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Past applications of Damage Tolerant approaches were related to support service 
bulletins. 

Typically inspections were related to: 

a   easily detectable cracks, like visual detection of trailing edge cracks in rotor blades 
^        during routine inspection 

or 

a   self evident partial failures, like cracks in servoactuators, self evident due to 
hydraulic fluid leakage 

More complex inspection methods were used for specific critical sections, focusing 
detection methods in a very limited area of the part. 

^    In these cases frequent inspections could be accepted due to the 'short' time required. 

This cannot be the general case for rotor or mechanical parts of a new helicopter. 
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FLAW TOLERANCE - ENHANCED SAFE LIFE 

Some experience was gained in EH101 development program and research activities. 

The approach is now applied to NH90 and AB139. 

A proper validation of the type of flaws and the method used to test flawed elements is & 
considered essential. 
An example is provided detailing the evidences to validate scratches in aluminum. 

A survey of service data and test evidences provided information on a severe 
manufacturing scratch, showing that plastic deformation and notch radius at crack 
tip are the relevant parameters for the crack initiation. 
The crack growing path of a component failed in service showed negligible effects of 
the notch were plastic deformation had occurred, although the crack was growing 
very close to the scratch. 

Milling an 'IF shaped gauge in SCT specimens tested at CAL made a very sharp 
scratch.   Considering the scratch like a crack, AK was computed for each coupon. 
Depending on the applied stress, specimens failed if the AK was higher than the A 
threshold value, and they gave run out if lower. 
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Based on these evidences a proper tool could be selected to flaw a Main Gearbox Case, 
made by aluminum casting, to carry out a flaw tolerance validation. 
This is a 'worst case' of scratch, severe but still realistic, since it has: 

a   'V shape according to experience 
a   minimize the plastic deformation at the tip, shown by etched metallurgical section 
a   0.5 mm depth, highest value consistent with experience 

A block-loading test was carried out representative of 600 h, factored for scatter, 
considering 0.5 mm deep scratches as Clearly Detectable Flaws. 

fe    Failure occurred during the second test phase that was carried out to improve the 
result. 

The flaw tolerant evaluation, based on 'time to crack initiation', will be used to 
support inspection intervals for accidental damage. 
Assuming this as the retirement life of all the parts would be and unnecessary penalty 
since the flaws addressed are visually detectable during a Detailed Inspection. 
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Fresetta conica a tagliente, 

Foton019 10X 

Fresetta cilindrica con tagliente 
sulla testa. 

Foton°20 10X 

Fresetta, o meglio mola a disco 
diamantato, 
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DAMAGE TOLERANCE - FRACTURE MECHANICS 

The experience on SCT specimens at CAL confirmed that for single loading path 
elements, inspection intervals for cracks are very short if the crack is growing in 
stabilized flight conditions, were helicopter loading spectra are close to a CAL 

fe    In practice the requirement in this case is 'No Growh', with possibility of slow crack 
growth limited to start-stop or GAG cycles only. 

Crack sizes taken into account are based on MIL Spec: 

038 mm radius mechanical parts 
Machined parts of the fuselage 

1.27 mm radius panel & stringers of the fuselage 

Two cases were carried out to address applicability: 

a   Tail Rotor Drive-line shafts as 'no growth or benign propagation' 

a   Inspections of panel / stringers of the naval rear fuselage of EH101 (500-1000 h) 

lo 
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'   5^ Mi* •: 

Micro-notched specimens for fatigue tests - details of the failure section. 

'No crack growth' test data at SEM : a) 'no growth' of the surface crack b) 'no 
growth' of the crack at the tip of the notch. 
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Current and Anticipated 
FAA Regulations for Normal and 
Transport Category Rotorcraft 

Acceptable fatigue tolerance evaluation 
procedures (alone or in combination) 
currently in CFR Parts 27.571 and 29.571: 

• Damage Tolerance 

• Flaw Tolerant Safe-Life 

• Fail-Safe 

• Safe-Life 

Based on TOGAA recommendations, goal 
is to allow only damage tolerance and safe 
life determinations starting in year 2003 



Basic Elements of the 

Damage Tolerance Methodology for 
Addressing Crack Growth Failures 

i 
• Reliable and precise NDI Procedures that are 

applicable to all PSE's and all possible crack 
sizes, shapes and orientations 

• Reasonable estimations of the expected 
service Loading Spectra, and a reliable 
truncation (simplification) procedure 

• Material Fatigue Crack Growth Characterization 
and other material properties associated with        € 
the anticipated modes of cracking 

• Robust (efficient, flexible & accurate) Fracture 
Mechanics Analysis procedures for crack 
growth and residual strength determinations 



Technical Challenges to General Use of 
DT for New and Existing Rotorcraft 

• Complex fuselage and drive train geometries 
makes the use of conventional finite element 
models very cumbersome and/or inaccurate 

• Rapid accumulation of load cycles requires 
consideration of very small crack sizes that can be 
well outside the range of validity of LEFM 

• Surface treatments that retard fatigue by creating 
compressive residual stress fields (e.g., shot 
peening) require inelastic fracture mechanics 

• Mission load profiles that reflect the true severity 
*        of actual operating conditions (i.e. combined HCG 

and LCF load spectra) 

• Blunt initial damage (e.g., tool marks, corrosion 
pits, mechanical impact) for which safe life is 
nonconservative but LEFM is overconservative 

• Composite materials require consideration of 
failure modes and NDI techniques beyond those of 
LEFM developed for metallics 



Summary and Conclusions 

1. Fracture mechanics based damage tolerance j 
methodology currently provides the only practical i 
and scientifically sound approach to establishing d 
in-service inspection intervals for rotorcraft. ' 

2. A new rule embodying damage tolerance as a 
complement to safe life, with the goal of 
eliminating flaw tolerance safe life, will be 
implemented by the FAA by the year 2003. 

