimens w i t h  c rack  s i z e  s i m i l a r  t o  
t h e  most severe i n t r i n s i c  de fec ts .  

The specimen adopted i s  t h e  corner  c rack  one, c a l i b r a t e d  i n  t h e  TX114 programme, which 
a l lows c rack  s i z e  less than  100 mic ron  and which guarantees t h e  f u l l  v a l i d i t y  of t h e  
c rack  growth d a t a  obta ined.  

If t h e  e v o l u t i o n  o f  powder m e t a l l u r g y  a l l o y s  w i l l  a l l o w  t o  o b t a i n  c leaner  m a t e r i a l s  
w i t h  s m a l l e r  d e f e c t  s i z e  than t h e  present  ones, t h e  c a l i b r a t i o n  o f  t h e  corner  c rack  
specimen would have t o  be extended down t o  t h e  new d e f e c t  s i z e  l e v e l .  

The s t r e s s  i n t e n s i t y  f a c t o r  e v a l u a t i o n  i s  p r e s e n t l y  based on nominal s t r e s s  
d i s t r i b u t i o n  ob ta ined by MSCINASTRAN F i n i t e  Element code and on t h e  paramet r ic  shape 



f a c t o r  formula der ived  by t e c h n i c a l  l i t e r a t u r e .  
Even if F.E. a n a l y s i s  were used d i r e c t l y  t o  d e r i v e  t h e  s t r e s s  i n t e n s i t y  fac to rs ,  f o r  
ins tance by t h e  spec ia l  elements p rov ided by advanced F.E. codes, i t  i s  fundamental t o  
exper imenta l l y  v e r i f y  t h e  s t r e s s  i n t e n s i t y  f a c t o r .  
Th is  w i l l  be done by comparing t h e  crack growth curves ob ta ined r e s p e c t i v e l y  f o r  a w e l l  
c h a r a c t e r i z e d  specimen and f o r  a pref lawed d isk ,  when bo th  a r e  f a t i g u e  c y c l e d  w i t h i n  
t h e  same s t r e s s  range, p rov ided t h e y  are  o f  t h e  same m a t e r i a l  and t h e  d i s k  sur face 
c o n d i t i o n s  do n o t  s i g n i f i c a n t l y  a f f e c t  crack growth. 
Las t  b u t  n o t  l e a s t ,  t h e  exchange r a t e  e v a l u a t i o n  i s  t o  be considered.  
The damage t o l e r a n c e  approach in t roduces  a c e r t a i n  number o f  aspects which should be 
taken i n t o  account i n  o rder  t o  analyze complex s t r e s s  spect ra.  
Such aspects a re  main ly  r e l a t e d  t o  sequence e f f e c t s ,  r e t a r d a t i o n ,  c rack  c losure .  
A lso  t h e  general v a l i d i t y  of t h e  r e l a t e d  a lgor i thms must be t e s t e d  because o f  t h e  
d i f ference between O i  and Op f o r  t h e  same s t r e s s  spectrum. 
F ig.5 shows t h e  exper imenta l  r e s u l t s  obta ined by F i a t A v i o  i n  a s p e c i f i c  t e s t i n g  program 
designed t o  v a l i d a t e  t h e  Rp e v a l u a t i o n  code. 
Crack growth r a t e s  were measured on corner  crack specimens us ing  a constant  ampl i tude 
load and a complex spectrum r e l a t e d  t o  an ac tua l  engine usage. 
The comparison between t h e  crack growth per  miss ion  and t h e  c rack  growth per  re fe rence 
c y c l e  i s  v e r y  much i n  l i n e  w i t h  t h e  prev ious exchange r a t e  e v a l u a t i o n  ob ta ined by t h e  
F i a t A v i o  code. 

4. CQNCLUSIQN 

This  p resenta t ion  was aimed a t  i n d i c a t i n g  t h e  bas ic  concepts of F i a t A v i o  system t o  
c o n t r o l  des ign eng ineer ing  a c t i v i t y .  
The system i s  based on t h e  p r e p a r a t i o n  and on t h e  use o f  a t e c h n i c a l  inst rument ,  t h e  
Design Manual, and on an o r g a n i z a t i o n  inst rument ,  t h e  Engineer ing Q u a l i t y  Manual. 
The f i n a l  c e r t i f i c a t i o n  should c o n f i r m  t h a t  t h e  des ign has been performed i n  l i n e  w i t h  
b o t h  Manuals gu ide l ines .  
Both o f  them are  t h e  t o o l s  t o  c o n t r o l  s t e p  by s t e p  t h e  complex process o f  des ign w i t h i n  
t h e  development p lane.  
F i n a l  assessment of t h e  des ign i s  t h e r e f o r e  reached th rough t h e  progress ive  
accomplishment o f  c o n t r o l l e d  steps, thus  min imiz ing  t h e  t e c h n i c a l  r i s k s  concerned w i th  
t h e  development plane. 

