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DAMAGE TOLERANCE ANALYSIS IN CRITICAL ENGINE COMPONENTS 

C. Maura Branco, CEMUL, Lisbon University of Technology, 
1096 Lisbon Codex, Portugal 

Abstract. In the mili tary aircraft field the retirernent for cause approach 
(RFC) is now used to assess the fatigue behaviour of critical components of 
gas turbine engines. These critical components include turbine and compressor 
disks. 

The paper describes the application of the RFC approach in cri tic al engine 
components of a turbofan engine. Resul ts of fatigue life predictions are 
presented. Fatigue crack growth data obtained in laboratory specimens taken 
from the actual cornponents was used in the analysis. Typical mission profiles 
of the engines were introduced in the fatigue life program. For each critical 
component inspection curves were obtained for different mission profiles and 
counting rnethods. The results have shown that the rainflow rnethod gave 
slights pessirnistic results for crack growth prediction from an initial flaw. 

l. INTRODUCTION 

For sorne of the engines of the 
Portuguese Air Force fleet a RFC 
approach is being applied. The rnain 
objectives of this programrne are to 
increase the potential fatigue life 
of critical components ( compressor 
and turbine disks) and stablish safe 
inspection intervals. The following 
tasks were carried out: 

Definition of the appropriate 
mission profiles of the engines 

Definition of load spectra 
for each critical component 

Definition of mechanical 
properties including fatigue 
crack growth data for the 
materials and components 

Computer simulation of fatigue 
crack growth behaviour in the 
critical components 

The list of critical components was 
supplied by the rnanufacturer of the 
engine ( 1). The potencial fatigue 
life for crack initiation was also 
given and this was obtained from a 
low cycle fatigue analysis. Life for 
crack initiation was defined as the 
number of cycles or equivalent usage 
in hours, to develop a crack wi th a 
depth of approximately 0.8mm )0.025 
in. The traditional rnaintenance 
philosophy imposes that when a crack 
is detected in a particular cornponent 
with a size at or below 0.8mrn, 
depending on the detectability limit, 
all the remaining cornponents of the 
same type in service should be 
retired. 
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This approach is uneconomical since 
in most cases components wi thout 
damage and still with a great fatigue 
potential will be retired from 
service. 

In the RFC approach a damage 
tolerance analysis is carried out in 
each component and if a flaw is 
detected a fatigue crack growth 
analysis is carried out and a 
decision is made about to scrap that 
component or put i t back in service 
till the next inspection. The number 
of cycles for the next inspection is 
called the reusage interval ( 2) and 
its value is obtained by computer 
simulation of the fatigue crack 
growth life, i.e. the life that a 
crack with a size below the NDE 
inspection dectability would take to 
reach a detectable size using the 
appropriate non destructive testing 
method. The fatigue life prediction 
method is based on Fracture 
Mechanics. 

The turbine and compressor disks of 
the engine can be seen in Fig.1 which 
shows a longitudinal view of the 
engine. 

Details about operational rotational 
speeds and temperature distribution 
were obtained in previous work and 
are reported in (3). 

FIG.1 Longitudinal inside view of the 
turbofan engine 

In this paper resul ts of a fatigue 
life prediction of crack growth in 
one of the critical components of the 
engine shown in Fig.l are presented. 
The analysis does not take into 
account load interaction effects and 
is based on a typical mission mix 
load spectra. 

2. RESULTS AND DISCUSSION 

Mission profiles 

Mission analysis was able to identify 
severe typical mission profiles. Each 
mission was defined for this purpose 
by a mission profile where rotational 
speed of the engine is plotted 
against number of loading blocks. 
Each block has a certain number of 

cycles refered to speed variations of 
the engine. An example of a miss ion 
pro file is plotted in Fig. 2. In the 
vertical axis the percentage of rpm 
is refered to 100% rpm which is equal 
to 9915 rpm in the cool area of the 
engine and 15217 rpm in the hot area 
of the engine. Typical miss ion type 
intervals range between 1.5 and 2 
hours. The cycles in Fig.2 were 
computed by the cycle counter monitor 
fitted in the planes. 
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From the mission profiles a mission 
mix was established attributing 
certain percentages of usage to each 
mission profile type. The resulting 
mission mix is supposed to represent 
the combined mission profile of the 
engine for a certain number of total 
operating hours. 

