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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

o 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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AGUSTA

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 1
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 ‘U’ 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. i

Depending on the applied stress, specimens failed if the AK was higher than the
threshold value, and they gave run out if lower.
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Section A-A

F1G. 1 Typical Surface-Crack Specimen (Grip Details Omitted) and Nomenclature
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AGUSIN

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
o minimize the plastic deformation at the tip, shown by etched metallurgical section
a 0.5 mm depth, highest value consistent with experience

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

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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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

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:
0.38 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:

o Tail Rotor Drive-line shafts as ‘no growth or benign propagation’

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




3 THIN WALL TUBE
DO NOT DENT OR SCRATCH
Y DO NOT STEP
B
4 "—_m -
}.4' -
.
xl [ |
SEZIONE_A-A * -
m & -
933.00 RYF. l !
. T
TR Transmission Shaft

21




"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:

o Damage Tolerance
e Flaw Tolerant Safe-Life
o Fail-Safe
o 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

o Reliable and precise NDI Procedures that are
applicable to all PSE’s and all possible crack
sizes, shapes and orientations

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

o Material Fatique Crack Growth Characterization

and other material properties associated with
the anticipated modes of cracking

e 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

o 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

e 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

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




Summary and Conclusions

|
|
. Fracture mechanics based damage tolerance |
methodology currently provides the only practical |
and scientifically sound approach to establishing ‘
in-service inspection intervals for rotorcraft.

. 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. |

. Because of the more demanding conditions

facing fracture mechanics analyses in rotorcraft,
there is a need to generalize the currently q
available LEFM-based DT methodologies

. 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

e Incubation/formation of small cracks

crack growth in mixed mode conditions

o crack initiation from initially blunt damage

crack growth in residual stress fields

combined corrosion and crack growth
o 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

/ PRESENTATION OUTLINE \

* Introduction to the EH101

¢ Origin of damage tolerance requirement

* QOverview of damage tolerance evaluation

* Test Programme

* Crack growth analysis & rotorcraft specific
problems

* Results of the analysis

D. MATTHEW
SENIOR STRESS ENGINEER * Reasons for the results and results in perspective
GKN WESTLAND HELICOPTERS * Alternative approaches
UK Pl * Conclusions P
\ GKN Wastiond K KIS Wostlond
/ SUBSTANTIATION OF THE EH16? \

* EHI01 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 militery variants.

*  Damage tolerance evaluation in accordance with
o <N

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.

N _—

\ JAR 29.571 still required by CAA/RAL ——
( DAMAGE TOLERANCE ASSESSMENT OF THE \ K COMPACT C TEST SPECIMEN N\
Aluminum Litham Alloy Forging

8090-T852

Crack Growth Rate - dWdN {micycle)




/ STRUCTURAL ELEMENT TEST SPECIMEN \

&

509

®_

f COMPARISON OF CRACK GROWTH MODELS "\
2

KRAKEN | Linoor Loseq T Generalized Willonsor
i i 4

i

i

; M s
I Text Data I Witenborg  Lossa |, el
/ i

T

Crack Length (mm)
>

s |
SO —
3 aseToN m od and Cydes&m("wn‘) Lithium
\ Do ~ GIN Wastand Qﬂfnm Crack Tonsion Spocimen - Complox Variablo Amplitudo Load  gyy westiand
a MAIN LIFT FRAME TEST N\ 4 FULL SCALE AIRFRAME TEST I

/' RESULT OF AIRFRAME TEST \

J&Q

Failure Path

ATCRACK NPT

mlwnhvmmmumum
EQUIVALENT T3 21 SLIGHT HOURS.

SUBSEQUENT FARLS
NITIATION
EQUIVALENT TO /3 HOUR OF FLIGKY.