Therefore t h i s  Design System c o n t r i b u t e s  t o  Q u a l i t y  concept implementat ion f o r  t h e  
b e n e f i t  of bo th  t h e  Customer and t h e  Company i t s e l f .  



A S T R O L O Y  L C  P M  

0 0  0 

0 om 

7 %"sm 

A A  

0 I n A  

A A  

103 104 105 106 107 
E N D U R A N C E  C C Y C L E S I  

F ig .  1 LCF r e s u l t s  a t  500°C on powder A s t r o l o y  LC ( l i n e  represent  f a t i g u e  
crack growth p r e d i c t i o n )  

F i g .  2-a Fat igue crack i n i t i a t i o n  s i t e  ob ta ined  by SEM on LCF specimen 



F i g .  2-b Analys is  of t h e  crack i n i t i a t i o n  d e f e c t  

4-8 

DEFECT SIZE EQUIVQLENCE SCHEME 

I N N E R  D E F E C T  S U R F F I C E  D E F E C l  

- A = nab 

C G R N E R  D E F E C T  E Q U I V R L E N T  C i 3 R N E R  C R R C K  

R R D I U S  

r 
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range and a complex spectrum vs wax s t r e s s  i n t e n s i t y  f a c t o r  a t  450Y 
( d a t a  ob ta ined by P isa  U n i v e r s i t y  on b e h a l f  F i a t A v i o )  
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Summary of the discussion (last session of 
Workshop IV on Damage Tolerance for Engine 
Constituents). 

The Workshop addressed five topics : 

- Introduction - Needs and Approaches to Reliabili- 

- ComponentIMaterials Specifications and Standards 
- Control of Manufacturing Processes and Procedures - Quality Assurance and Design Systems 
- Common AGARD Approaches and Actions. 
A general discussion (reviewing the conclusions 
and points made during the previous Workshops) 
helped in identifying subjects for future AGARD 
cooperation, namely : 

-Establishment of a database on Defect Distributim 

- Assessment of the Effects of Defects, taking into 

ty and Quality Assurance 

(including handling damage). 

account environmental conditions and short crack 
behaviour. 

- Review of statistical methods used in NDE. 
- Action trying to answer :he question : are NDE 
techniques quantitative rather than qualitative, 

- Investigation of models describing the basic 
behaviour of materials. 

- Customer's point of view on Retirement-for-Cause 
acceptance. 

- Development of New Materials and Procedures - 
consequences on damage tolerance approaches. - Tentative review of a closer insight of Damage 
Tolerance Basics. 





Recorders' Report 

Dr.-Ing. W. Schutz 
Industrieanlagen-Betriebsgesellschaft mbH 

Einsteinstr. 20 
D-8012 Ottobrunn 

1. General 

This fourth and last workshop of the Series 
again showed that the USAF-ENSIP-Damage TO- 
lerance Approach is viewed with somewhat 
less enthusiasm by European gasturbine ma- 
nufacturers than by the USAF and US manu- 
facturers: While both sides stress that the 
effect of defects on durability of engine 
components is extremely important, the ways 
of dealing with defects are different: 

- The USAF and its suppliers in the Engine 
Structural Integrity Program assume 
cracklike defects to be present from 
manufacture onwards. NDI must detect the 
size of defects with an agreed degree of 
confidence. This approach is now manda- 
tory for future USAF gas turbines. 

However, NDI is additionally used for 
process control, and in certain engines, 
for RFC (Retirement For Cause). 

- The European manufacturers in the first 
place try to avoid such defects by manu- 
facturing process control. In the U.K., 
for example, NDI is used in a process 
monitoring role to prove during develop- 
ment that the manufacturing process is 
viable, and, during production, to moni- 
tor that it stays within acceptable 
limits. 

The USAF contribution (Cowie, see below) 
impressed the recorder - like many previous 
USAF papers on ASIP Or ENSIP - 

by the huge amount of data available on 
every important parameter, like NDI - 
capabilities, crack propagation proper- 
ties of relevant materials, etc., 

by the continual improvement of NDI-ca- 
pabilities and material properties over 
the last 10 years and 

by the logical and consistent way of 
identifying, attacking and solving the 
many problems inherent in this appro- 
ach. 

One reason for the (in the recorders' opi- 
nion) superiority of the USAF approach 
probably is the much stronger position of 
the USAF as a buyer in a huge market, be- 
cause of the larger number of aircraft (and 
engines) of one type. The high additional 
first cost of proving the viability of 
ENSIP is thus justified by the much smaller 
life cycle costs of the many engines invol- 
ved. 

In contrast, the European Airforces buy 
smaller numbers of aircraft of one type, 
have a weaker position versus their manu- 
facturers and cannot spend so much money on 
a (to them) new method of ensuring structu- 
ral integrity of engines. 

2. The papers 

2.1 Introduction - Needs aqd Approaches to 
Reliability and Quality Assurance in 
Design and Manufacture - Pickard, Rolls 
Royce, U.K. 