3. Because of the more demanding conditions 
facing fracture mechanics analyses in rotorcraft, 
there is a need to generalize the currently 4 
available LEFM-based DT methodologies 

4. In collaboration with RITA through the NRTC, with 
technology transfer from transport aircraft and 
engines, the FAA is performing research to 
enable DT to be more widely used for rotorcraft 



Additional Research Issues that if 
Addressed would Enhance the Use of 

DT for Rotorcraft Applications 

• Incubation/formation of small cracks 

• crack growth in mixed mode conditions 

• crack initiation from initially blunt damage 

• crack growth in residual stress fields 

• combined corrosion and crack growth 

• probabilistic methods to treat uncertainties 

• EIFS determinations to link safe life and DT 
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LESSONS LEARNT FROM RECENT ATTEMPTS AT 
APPLYING DAMAGE TOLERANCE TO 

HELICOPTER AIRFRAMES 

M. L. OVERD 
HEAD OF STRUCTURES AND MATERIALS 

Ö. MATTHEW- 
SENIOR STRESS ENGINEER 

GKN WESTLAND HELICOPTERS 
UK ^Qt^Sv 

PRESENTATION OUTLINE 

Introduction to the EH101 
Origin of damage tolerance requirement 

Overview of damage tolerance evaluation 

Test Programme 
Crack growth analysis & rotorcraft specific 
problems 

Results of the analysis 
Reasons for the results and results in perspective 

Alternative approaches 

Conclusions 

CONSTRUCTION OF THE EH101 SUBSTANTIATION OF THE EH101 

EH101 Airframe SAFE LIFE demonstrated by a 
full-scale factored load fatigue test. 

Failure modes observed during this test were 
eliminated from the production standard by design 
changes. A siand-alone fatigue test of a production 
standard lift frame, and fine mesh finite element 
modelling, demonstrated the effectiveness of the 
changes. 
Safe Lives in excess of 10000 hours have been 
demonstrated for civil and military variants. 
Damage tolerance evaluation in accordance with 
JAR 29.571 still required by CAA/RAI. GXNW*sÖ»nd 

DAMAGE TOLERANCE ASSESSMENT OF THE 
EH101 MAIN LOAD PATH 

Programme of testing initiated : 

- material data 

- structural elements 

- full-scale components 
- full-scale airframe test. 

Objectives: 

gather basic material data - develop and prove analytical 
models - generate compliance functions - demonstrate 
crack trajectories and failure modes. 
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STRUCTURAL ELEMENT TEST SPECIMEN COMPARISON OF CRACK GROWTH MODELS 

Cycles (millions} 
Predict«) and Exporimontal Crack Growth - Aluminium-Lithium __      _ 

Surfaco Crack Tortsion Specimen - Complex Variabki Amplitude Load GXNW«tiand 
^*—   " — —-———.   Hnfieoptwrs 

MALN LIFT FRAME TEST 

<&S 

FULL SCALE AXRFRAME TEST 

RESULT OF AIRFRAME TEST 
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LESSONS LEARNT FROM TEST PROGRAMME 
Cracks are very difficult to initiate - even from 4mm saw 
cuts, scalpel-sharpened and etched. 

Critical crack lengths are short and no significant load 
redistribution occurs before fast fracture. Primary load 
paths are likely to fail completely. 

Accuracy of crack growth predictions depend on accuracy 
of compliance functions. 

Most analytical models are non-conservative under 
complex helicopter spectra loads (even linear summation 
models). 



DAMAGE TOLERANCE ASSESSMENT OF THE 
EH101 MAIN LOAD PATH 

Analysis Programme: 

building on test results, analyse many locations on the main 
load path under representative spectrum loads. 

Objectives: 
calculate primary load path inspection intervals under "fail 
safe design considering flaw growth" approach. 

ANALYSIS METHOD 

ANALYSIS PROGRAMME: 

PROBLEMS WITH HELICOPTERS 

Large numbers of load cycles at high R-ratio where the 
threshold value of stress intensity is very low. 

Crack growth models an developed for fixed wing use - only 
validated for low R-ratios and fixed wing load interactions. 
Many linear models give non-conservative predictions with 
helicopter spectra. 

Short crack behaviour is very important but little understood. 

Short critical crack lengths due to high stress compact section 
designs. 

Highly versatile usage means load spectra vary. 

CRACK GROWTH ANALYSIS 

FLAWS ASSUMED AT POINT OF HIGHEST STRESS IN 
FLANGES, LIGHTENING HOLES, BOLT BOLES AND CUT- 
OUTS. LOCATIONS SELECTED USING A VERY DETAILED 
FINE MESH FEM. 