TESTING POR 2MILLION CYCLES

AFTUA 2100 CYCLES
EVEL

GKN Wastland

/ LESSONS LEARNT FROM TEST PROG RAMMA
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 analyticai models are non-conservative under
complex helicopter spectra loads (¢ven linear summation

Qodels). ﬁ




/ DAMAGE TOLERANCE ASSESSMENT OF THE \ / ANALYSIS METHOD \
EH101 MAIN LOAD PATH -

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

Objectives: ol
calculate primary load path inspection intervals under “fail Falo Inspection
safe design considering flaw growth” approach. -Intervals
_ — \ e
GKN Wezttand GKN Westland
/ ANALYSIS PROGRAMME: \ / CRACK GROWTH ANALYSIS \
PROBLEMS WITH HELICOPTERS *  FLAWS ASSUMED AT POINT OF HIGHEST STRESS IN

FLANGES, LIGHTENING HOLES, BOLT BOLES AND CUT-
OUTS. LOCATIONS SELECTED USING A VERY DETAILED

*  Large numbers of load cycles at high R-ratio where the FINE o FEM

threshold value of stress intensity is very low.
*  Crack growth models 21l developed for fixed wing usc - only
validated for low R-raties and fixed wing losd interactions.

* INITIAL FLAWS ASSUMED TO BE 1.3 MM CORNER
Many linear models give non-conservative predictions with CRACKS.

helicopter spectra. +  LOAD SURVEY DATA AT ADJACENT STRAIN GAUGES
*  Short crack behavionr is very important but little understood. CONVERTED TO LOAD SPECTRA AT THE FLAW.
*  Short critical crack lengths due to high stress compact section
designs. ¢ FAJLURE CRITERIA WAS EITHER FAST FRACTURE OR NET
* Highly versatile usage means load spectrs vary. SECTION YIELD - BOTH AT LYMIT LOAD.
N — N —
GKN Westlond GKIN Westland.
y GENERATION OF LOAD SPECTRA \ K GENERATION OF A COMPLIANCE FUNC’!‘ION\
* "I Typical Load Spectra N

Model 'unzipped'

¥ Complienca Funetion {¥)

Stress ot Swsin Gruge (MPw)

I HEGE- NI AN

Plot of Strain Gauge Data GKIN Westiand




a TYPICAL RESULT ™\ ( OVERALL RESULTS I
Station 8875 Roof Frame Flange - Crack Growth Prediction S e
b T T T T 3 B
i ; ! : i
I Repeat inspection interval = 20 j
L T
g Static
s Fracture
§ o ! N
5 W
x
g 233 howrs to
S reach 2mm
5
$.3mm J// 29! hours to
nitod flow reach 5 S3rren
o
° 5 100 150 200 250 300 350
\ Flight Time (Hours) w
GKN Westiond
REASON FOR THE RESULTS Y\ 4 RESULTS IN PERSPECTIVE N\
Stn. 8375 To 9375 Port Fore/Aft Beam (SB02338) . N .
. Py ¢ Airframes do not crack regularly in service and result in
* Lrow catastrophic failure.
20 PO T . o
. prasitssirwth * These results are NOT related to Al-lith which, in fact,
™ * has superior da/dN curves to 7010 in the working range.
£ R Ok Tt o .
5 < N = S oo oot L * Manufacture and husbandry are of a high standard.
§ b - RN e R it * Flaws and damage are NOT cracks - cracks proved
e % difficult to initiate on test from severe, etched saw cut
S flaws.
> .
£ * For analysis the flaws are assumed at the points of
- highest stress - this is unlikely.
. ¢ Limit load events are very rare. <N
\ GKN Westiand
4 ALTERNATIVE APPROACH - N\ '
SECONDARY LOAD PATH HOW COULD THE APPROACH BE MADE TO WORK?
POOR RESULTS ABOVE REFER TO DETECTING CRACKS IN THE CHANGE
PRIMARY LOAD PATH BEFORE IT FAILS.
ALTERNATIVE APPROACH
- ASSUME PRIMARY LOAD PATH FAILS
- SET VISUAL INSPECTIONS BASED ON GROWTH FROM SMALLER IMPROVE NDT CAPABILITY SMALLER INITIAL FLAWS BELOW
rnre
FLAWS IN THE SECONDARY LOAD PATH. THRESHOLD
REAL-TEME MONTTORING
THIS APPROACH ALSO DOES NOT WORK e ;lm{ )
- TEST SHOWS COMPLETE LIFT FRAME FAILURE OCCURS e
-LOADS GO UP BY 2.5 TIMES IN THE SECONDARY LOAD PATH ONLY CONSIDER LOCATIONS ATRISK  REDUCED INSPECTION
- GIVES RF < 1.0 AT LIMIT LOAD OF DAMAGE REQUIREMENT BUT MAY MISS
IETHING
- RESIDUAL STRENGTH TYPICALLY 75% LIMIT LOAD <3 SOMETHING RS
k GKIN Westland K GKN Westiand