Stress analysis 

A detailed stress analysis was 
carried out in the critical 
components refered above. The stress 
values were obtained using the PAFEC 
2DFE code. Only the mechanical 
stresses in the disks induced by the 
centrifugal forces of the disk 
rotation were computed. The 
mechanical stresses take about 80% of 
the total stresses due to temperature 
differentials and expansion gradients 
were not considered in the analysis. 
Work is presently in progress to 
compute these stresses. Hence in this 
work the total stresses in each 
element were obtained simply 
multiplying the mechanical stresses 
by a factor of 1.2. In Fig. 3 the FE 
mesh for the 3rd stage turbine disk 
is shown. 

has confirmed the 
critical stressed 
defined by the 

This FE analysis 
location of the 
areas previously 
manufacturer (1, 2). 
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FIG.3 FE mesh for stress computation 
in the 3rd stage turbine disk 

Experimental programme 

Fatigue crack growth data was 
obtained for sorne of the materials of 
the critical components. The tests 
were ·carried out in CT and SENT 
specimens taken from used disks. 
Hence the fatigue crack behaviour of 
the material could be assessed taking 
into account the influence of prior 
fatigue damage introduced in the 
material. This approach was 
considered more realistic than to use 
specimens of the virgin material. 
Fig.4 shows the layout of CT 
specimens in the 2nd stage turbine 
disk. Whereover possible specimens 
were taken with the crack in the 
radial and tangential directions 
( Fig. 4). 

The materials tested included the 
nickel based superaloys IN718 and 
Incoloy 901, the Ti-6AL-4V alloy and 
two different types of martensitic 
stainless steels. 

The fatigue crack propagation tests 
were conducted in accordance with the 
ASTM specification (4). A high stress 
ratio, R=0.5 was used in order to 

FIG. 
the 

specimens in 
disk 

give a reasonable approximation of 
the miss ion profile load cycle. The 
testing frequency was 10Hz at 
constant amplitude loading with a 
sinusoidal load wave. The tests in 
the nickel based superalloys were 
carried out at 600°C in a closed loop 
computer controlled servo hydraulic 
fatigue testing machine fitted with a 
cam shell type resistance furnace. 
The temperature in the furnece was 
controlled by thermocouples and a 
temperature wi th controller was u sed 
to monitor the test temperature an 
accurancy of +/- 3°c. 

Crack growth was monitored with a 
pulsed De potential drop equipment 
fitted to the testing machine control 
system.The PD system is microcomputer 
controlled and was provided wi th 
appropriate software for data 
analysis (crack growth against number 
of cycles plot 

A calibration curve of the potential 
drop ratio, against crack length 
was used to obtain the crack length 
values (5). This calibration curve 
was obtained at room temperature and 
the crack length readings were 
obtained optically. In the high 
temperature tests the AGARD 
recommended testing procedure was 
used ( 6), i. e. a reference specimen 
was fitted in the furnace to 
eliminate wrong readings of the 
potential drop ratio due to 



340 ANALES DE MECANICA DE LA FRACTURA Vol. 9 (1992) 

temperature variations in the 
furnace. Using this method the cali
bration curve technique was shown not 
to depend of the testing ternperature 
(7). The initial and final crack 
length values were also measured at 
the specimen fracture surface. A 
difference of 2-3% was found between 
the crack surface readings and the 
crack length values taken from the 
potential difference ratio curve. 

Appropriate Paris Law curves were 
obtained for each material from the 
threshold region up to crack growth 
rates clase to 10-3mm/cycle. These 

curves were used in the subsequent 
fatigue life predictions. 

Fatigue life prediction results 

The software developed for this 
application can predict the fatigue 
crack growth life of a certain defect 
propagating from an initial to a 
final crack size. 

The first input of the program is the 
stress distribution at the location 
where the crack is due to grow. This 
is obtained from the resul ts of the 
stress analysis FE program where a 
conversion is made of the rpm of the 
assumed mission profile into stress 
levels. For this purpose a linear 
elastic behaviour is assumed. At the 
same time the load spectra is 
introduced in the program by the user 
who defines the miss ion mix details. 
Then the cumula ti ve frequency curves 
(stress level against number of 
cumulative cycles) are obtained with 
two possible counting methods 
included in the program; rainflow and 
peak to peak. 

A library of simple stress intensity 
solutions was included in the 
program. This is now being updated to 
include more complex locations. 

Finally a cycle by cycle integration 
of the appropriate Paris Law, without 
taking into account load interaction 
effects, is carried out and this 
gives crack length against number of 
cycles plots. 