INITIAL FLAWS ASSUMED TO BE 13 MM CORNER 
CRACKS. 

LOAD SURVEY DATA AT ADJACENT STRAIN GAUGES 
CONVERTED TO LOAD SPECTRA AT THE FLAW. 

FAILURE CRITERIA WAS EITHER FAST FRACTURE OR NET 
SECTION YIELD - BOTH AT LIMIT LOAD. 

GENERATION OF LOAD SPECTRA 

Typical Load Spectra 

Plot of Strain Gauge Data 

GENERATION OF A COMPLIANCE FUNCTION 

Model 'unzipped' 
along this path 

f     «f 



TYPICAL RESULT 
Station 8875 Roof Frame Flange - Crack Growth Prediction 
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Mean Micro Strain 

RESULTS IN PERSPECTIVE 

Airframes do not crack regularly in service and result in 
catastrophic failure. 

• These results are NOT related to AHith which, in fact, 
has superior da/dN curves to 7010 in the working range. 

Manufacture and husbandry are of a high standard. 
• Flaws and damage are NOT cracks - cracks proved 

difficult to initiate on test from severe, etched saw cut 
flaws. 

• For analysis the flaws are assumed at the points of 
highest stress - this is unlikely. 

I* Limit load events are very rare. -«flgd 

ALTERNATIVE APPROACH - 
SECONDARY LOAD PATH 

POOR RESULTS ABOVE REFER TO DETECTING CRACKS IN THE 
PRIMARY LOAD PATH BEFORE IT FAILS. 

ALTERNATIVE APPROACH 

- ASSUME PRLMARY LOAD PATH FAILS 

- SET VISUAL INSPECTIONS BASED ON GROWTH FROM SMALLER 
FLAWS IN THE SECONDARY LOAD PATH. 

THIS APPROACH ALSO DOES NOT WORK 

- TEST SHOWS COMPLETE LIFT FRAME FAILURE OCCURS 

- LOADS GO UP BY 2.5 TIMES IN THE SECONDARY LOAD PATH 
- GIVES RF < 1.0 AT LIMIT LOAD 

- RESIDUAL STRENGTH TYPICALLY 75% LIMIT LOAD 

HOW COULD THE APPROACH BE MADE TO WORK? 

CHANGE 
REDUCE THE RESIDUAL STRENGTH 
REQUIREMENT TO Li5S THAI-.'LIMIT 
LOAD BASE!} ON LC'*' PROBABILITY 
OF OCCURRENCE 

IMPROVE NDT CAPABILITY 

RE At -TIME MOXITORINC- 

ONLY CONSIDER LOCATIONS AT RISK 
OF DAMAGE 

EFFECT 
MIGHT MAKE SECONDARY LOAD 
PATH APPROACH VIABLE 

SMALLER INITIAL FLAWS BELOW 
TILRESHOLD 

REDLCf D INSPECTION COST BUT 
HIGH SVS1 EM COST. COMPLEXITY, 
AND RISK OV FALSE ALARMS 

REDUCED INSPECTION 
REQUIREMENT BUT MAY MISS 
SOMETHING 



THE EFFECT OF MANDATORY 
CRACK GROWTH 

• Higher weight 

• Designed from the start with higher redundancy 

• Use of composite materials for primary structure 

New aircraft qualified to these requirements will be 
penalised compared with older aircraft which may 
even lack a thorough Safe Life evaluation. 

To improve safety the weight would be better used in 
the dynamic components or in HUMS systems.    ^ja^n 

ALTERNATIVE APPROACH: "ENHANCED" 
SAFE LIFE 

"The capability of flawed structure as shown by tests or 
analysis based on tests to sustain, without measurable flaw 
growth; the spectrum of operating loads expectedduring 
the service life of the rotorcraft or during an established 
replacement time." . .  .  
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ALTERNATIVE APPROACH: "ENHANCED" 
SAFE LIFE 

initial Flaw Requirement 

• Largest realistic flaw that would not 
be picked up by routine inspections. 

• Ideally needs to be based on in- 
service experience 

• Difficult for new aircraft with new 
materials and design concepts 
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ALTERNATIVE APPROACH: «ENHANCED* 
SAFE LIFE 

Coupon Design 
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Effect of Knockdown on Safe Lives 
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r CONCLUSIONS x 

• This case study illustrates the difference between the 
Safe Life approach and crack-growth-based damage 
tolerance. 

• GWHL research has shown that many crack growth 
models are inaccurate and non-conservative under 
helicopter loads. 

• Near-threshold and short crack behaviour are essential 
elements of accurate predictions. 

r CONCLUSIONS - continued > 

* Our comprehensive test and analysis programme has 
shown that crack-growth damage tolerance will not 
work on conventional rotorcraft structures even if they 
have good, rigorously demonstrated, Safe Lives. 

* This is because of their design and high R-ratio (low 
threshold) + high number of cycles load spectra. 

* Service experience shows that more onerous design 
requirements or inspection regimes are not warranted. 

CONCLUSIONS - continued 

The Enhanced Safe Life approach represents the 
best approach to Damage Tolerance for helicopters 
provided that the ESL is used as an inspection 
period. 
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Overview 

• Damage tolerance in helicopters under FAR 29.571. 
Differences with fixed wing methods. 