s THE EFFECT OF MANDATORY N
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. <3

GXN Westland

/" 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 expected during
the service life of the rotorcraft orduring.an established
replacemnént time.”

/ 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

GKN Westland

\_ <N

/ ALTERNATIVE APPROACH: “ENHANCED” \
SAFE LIFE

Coupon Test Programme

e
Datum s damoee 5
Score {Machining too! drogged across the | 0.125mm deep
specimen. 0.25mm deep
Pyranidal impact was oppied 25J
Sherp Impact | endeuiar o e couon 1250 5
" 10mm vide screwdriver impact af
Oblique tmpact 45° f test sochon 8 10
Specimen placed in sat emsironment | _0.4imm deep 10
Corrosion for 2 doys. Damoge site pre-drited | _0.2mym deep. 10
1o represent a corrasion pit. Nopre=urit 3
\ G Westland

[ ALTERNATIVE APPROACH: “ENHANCED™
SAFE LIFE

Coupon Design

240 mm

GION Westland

f ALTERNATIVE APPROACH: “ENHANCED" "\
SAFE LIFE




/ ALTERNATIVE APPROACH: “ENHANCED” '\
SAFE LIFE

GIOY Westiand

f ALTERNATIVE APPROACH: “ENHANCED® "\
SAFE LIFE

Corrosion
<R3

GKN Westtand

/ ALTERNATIVE APPROACH: “ENHANCED”  \
, SAFELIFE _

_ = |

/~ ALTERNATIVE APPROACH: “ENHANCED®

SAFE LIFE
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/” ALTERNATIVE APPROACH: “ENHANCED™ ™\

SAFE LIFE
Flaowr Tolerant Safe Lite Coupon Test
Al ipacts - 25, 12.5J wd Obligque
1 1
= Oblique tmpact
- = Ostum
£ ‘\ 4 250 Sharpienpact ||
2 © 125 Shap bnpact.
'Y S ® Oblique impact
S
e e
H \
H ™
§ e
-
== e
T 1B M s 1R T 18
= <5
K GKN Werttand

/ ALTERNATIVE APPROACH: “ENHANCED™  \

SAFE LIFE
Fluw Yoleeant Sate Lits Coupon Taats
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/" ALTERNATIVE APPROACH: “ENHANCED” "\

Flaw Tolerant Safe Life

SAFE LIFE
Effect of Knockdown on Safe Lives

5000

40000 20000 30000 40000 50000 60000 70000 80000
fo Life <N

- > e

( CONCLUSIONS
tolerance.

models are inaccurate and non-conservative under
helicopter loads.

elements of accurate predictions.

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

*  GWHL research has shown that many crack growth

e Near-threshold and short crack behaviour are essential

G Westland

\_ <N

/ 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 (fow
threshold) + high number of cycles load spectra.

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

\ <N

‘GXIN Westland

a 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.