Pickard gave an overview over the previous 
three workshops and again stressed the need 
for common Agard Approaches and Actions, 
for example: 

- the establishment of a database on 
defect distributions (including hand- 
ling damage), 

- the assessment of the effect of de- 
fects, accounting for environmental 
conditions and short crack behaviour. 

- a review of statistical methods employ- 
ed in NDI etc. 

Although no firm decisions were taken at 
the Workshop itself, in the meantime seve- 
r& Agard SMP activities in the above 
fields were discussed or are at the start- 
ing point. 

In the discussion period of this paper, the 
imperative need to agree on design spectra 
was stressed. Without correct design sprec- 
tra, no approach will work, as shown by the 
severe structural problems of several mo- 
dern tactical aircraft, where the design 
spectrum was not as severe as actual usage. 

2.2 USAF Engine scructural Incegriry 
Program (ENSIP) Scazus - Cowie, USAF 

Cowie first reported on the evolution of 
ENSIP and about some lessons learned, among 
them again the importance of correct spec- 
tra for design, component tests and full 
scale engine tests. 

The quoted weight increase of 20 lbs for 
all rotating parts of an engine due to the 
DT requirements was questioned in the dis- 
cussion period. The answer was that this 
was an actual weight increase, although the 
DT requirements would size the part, not 
the LCF (durability) requirements. 

The continual development of NDI capabili- 
ties mentioned above was shown in a few 
examples: For six different materials the 
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detectable flaw size (with the usual 90/95 
requirement) decreased from about 1 mm to 
0 , 2 5  mm from 1985 to 1990. 

In the materials field, the trend of using 
materials with higher yield stcengths and 
consequently worse crack propagation pro- 
perties was reversed (at least in one 
case): A five percent lower yield strength 
was allowed and the burst,speed require- 
ment of 120 % was relaxed to 117 % to ob- 
tain better crack propagation lives, namely 
from 4000 to nearly 10000 cycles. In this 
case of the F-100 engine, for a 1 % weight 
increase, savings of more than $ 300000 per 
engine due to reduced maintenance, incre- 
ased parts life etc. were realized. 

Accelerated mission testing and how to ac- 
celerate it compared to service without 
overloading the component was mentioned in 
the discussion period. The answer was "by 
omission of nondamaging events". 

2 . 3  Manufacturing Process Control as a 
Damage Tolerance Concept - Herteman, 
SNECNA, France 

- 
Herteman distinguished between flaws during 
manufacture, which MPC can exclude and 
cracklike flaws, which develop during ser- 
vice. 

The difficulty of not only detecting a flaw 
but also determining its actual size was 
shown, where in the worst case the actual 
flaw sizes were three times larger than the 
indicated ones. 

"Dimensional nonconformities" also can be 
avoided by MPC. If they occur, they may 
cause additional low vibrational stresses 
of a high frequency, which may result in a 
reduction of the crack propagation life by 
a factor of up to five. 

All this goes to show that MPC i s  absolute- 
ly necessary, whatever approach is used for 
lifing the engine. This was agreed in the 
final discussion period by speakers from 
the US and Europe. 

The extreme significance of motivation of 
all personel involved in the production of 
gasturbines, from the project team through 
NDI, process engineering, shop floor mecha- 
nics to supervisors, was stressed. Motiva- 
tion can be promoted by, for example, trai- 
ning courses on the technical problems in- 
volved and by impressing on everybody the 
importance of the work he or she is doing. 

2 . 4  Quality Assurance and Design Systems - 
L. Caloni and E. Campo, FiatAvio, Italy 

lifing approach is the extremely large 
scatter of crack initiation life of turbine 
disc materials, expecially PM alloys, which 
would result in very low allowable stresses 
if the "safe life" approach were used. 

2 . 5  Common Aqard Approaches and Actions - 
Labourdette, Onera, France 

This was more or less a discussion period 
on several subjects, for example: 

- The usefullness of an Agard-Database on 
defect distribution was doubted by 
several discussions. Conclusion: Data 
bases are a long way down the line. 

- process Control Validation was missing 
as a topic in the four workshops. Con- 
clusion: Agreed. 

- nave the USAF gone back from RFC, do 
they have MPC at all? 
Answer: NO to the first question, it is 
used in certain engines; yes to the 
second question, but the US do not 
place so much emphasis on MPC as some 
European manufacturers. 

- Effect of defects, i.e. does a defect 
behave like a crack? 
conclusion: That would be a good topic 
for the Agard SMP. 

- Does automated NDI, as used in the USA 
have a high reject rate? 
Answer: In one case, 260 parts of 8000 
were rejected, an acceptable rate. 

FiatAvio demonstrates turbine disc life on 
the basis of crack propagation. Therefore 
preflawed discs are cyclically spin pit 
tested to failure. The initial flaw size to 
be introduced in the disc is determined by 
SEN inspection of the material in question 
and is of the order of a remote probabili- 
ty. One reason for the adoption of this 
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