• Vibratory loads - static and dynamic components. 

• Helicopter component load spectrum development. 

• Study of vibratory load crack growth using omission level 
technique. 

• Discussion and conclusions. 

Cranfield 
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Helicopter damage tolerant design 

Differences between application of fixed wing and 
helicopter crack growth technology: 

• Highly variable loading experienced by components due to 
wide variety of manoeuvre loads and flight sorties. 

• High accumulation of vibratory load cycles originating from 
main rotor revolution. 

• High yield strength materials selection based on fatigue 
initiation properties. 

Cranfield 
UNIVERSITY ENGAGE 

The application of the fail-safe design considering flaw growth procedure to 
the damage tolerance analysis of helicopter components can not simply be 
translated from the well established methods of damage tolerance design 
used in fixed wing aircraft since the 1970's. For instance most helicopter 
structures have one main load path and so there is little opportunity of a 
redundant, fail-safe design. There are several important differences between 
the fixed wing and helicopters which impact on process of design against 
fatigue. 



Crack growth under vibratory loading 

• Source of vibratory loads mostly from main rotor at 7ft for rotor 
components and nR (blade passing frequency) for fuselage. 

• Vibratory loads are superimposed on manoeuvre loads so are 
typically high mean stress (R<0.7). 

• Vibratory loads can be removed for testing or analysis. 

• Experimental omission level technique developed to study 
crack growth mechanisms under vibratory loads. 

Cranfield 
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The vibratory cycles typically make-up 90% of the fatigue loads in a 
helicopter loading spectrum. Therefore, knowledge of the behaviour of these 
cycles is essential in providing an accurate means to determine inspection 
periods and to ensure that the helicopter service life is achieved without 
premature failure due to fatigue. 

The understanding of the effect of vibratory load cycles on the crack growth 
rates in helicopter components under spectrum loading is two-fold: (1) Large 
reductions in laboratory and full-scale fatigue testing time can be achieved by 
omitting low amplitude, vibratory cycles below a certain stress cycle range 
from the loading spectrum using the threshold stress intensity property. (2) 
The point at which these cycles start to cause significant fatigue crack 
damage indicate the ability to assign reasonable inspection periods for a 
component. 

However, to do these correctly the crack growth rates of the vibratory load 
cycles need to be established through consideration of load interaction 
effects, crack lengths and applied stress levels. 



Rotorhead stress sequence development 

GKN Westland Helicopters 
Lynx main rotor 

Cranfield 
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Stress sequence for Lynx main rotorhead based on 
methodology of Felix/Helix. Strain gauge data taken from flight 
test data. 
Represents 140 sorties and 190.5 flying hours. 
Contains 1,900,000 1R vibratory load cycles. 

kENGAGE 

The representative stress sequence used for the testing of omission level 
effects was developed for a helicopter rotorhead component using the well 
established methods of Helix and Felix. These sequences consist of 140 
sorties representing 190.5 hours of flight. Each sortie in the sequence 
represents either training, transport, anti-submarine warfare (ASW) or search 
and rescue (SAR) flight. These sorties are in turn described by a defined 
sequence of twenty two manoeuvre types and are given in three flight lengths 
of 0.75, 2.25 and 3.75 hours. 

The Felix stress sequence is based on a fixed rotor helicopter so was chosen 
to be the basis for the development of a stress sequence at a location on the 
fixed main rotor component studied here. The critical location on the 
rotorhead component was strain gauged and data were recorded during 
several test flights to provide data for the stress sequence generation. The 
strain gauge data were then processed and assembled in accordance with the 
procedures used in Felix. By using the Felix procedure the small, IR 
vibratory loads which the component experiences due to rotor rotation are 
well defined and can be used for testing on laboratory specimens. 

One drawback of the Felix procedure is that the load data are strictly defined 
into integer levels of four between 0 and 100 so that the sequence not as 
'continuous' as desired. 



Original 
sequence 
sample 

Progressive omission level technique 

rTTinr 

cycles (N) 45,000 

Omission 
of range 
16% cycles 

cycles (N) 2^38 

•  Retains sequencing of major load cycles. 

Cranfield 
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A novel method was devised to determine the fatigue damage contribution of 
the different cycle ranges by progressively omitting small range cycles of 
increasing range from the rotorhead loading sequence. The method considers 
four omission levels at 16, 20, 24 and 32% cycle ranges. The 'peak-valley 
filtering' method was used to omit the cycles at each step where trough-peak 
pairs are retained or omitted according to the desired load range. It maintains 
the correct ordering of the sequence as is shown in Figure. 

The method assumes that the difference in crack growth rates between the 
two omission level tests will be due to the fatigue crack damage of the 
omitted cycles. Therefore, the crack growth damage rates of various cycle 
ranges can be separated out and used for analysis. 

1 



Summary of testing 
Four omission level tests each on titanium Ti-10V-2Fe-3AI and 
aluminium 7010 T73651 compact tension specimens (17.5mm). 

Omission range level Rainflow cycle count 
Reduction in length 
from original (%) 

16% 1989925 - 

20% 113063 94.3 

24% 110907 94.4 

32% 51404 97.4 

Crack length monitored with automated direct current electro- 
potential method. 