~

GXN Westiand
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Crack Growth Rates under Vibratory Loading
for Helicopter Damage Tolerance

Richard Buller

Senior Stress Engineer
ENGAGE

Engage is 2 GKN company

Cranfield | YA EnGAGE

NIVERSITY _ -,




Overview

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

technique.

Cranfield

INIVERSITY

Vibratory loads - static and dynamic components.
Helicopter component load spectrum development.

Study of vibratory load crack growth using omission level

Discussion and conclusions.

YA encace




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.

Cran{rirﬁvld;E eIy T;L 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 7R 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.

Cran rfllv% sy 7‘;{ ENGAGE

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.

—Y......




Rotorhead stress sequence development

GKN Westland Helicopters
Lynx main rotor

® 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 7R vibratory load cycles.

Cranfield 7:& ENGAGE

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.




Progressive omission level technique

100
Criginal [
sequence
sample

cycles (N) 45,000

Omission
of range
16% cycles

cycles (N) 2,538

* Retains sequencing of major load cycles.

Cranfield 7«& ENGAGE

A novel method was devised to determine the fatigue damage contribution of
the different cycle ranges by progressively omitting smail 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.

e




Summary of testing

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

Omission range level Rainflow cycle count I:‘le-g;c;i:ix;lii:alle(n g)h
16% 1989925 -
20% 113063 943
24% 110907 94.4
32% 51404 974

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

* [nstron digitally controlled machine for spectrum loading.

Cranfield T;& ENGAGE

NIVERSITY

Specimens

Ti1023 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 Speak and

erak 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.

. 100 100 ¢

Ti1023 7010 |

2 5 MWz

g H 3
= =
g g

1
w w
3 E

0.1 £

0.01 . 0.01
10 100 10 100
Kpeak (MPam'z) Kpeak MPam%)
[—L16 ~L20 =—L24 —L32] [=L16 —120 = L24 =—L32]
-
Cranfield YA encace

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 Ti1023 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, Kpcak' 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 fati gue
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.

7010 1o
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Cranfield YA encace
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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 Ti1023 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 ission | g ar Test N; | Model Ny Ny/Ny__|
16 17.43 49.8 1145 3629 0.32
Ti1023 20 1743 | 492 6341 6107 1.04
24 17.43 495 6440 6129 1.05
32 1743 | 486 8612 8496 1.01

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

Cranfield

- YA encece

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.

11
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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 Y’i& 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 AKef (Kmax-Ke OF Kinayx-Kpr) compared to constant
amplitude loading.

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

Cranfield 7& ENGAGE

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 AK . 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 max 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 AK . of the high R ratio, vibratory cycles.

13

i} ..




Omission techniques for helicopter spectra ...

® ‘Safe’ omission criteria based on:
(Kmax-Kpr) < Kin
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 YA enGace

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.

i T
—o— Til023 - 400 MPa
- 0.1
5
t
y % 1.25mm
16% cycles = oo initial flaw
damaging ] — size
0.001
0.1 1 10
erack length (mm)
Cranfield ML ENGAGE
NTVERSITY ’“ PN

This example component is ‘subjected’ to the full test sequence with an
operating peak tensile stress of 400 MPa (approximately one third of the Curs
for Ti1023) by converting the crack growth rate per sequence curve into
crack lengths that will produce the same K o S ssuming 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




Material and component stress levels...

® Comparison between ‘typical’ rotorhead (Ti1023) and fuselage (7010)
components with S;e=150MPa for 7010.

1 —
~—o—Til023 - 400 MPa
~&— 7010 - 150 MPa y
—-~ 0.1 4
5 1.25mm initial
16% cycles 4 A | __— flawsize }
0.001 :
0.1 1 10
crack leagth (mm)
Cranfield o yA enGace

Design strength and crack growth rate differences between 7010 and Ti1023
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.

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.