An example of the application of this 
fatigue life assessrnent program is 
given below for a quarter-circulaa 
crack located at the base of the zn 
stage turbine disk (Fig.S). The crack 
propagation plane shown in Fig. 5 is 
cut through the disk and the 
principal stress acting is the 
tangential stress normal to the crack 
plane. The size of the initial crack 
was a=c=O.Smm. The Paris Law 
parameters experimentally obtained 
for In718 used material were m=3. 22 
and C=1.82xlo-l4 (Nmm- 31 2 ; mm/cycle). 
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FIG.S Defect and component geometry 
assumed in the analysis 

The stress intensity factor solution 
was the Pickard formulation ( 8) for 
semi-elliptical surface cracks. 

A mission mix with the highest 
probability of occurrence for a total 
fatigue life of up to 10 years was 
used. To assess the influence of the 
counting procedures on the fatigue 
damage, the crack growth curves were 
obtained using four methods 

rainflow method with the stress 
ranges set in increasing order 
in the cumulative frequency 
curve 

the same with the stresses 
decreasing 

the same with a random setting 
of stresses 

peak-to-peak 
stress ranges 
order 

method wi th the 
set in increasing 

02468WgUM~~~MUU~~M~~

No. of cycl es 

- IWH"""' incl"easing --+- RA~Hn.ow ct~rei!?in9 
~ """'iw~ tandom - peak to peak 

FIG.6 comparative results of four 
counting and level set procedures for 
the crack in Fig.5 

The fatigue crack growth curves can 
be compared in Fig. 6 for a crack 
growth from o. 8 to 1. 8mm. It is seen 
that the rainflow method gives the 
more conservative results for the 
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fatigue life in comparison with the 
peak-to-peak method. The ordering of 
the stress ranges in the cumulative 
frequency curve does not look to have 
any sensible influence on the fatigue 
life. Anyway the rainflow method 
provides the best solution. 

3. CONCLUSIONS 

It was shown that the fatigue crack 
propagation life program developed to 
carry out a damage tolerance analysis 
of critical engine components is able 
to get safe resul ts to compare the 
fatigue behaviour of the components 
and also to define inspection ínter
vals in sorne of these comp~nents. 

Experimental fatigue crack propaga
tion data obtained in sorne materials 
and at service temperatures was shown 
to be in agreement with other results 
published in the literature. 

Further development work is in 
progress for the analysis of indivi
dual missions and also to take into 
account load interaction effects. 

4. REFERENCES 

( 1) Harris, Jr. , J. A. , " Engine 
component retirement for cause", 
UTC, Pratt & Whitney Engineering 
Division, Final report for 
period up to 1987 

(2) Cruse,T.A., "Engine components, 
AGARD-AG-257, May 1980 

( 3) Pires, J. C., Fatigue life 
prediction in critical engine 
components", (in portuguese) MSc 
thesis, Lisbon University of 
Technology 1991 

(4) American Society for Testing and 
Materials, "Standard test method 
for measuring of fatigue crack 
growth rates , ASTM: E647-90, 
1990 

( 5) H., Banding G. and 
,G.,"Mesure longeur 

de fissure, deformation et 
endommagement par une 
de potential electrique", 
Meeting of the Structures 
Materials Panel,AGARD Specia
lists Meeting, san António, 
Texas, April 1985 

(6) Mom, A. J. A. and Raizenne, 
M. D., "AGARD engine disc 
cooperative test programrne", 
National Aerospace Laboratory, 
NLR, The Netherlands, 1987 

(7) Wilkinson, c., "Developrnent of 
pulsed DC crack propagation 
equipment ", RAE, Pyestock, 
England, Technical Memorandurn, 
February, 1990 

(8) Pickard, A.C., "Stress intensity 
factors with circular and 
elliptic crack fronts determined 
by 3D finite elernent methods", 
Proc. Int. Conf. Numerical 
Methods in Fracture Mechanics, 
Ed. Pineridge Press, swansea, 
U.K., 1984 

ACKNOWLEDGEMENTS 

The author wishes to acknoledge the 
finantial support given by the 
Portuguese Air Force and AGARD 
( Proj ect XP1) to carry out this 
study. Thanks are also due to Mr. J. 
e. Pires for the developrnent of the 
software and also for this collabo
ration in the fatigue crack growth 
tests. 