Instron digitally controlled machine for spectrum loading. 

Cranfield 
"UNIVERSITY 
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Specimens 

TH023 was used because this is the material from which typical main 
rotorhead components are manufactured from. The lower strength 7010 was 
used to compare the effect of yield strength differences on load interaction 
effects between the two alloys. 7010 is an alloy typically used in the 
manufacture of helicopter fuselage structures. The CT specimens were t=17.5 
mm thick giving predominantly plane strain stress states throughout all the 
tests. 

Crack Length Measurement 

A custom designed direct current potential drop (DCPD) crack length 
measurement system was designed to provide measurement of fatigue crack 
growth rates for all the fatigue tests. 

Loading 

Loading was performed under load control, at 10Hz and under ambient 
laboratory conditions. The tests were carried out in accordance with the 
procedures defined in ASTM E 647-93 "Standard Test Method for 
Measurement of Fatigue Crack Growth Rates". 

Four tests on each of the Ti-1023 and 7010 CT specimens were conducted at 
each of the omission levels defined in the table. 

Loads are defined in terms of the peak or maximum load experienced by the 
sequence which is level 100 in the Felix definition. Hence the peak stress and 
stress intensity factor are referenced to this level and are termed S   . and 
K

Peak respectively 



Omission level crack growth rates 

•  Removal of vibratory cycles (16%) gives increase in crack 
growth lives of 3.6 for 7010 and 5.4 for Ti1023. 

TM023 
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For both materials the effect of progressively omitting small range cycles is 
to increase the flights to failure for the specimens. Removal of the level 16 
cycles from the full sequence test gave an increase in life of 3.6 and 5.2 times 
for 7010 and Til023 respectively. In each material the number of flights to 
failure were almost identical for the 20% and 24% omission tests as expected 
because there are a relatively small number of 24% cycles (2156) and these 
caused little fatigue damage. 

The increase in specimen life due to omission of small cycles has been 
observed by others and is due to a removal of damaging load cycles. In this 
case the dominant omission level effect is due to removal of the vibratory 
load cycles which is in part due to the large proportion of small cycles in the 
sequence. 

Figures show the crack growth rates per sequence for each material against 
the peak stress intensity factor, Kpeak. The effect of omitting the 16% 
vibratory cycles is clearly shown for each material as the growth per 
sequence is reduced significantly for all the 20%, 24% and 32% sequences 
indicating the progressive omission of cycles from each were causing fatigue 
crack damage in the previous test. 



Crack growth damage contributions 
• Difference in crack growth rates between omission level test due to crack 

length damage of omitted vibratory cycles. 
• Correlated with SEM fractographic examination of fracture surfaces. 
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It may seem obvious that the removal of 94% of the cycles from the sequence 
would result in an increase in life to failure. However, most of the vibratory 
cycles operate in the near-threshold regime so would have near-zero growth 
rates and may not always contribute significantly to fatigue crack damage in 
a strictly linear manner due to the slope of the log da/dN versus log AK 
curve. 

The average crack growth rate per loading sequence is calculated at different 
levels of K ^ and from these the crack growth increment per omission cycle 
range can be calculated: The crack length damage contribution for each cycle 
range during the full sequence test (all cycles included) is the sum of all the 
individual cycle ranges based on the assumption that each cycle range causes 
the same amount of crack growth increment in each omission level test. That 
is, the differences between the omission level tests are be due to the omitted 
cycles. 

In both materials the 16% range cycles cause a large proportion of the 
damage over the entire test crack lengths. On average, the damage for the 
16% cycles is about 85% for Til023 and 75% for 7010. The next largest 
contributor to crack growth damage are the 32% range and above cycles. The 
damage contributions are typically 15% for Ti-1023 and 20% for 7010. In 
both materials the 20% cycles give negligible contributions to crack damage 
which is expected because they only constitute 0.1% of the loading sequence 

10 



Crack growth damage due to vibratory loads 

»  Modelling of omission level tests using a crack growth model 
without load interaction effects (ESACRACK/NASGRO) gives 
non-conservative results. 

Material Omission a; 3f TestNT Model NM NT/NM 

Til023 
16 17.43 49.8 1145 3629 0.32 
20 17.43 49.2 6341 6107 1.04 
24 17.43 49.5 6440 6129 1.05 
32 17.43 48.6 8612 8496 1.01 

• Vibratory load cycles grew faster than expected under 
sequence loading conditions when compared with constant 
amplitude loading data. 

Cranfield 
"UNIVERSITY ENGAGE 

It is significant that, even though the 16% range cycles constitute 94% of the 
total number of cycles in the sequence, the contribution to crack growth 
damage by the vibratory cycles is higher than that which a typical model 
would predict. 

The 16% cycles had greater fatigue crack growth rates under helicopter 
sequence test loading than under equivalent CAL conditions. This is a 
important observation because most fatigue crack models would not predict 
that these smaller cycles grow faster under CVAL as they are usually 'tuned' 
for retardation. Hence prediction of growth rates under helicopter CVAL 
could give misleading predictions. 

The Esacrack analysis (Table) indicates the non-conservatism of the 
modelling of the Ti-1023 full sequence test by a factor of three. 