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 ‘7&& ENGAGE

Vibratory load cycles typically 94% of spectrum loads and contribute to

Damage tolerant analysis of high strength rotor (dynamic) components

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
(Ti1023) 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.
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CRACK GROWTH PREDICTION METHODS FOR
HELICOPTER LOAD SPECTRA AND MATERIALS
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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, AK,y, for the following loading cycle. The
model requires the knowledge of the yield strength and the intrinsic threshold value, AK7, 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 AKr. 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-71-1-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 AKes-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: 30" 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 J
- Loading Spectrum

- Fatigue Crack Growth Prediction
- Confidence

- Corrosion, Temperature, Humidity

- Maintenance / Inspection Procedure (NDT)

J

Inspection Procedures (Intervals and NDE Tools)

Probability of Failure,




HELIX (represents first 90 sec. Training)

100
HELIX-LEVEL
(PERC. MAX. LOAD)
80__
60 — 4
-1 FORWARD FLIGHT
20kN
40 —
FORWARD FLIGHT FORWARD FLIGHT
30kN 30kN
] FORWARD FLIGHT 40 kN
TAKE~OF |
20
0 Ili|||1|||||lllllillllllllll
TIME
FELIX (represents first 90 sec. Training)
100
FELIX-LEVEL
(PERC. MAX. LOAD) 4
80 FORWARD FLIGHT CONTROL REVERSALS
.2 VNE 4 VNE FORWARD
- FLIGHT
TAKE OFF 6 VNE
{
. |
40——
20—
0 r!ll[r'[llll[llllllllilllilll‘ll

TIME




dd~1 ga0qe
sojegedoid SV
JorId




Az — =
AV Aﬂlv\,meVN + «,xaEVNv
mMQ ! EEVH
\
\
:ozmwﬁmoa 3 /<v VV\ > »
_uou ces
............... Vs g = = - ks
» vm .MMNF 19 .meM M&M

» m.meVH

uonegdedoid yoe1d

(N'IdD) POYIRIA JUSwaInseaN peo] uonegedoid yoe1)

Y Y T







?:

m EE m i L | ¢
5__%: / M \/ ﬁ%&é@ 1d —:EM

[t

n ﬁ.____%:

A
a__%s

ﬁ%@ﬁ ( anfi

T Tgxew
: b




£ 0 xew

T =

dn

103y .A%S.mi.? AN €T0+YNLS0+TTE ev ToTdd y

' A%S LOO+ QAN PET0+YN¥E o+mm§v OUd

mb\
v
H : 01" }
- a\ \m 00 - + <
ENEM /&‘ AN .
Q¥day o/ -
D'ud - A ddyrs
A 0 % Ve
' - — T D%Wdw /
_ MX N
d9d<; Q ! . ,
A : 90 & — s
! A\ A1
¥ \
CR: L . _ 80 _—
" | <.~EVH
V | ISELL-SLPLIV
_ v 01

1O xew
.|

B 0l 50 00

._...
¢o- oT







‘ a—
a0 v

Or 80 90 #0 <CTO0 00 TO %0 90 80 O1-
S S S S RS e 'y Y|

| PROJISAO |

‘ )o$ 20

sopmyijdure jue)suoo

'
i
'
1
|
1
1
|
I
1
t
'
i
13

— et 0 |

14 xewt
[ |
"JO*xew
A vl

D VA




adn

0l 80 90 +0 TO 00 TO ¥0- 90 80 OI-

I L _ , s | _ ! ) | ¢ (Y ! i _ | _ | OO

1 -0

7 -v0
B TGX
i ~

~

. -9°0

- -80

AN ~ . _ ; " . - . _ . : O.ﬂ

suonipuo)) uonededoid JoeI) AAISIN(




s My ¥ yp) s 2y [

[
UM&VN

>

< M(xemy p 4d ) 101

< AE::M\ EMV s 10°¥d y WH,

SA[OA)) JO sadA T, 91qISSOd 231U [, YT,

111




m_.m MD L\\\.\. %b\&b
01 50 0o~ S0 071-
_ N S V2 TR S S S _ 0
- \\ ..... ) UOISUDA]
s juapuada(q 194D
9[qISSO s ST
[:5%0d - SOl S T AL 214D
: J1MOID) JorI)) ON