1 
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Consequences for helicopter damage tolerance 

Accelerated growth rates of high R ratio vibratory load cycles will 
impact on helicopter damage tolerance design for the following: 

Design of fatigue loading sequences for analysis and 
testing. 

Selection of materials and component stress levels. 

Cranfield 
UNIVERSITY ENGAGE 

Simplification of a helicopter loading sequence for testing and analysis is 
best achieved by omission of the small vibratory load cycles which gives a 
significant reduction in sequence lengths. However, the main drawback 
demonstrated here is that these small cycles contribute to a significant 
amount of crack growth damage so modelling can be misleading. A criteria 
for 'safe' omission of small load cycles could be based upon the mechanism 
of accelerated crack growth of these cycles. This would be done by 
determining when a cycle range can be omitted from a sequence such that its 
omission will not result in changes in specimen life - best performed by 
testing. 

The damage tolerance capability of a helicopter structure can be 
demonstrated by examining crack growth rates over a range of flaw sizes for 
an arbitrary edge cracked component under realistic service stresses. 

12 



Omission techniques for helicopter spectra 

• Observations indicate that vibratory load cycles have accelerated 
growth rates under spectrum loading. 

• Increased AKeff (Kmax-Kc or Kmax-KPR) compared to constant 
amplitude loading. 

• Due to frequent underloads in sequence (GAG and manoeuvre) 
and absence of tensile overloads. 

Cranfield 
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These observations indicate that the small range cycles have accelerated 
growth rates under CVAL compared with the equivalent cycles under CAL. 
An explanation of this observation can be based on transient residual stress 
fields ahead of the crack tip give an increased AKeff when compared with 
constant amplitude loading is proposed. 

The key to the accelerated growth rates is the 'form' of the loading sequence. 
Typically most cycles have similar K^ values, there are no tensile overloads 
and periodic underloading occurs due to the GAG cycles and low R ratios 
manoeuvres. 

« 

Underload tests have shown that the underload can eliminate or reduce the 
effect of overloads during high R ratio loading and can cause acceleration 
during constant amplitude loading. The effect of intermittent underloads 
causing acceleration of high R ratio CAL crack growth rates has been 
observed by others. However, the GAG underloads occur infrequently so it is 
most likely that underloading due to the occasional low R ratio manoeuvre is 
responsible for increasing the AKeff of the high R ratio, vibratory cycles. 

13 



Omission techniques for helicopter spectra 

'Safe' omission criteria based on: 

(Kmax'KpR) < Kfl ■th 

considering cycle range, mean and threshold. 

• Careful determination and modelling of near-threshold region 
over variety of R ratios and considering load-interaction effects. 

• 'Safe' omission for crack growth much less than for initiation 
based methods 

Cranfield 
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The vibratory loads and the effect of these on fatigue crack growth using the 
fatigue loading sequence provides a useful means of understanding the 
mechanisms under which cracks grow in helicopter components. As the 
concurrent conditions of plane strain, near threshold and high R ratio 
affecting crack growth are unique to helicopters the mechanisms of growth 
under such conditions can determined by analysing the crack growth 
behaviour of vibratory loads through omission. By being able to accurately 
predict the behaviour of vibratory load cycles, which dominate crack growth 
damage, a model with general applicability to helicopter damage tolerance 
design can be developed. 

14 



Material and component stress levels 
•   Damage tolerance capability demonstrated by considering spectrum crack 

growth rates for arbitrary Ti1023 rotor component, Speak=400MPa. 

16% cycles 
damaging 

1.25mm 
initial flaw 

size 

• 

crack length (mm) 
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This example component is 'subjected' to the full test sequence with an 
operating peak tensile stress of 400 MPa (approximately one third of the aVTS 

for Til023) by converting the crack growth rate per sequence curve into 
crack lengths that will produce the same Kpeak's assuming similitude exists. 
The experimental data can be applied to range of crack lengths from 0.35 to 4 
mm. 

Figure indicates the crack length above which the vibratory load cycles will 
start to cause damage. At 0.39 mm this is will below the typical initial 
starting defect size of 1.25mm used in the aerospace industry. Improving the 
damage tolerance capability of a helicopter structure would require the 
vibratory load cycles to be maintained below their fatigue threshold. 
Elimination of crack growth due to vibratory load cycles would require a 
shift of the curve in Figure to the left and/or reducing the size of the initial 
defect. This could also mean a reduction in component peak stress level 
which usually translates into an increase in weight 

15 



Material and component stress levels... 
•   Comparison between 'typical' rotorhead (TM023) and fuselage (7010) 

components with Speak=150MPa for 7010. 

16% cycles 
damaging (Ti) 

1.25mm initial 
flaw size 

crack len&h (nun) 

Cranfield 
"UNIVERSITY Ik ENGAGE 

Design strength and crack growth rate differences between 7010 and Til023 
are also indicated in Figure. A typical maximum operating stress of 150 MPa 
was used for 7010. 

This emphasises the differences between different parts of the helicopter 
structure because some materials will be more sensitive to crack growth 
under vibratory load cycles. This is mainly because of the lower operating 
stress that a safe life design gives for aluminium alloys and not necessarily 
due to material fatigue crack growth properties. Note that a fuselage 
component would be subjected to the 4R vibratory loads. 