, \ o —-S0
- . UOISUDL ], JUapuada(] _ a
- 4 YIMOLL) YODL)) M
S~
- I1 | 2dAL 904D B mﬂ
i m
, - 0T

43
i
i
H
H
H
H
H
H
!
1
H
H
H
i
H
i

11| 2dAL 9104D ,




W |
£
0 zg
M Xeul — =
ﬁ D' Mg C
4
w&k wmk NJEEVN
J'Xeul — w4 — | |- ——= | = PP A
C

[SELL-SLPL T

T T T _ T T T T T T T T ¥

ddy1 10 9AIN)) QUIOO(

QOR LS ("2
A/ D |



10y .A%S.vf.f sz.mo.oéb.mmm.ci%dv = TOVdd y
[1=29N050]
N (N-9T0+ Q1600+ TIE0+EEY0)= 74y

Qsdu

D MN
0T 60 80 LO 90 SO ¥0 €0 CTO0 10 00
N U Y N ST VAN U N TON NN O WY NN TR [N YN T O YO TN SO N O ST S NN INNT Y O B T _ OO

-,

-

-
- .
-
— . —
.
.
-
-
-
.

AT 0 N — H..A.....nu.. ....... ”
10 S .7 e .&

10 01
[nuodg

%
©
o
e VA"

uoog

0VO 01
VO 0l

1 1
N
N
N
N
N
£y N
Y N
5L
e, N
kY N
%% N
' ;.
3,
5
T T

{ LY ‘THe9-IL |

—l L B B e o i B et e U
Y, Y T




o W .

Lyy |« Lyy ‘onfeA ploysaiy) jeuojewr oy, - Lyv ‘¢

My _ddyy = #2351y 01 Yy WoIj uoronpal ay)
dd 5y = S04 gy uy ¥dy = S04y (€| 0} AMQLIUOd $Odyry AQ JOJ PAIUNOIIL ‘SASSANS
(uorssaxduioo) (uorsuay) oA1ssaxdwod [enpisar diy yoeId [Boo - SO¥ YV ¢

*diyry 0y v Suronpal £q suonipuod

aMIéEMH %MQ < wz%moﬁ oY) sayjIpowr au JOovId Y} puiyeq
JOBIUOD 90BJ JOBIO) AINSOp Yoel) - Wyy ']
IV - 8&2 - Q.@Z = #yv

® © ©

Lyy - ¥dy XUy = foyy




. 2.

KPR / Kmax

n = number of
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i Bl Cpp=
T : 14 MPa

Calculation of Kpg 4
K o o= 26.8 MPavm,
K,=2.8MPaVm,
UR =R, = 0.1045,
Ny =1.72,

Kpg/ Ko o= 0403,

Kpg 4 = 10.8 MPavm

Calculation of K PRB
UR =-0.03,
Kmax,0L= 26.8 MPa-\/m,

Ny;=1.72 (from cycle A)

KPR,B = _8_2 MPa\/m




Summary

A new crack growth prediction model was presented
Criterion is crack propagation , Kpgr

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

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 0p.
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
AK ¢ = Kmax —Kpr —AKr

5. Material dependent parameters and functions which are:
5.1. yield strength, o,

5.2. the intrinsic threshold value, AK7,

5.3. the two “master curves” for CA and 10L

Kpp = f(UR) K nax

5.4.the transitional function of Kpg between the two “master
curves,”(crack growth dependent transition)

5.5 the decline function of Kpg (cycle dependent transition)

5.6 the function

daldN = f(AK ;)

to calculate the crack growth increment da per cycle.
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