Titanium or other high strength metals may have better fatigue crack growth 
properties but are subject to higher operating stresses. This indicates that 
aluminium fuselage structures would be amenable to damage tolerance 
design because vibratory load cycles will not grow from typical initial flaw 
sizes (1.25 mm). 

A reasonable inspection regime could be applied because crack growth will 
occur under manoeuvre load cycles in a similar manner to fixed wing 
transport aircraft. 

16 



Summary 
• Progressive omission level technique used to investigate vibratory 

load cycle crack growth damage. 

• Vibratory load cycles typically 94% of spectrum loads and contribute to 
80% of the crack growth damage. 

• Standard constant amplitude loading linear summation models are 
non-conservative by factor of three, ie. Accelerated growth under 
vibratory loading. 

• Damage tolerant analysis of high strength rotor (dynamic) components 
difficult to achieve with current safe life design stresses. 

• Damage tolerant analysis of aluminium fuselage (static) components 
can be achieved with current safe life design stresses. 

Cranfield 
NIVERSITY & ENGAGE 

Small vibratory load cycles had the most significant effect on the overall 
growth rate of the variable amplitude loading sequence, causing up to 80% of 
the fatigue crack damage which was supported by fractographic examination. 
Comparison with a constant amplitude loading model revealed that these 
small cycle were growing at an accelerated rate when applied in conjunction 
with periodic underloads due to low R ratio underloading. 

Significant crack growth rates due to vibratory load cycles under helicopter 
loading conditions mean that the damage tolerant design of high strength 
(TÜ023) helicopter components will not be achieved using current stress 
levels given by a safe life analysis. A reduction in stress levels and initial 
flaw size is required but with increases in component weight and inspection 
length capability. 

Lower strength aluminium alloy (7010) components are less sensitive to 
vibratory load cycles because of reduced operating stresses given by a safe 
life analysis. This indicates that aluminium fuselage structures would be 
amenable to damage tolerant design because vibratory load cycles will not 
grow from typical initial flaw sizes (1.25 mm). A reasonable inspection 
regime could be applied. 

17 
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Workshop on Damage Tolerance in Helicopters 
Cranfield, UK, 4-5 April 2000. 

THE BASICS OF A MODEL FOR FATIGUE CRACK 
GROWTH IN HELICOPTER COMPONENTS 

M. LANG 
IABG, Einsteinstr. 20, D-85521 Ottobrunn, Germany; 

langm@iabg.de 

Helicopters have traditionally been designed using the "safe life" design philosophy. For about 
10 years, the "damage tolerant" design philosophy, successfully applied to fixed wing aircraft 
design and maintenance procedures [1,2], is either discussed or applied to rotorcraft structures 
[3,4]. A flaw tolerant design philosophy requires the calculation of crack growth due to service 
loading with sufficient accuracy. Moreover, the crack growth phase has to be long enough to 
realise°an inspection procedure on a cost effective basis. The main requirements to a crack 
growth model are robustness (simplicity, parameters are easy to obtain, etc.) and a most accurate 
mirroring of the physics of crack growth. A fair amount of research has been done in the field of 
fatigue crack growth and a number of crack growth prediction models exist which are based on 
different theoretical considerations. Despite the variety of crack growth models, a unified 
approach to fatigue crack growth is not yet found. The existing models involve various fitting 
parameters that adjust the result of the calculation to experimental crack growth data from the 
sequences they should predict. As long as no reliable crack growth code exists, a model that uses 
some "fitting parameters" is always superior to a complicated model in solving practical 
problems on a daily basis. It is no surprise that, e.g., the models by Wheeler [5] and Willenborg 
[6] are so widely established and used. Acknowledging that prediction models involving fitting 
factors have their place in quickly solving practical problems, we should try to understand the 
physics of fatigue crack growth. A physically correct model has to predict fatigue crack growth 
without extensive fitting, thus providing the basis for safer damage tolerant design and 
management of engineering structures. 

This presentation tries to contribute in this effort and puts a new crack growth prediction 
model for metals into the discussion. Experimental evidence obtained on the aluminium alloy Al 
7475-T7351 are generalised to result in a new fatigue crack growth prediction model for variable 
amplitude loading. The difference to other models is that the central parameter of this model is 
the crack propagation stress intensity factor, KPR. This is the stress intensity factor at which the 
crack starts to propagate during the loading part of a cycle. The general description of the 
relatively simple loading sequences in terms of KPR leads to a scheme that is denoted as the 
"Fatigue Crack Growth Map." This map defines all possible crack growth conditions and is the 
heart°of the crack growth prediction method. The Fatigue Crack Growth Map is generated for 
different alloys and temperatures. It is shown that any arbitrary loading spectrum consists only of 
three different types of load cycles. The model determines KPR cycle by cycle throughout a 



loading spectrum, which determines the driving force, AKeff, for the following loading cycle. The 
model requires the knowledge of the yield strength and the intrinsic threshold value, AKT, for the 
material, as well as five different functions that also depend on the material. 
Phenomenologically, the model accounts for residual compressive stresses ahead of the crack 
front, the intrinsic response of the material, crack closure, which is an extrinsic effect, and the 
intrinsic threshold value AKT. A few variable amplitude loading sequences are presented to 
compare predictions of KPR with experiments. The results are in encouraging agreement. 

In the following the viewgraphs of this presentation are listed. The interested reader will 
find a more detailed description of the model in [7,8]. Also References [9] and [10] will be 
needed, as well as [11] for more evidence on the Fatigue Crack Growth Map. 

1. Proceedings of the first joint DoD/FAA/NASA Conference on Aging Aircraft. 1997, Ogden, 
Utah. 

2. Various Authors, Aging of U.S. Air Force Aircraft. Final Report of the Committee on 
Aging U.S. Air Force Aircraft, National Materials Advisory Board, Commission on 
Engineering and Technical Systems, National Research Council, Publication NMAB-488-2, 
National Academic Press, Washington, D.C., USA., 1997. 

3. An Assessment of Fatigue Damage and Crack Growth Prediction Techniques, AGARD 
Report 797, 1994. 

4. Application of Damage Tolerance Principles for Improved Airworthiness of Rotorcraft, 
RTO-MP-24, Feb. 2000. 

5. O.E. Wheeler, Spectrum loading and crack growth. Journal of Basic Engineering, 
American Society for Mechanical Engineering Transactions, Vol. 94, 1972, 181-186. 

6. J. Willenborg, R.M. Engle, H.A. Wood (1971) A crack growth retardation model using an 
effective stress concept. AFFDL-TM-71-l-FBR, Air Force Flight Dynamics Laboratory, 
Wright-Patterson Air Force Base, USA. 

7. M. Lang, A Model for Fatigue Crack Growth, Part I: Phenomenology, Accepted fo 
Publication in Fatigue and Fracture of Engineering Materials & Structures, appears in 2000. 

8. M. Lang, A Model for Fatigue Crack Growth, Part II: Modeling, Accepted for Publication in 
Fatigue and Fracture of Engineering Materials & Structures, appears in 2000. 

9. M. Lang, Description of load interaction effects by the AKeff-concept. Advances in Fatigue 
Crack Closure Measurement and Analysis, ASTM STP 1343, American Society for Testing 
and Materials, 207-223, 1999. 

10. M. Lang and X. Huang, The influence of compressive loads on fatigue crack propagation. 
Fatigue and Fracture of Engineering Materials & Structures, Vol. 21, No. 1, 1998, 65-83. 

11. M. Lang, J.M. Larsen, Fatigue crack propagation and load interaction effects in a titanium 
alloy. Fatigue and Fracture: 3(fh Volume, ASTM STP 1360, American Society for Testing 
and Materials, 201 -213, 2000. 
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Damage Tolerant Design & Maintenance 

- Critical Location 

- Crack Shape, K-Solutions 

- Size of Initial Failure and Distribution 

- Loading Spectrum 

- Fatigue Crack Growth Prediction 

- Confidence 

- Corrosion, Temperature, Humidity 

- Maintenance / Inspection Procedure (NDT) 

Inspection Procedures (Intervals and NDE Tools) 

Probability of Failure, 



HELIX (represents first 90 sec. Training) 
100 

HELIX-LEVEL 

(PERC. MAX. LOAD) 

FELIX (represents first 90 sec. Training) 
100 

FELIX-LEVEL 

(PERC. MAX. LOAD) 

TIME 
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n T n T n T n T 

1 I 6 III 11 II 16 I 

2 II 7 III 12 I 17 II 

3 II 8 II 13 II 18 III 

4 I 9 II 14 II 19 I 

5 III 10 I 15 II 

n = number of 
cycle in 
above sketch 

T = Type of cycle 

1.4-1 
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K * 

Km,v A = 26.8 'rnax.A 

KPR,A=10'6 B 
KPR,B= 2Ä 

14MPa 

Calculation ofKPRA Calculation ofKPRB 

Kmax,OL= 26.8 MPaVm, UR = -0.03, 

^w=2.8MPaVm, Kmax,oL= 26.8 MPaVm, 

UR = Rlip,ul= 0.1045, NOL=1.72 (from cycle A) 

NOL=l.72, K
PR! 

Kmax,OL~ °-331 

KPR/KmaXtOL=0A03, 
^P/?,5 = 1L2 MPaVm 

KpRA = 10.8M?sdm 



Summary 

A new crack growth prediction model was presented 

Criterion is crack propagation , KPR 

The model accounts for crack closure, residual compressive stresses, 
intrinsic threshold value AKT. 

Two type of transitions: Cycle dependent and crack growth dependent 
transition 

Only three types of cycles exist 

Necessary Input/Knowledge: 

1. Loading spectrum; K and aP. 
2. The correction of the loading conditions due to crack closure. 

(In many cases negligible). 
3. The knowledge of the Fatigue Crack Growth Map and the 

methodology. 
4. The definition of the driving force for fatigue crack growth given 

by 
b^eff = ^max - KPR ~ ^T 

5. Material dependent parameters and functions which are: 
5.1. yield strength, ay, 
5.2. the intrinsic threshold value, AKT, 
5.3. the two "master curves" for CA and 10L 

Kp^fiURyK, max 

5.4.the  transitional  function  of KPR  between  the  two   "master 
curves,"(crack growth dependent transition) 

5.5 the decline function of KPR (cycle dependent transition) 
5.6 the function 

da/dN = f(AKeff) 

to calculate the crack growth increment da per cycle. 
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