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EXECUTIVE SUMMARY

This report provides a review of aeronautical fatigue and structural integrikyn Canadaluring
the periodApril 2017 to April 2019. Thereview isa collection of multiplevork summarieghat
areprovided byCanadianndustries, universitieand governmenorganizationsAll aspects of
structural integrity, especially fatigue related work are covered including
full-scale tesng, life assessment and enhancem&rad andusagemonitoring, structural health
monitoring non-destructive inspectign environmental effesf and new material and
manufacturing This national review will be presemtet the 8" International Committee on
Aeronautical Fatigue and Structural Integrity (ICAEQnferencewhich will be held in Krakow,
Poland from June2"to 7", 2019
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1.0 INTRODUCTION

Canadianindustries universities and government agencies were solicited for information
describing their fatigue technology and structural integrity related activities over the period
April 2017 to April 2019. This reviewcovers work performed or being perfornsdthefollowing
organizationgincluding somecollaborative organizatiofs

T

=4 =4 =4-0_9_9_9_5_2_2_-49._-2-

il
il
il

Bombardier Aerospad@A)
o0 Bombardier Aerospace Experimentagartmen{BAEX)
IMP Aerospac€IMP)
L-3 Communications (Canada) Military Aircraft Services (MAS)
Rolls-Royce Deutschland
Siemens AG
Siemens Canada
Carleton University
Concordia University
McGill University
Université Laval
Department of Mechanical & Aeronautical Engineering, Clarkson University
EngineeringHarvard University
Department of National Defence (DND)
o Defence Research amvelopment Canada (DRDC)
o Director of Technical Airworthiness and Engineering Support (DTAES)
o0 Quality Engineering Test Establishmé@ETE)
0 Royal Canadian Air Force (RCAF)
o Royal Military College of Canada (RMC)
Royal Australian Air Force (RAAF)
United Stags Navy (USN)
National Research Council Canadarospace Research CentdRC Aerospace)

Names of contributors (where available) and their organizations are included in the text of this
review. Full addresses of the contributors are available througHGQA& Canadian National
Delegate at:

Min Liao, Ph.D, Principal Research Officer

Group Leader Structural Integrity
AerospaceNational Research Council Canada
1200 Montreal Road, Building M14

Ottawa, ON, K1A OR6, Canada

Tel: 1:613990-9812

Email: Min.Liao@nrccnrc.ge.ca

CLASSIFICATION: UNCLASSIFIED NRC-CNRC 1
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2.0 FULL -SCALE STRUCTURAL AND COMPONENT TESTING

2.1 Global 7500 Durability and Damage Tolerance Tests

Arkady Alperovitch,Product Development Engineerirgombardier Aerospace

The Global 7500 Quplete Aircraft Durability and Damage Tolerance (DADT) Test started in
November 2017 at BAEX (Bombardier Aerospace Experimenggpaliment) in Montreal,

: ""“Ws"‘“ﬁmr EEN ramme  Smm——
- ‘ 5

Canada, shown iRigure 1.

Figure 1 Global 7500durability and damagetolerancetestsin Montreal, Canada
(Note: Bombardier Aerospacehas changed the name of the Global 7000 ult#iang range
aircraft to the Global 7500 thanks to performance improvements that continue to surpass

expectationg

The main objective of theest is to demonstrate the damage tolerance and fatigue characteristics
of the metallic components of the Global 7500 airframe as well as to demonstrate no Widespread

2 NRC-CNRC DISTRIBUTION: UNLIMITED
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Fatigue Damage (WFD) over the Design Service Goal of 17,000 flights. ijleetives irtlude
validation of

1. Crack growth models for primary metal structure
2. Inspection techniques and intervaénd
3. Typical repairs and allowable damage limits

The main components covered by tBemplete Aircraft DADT Testcomplete fuselagewing,
enginemounts, vertical stabilizer and metallic parts of the horizontal stabilizer. It also @vers
doors landing gear interfaces, as well as the control surface and high lift device attachments and
backup structures within the wing box agmdpennagéoxes as shown inFigure?2.

Figure 2 Overall setup of theGlobal 7500complete aircraft DADT test

The aircraft structure will be subjected to a total of 51,000 flight cycles, whichsep three
times the Design Service Goal (DSG) of the aircraft. The test program is divided into 3 phases of
testing and a final phase for teardown inspection

CLASSIFICATION: UNCLASSIFIED NRC-CNRC 3



LTRSMM-20190063

Review of Aeronautical Fatigue and Structural Integrity Work in Canada (22Q79)

1. Phase 1 Durability testing: Two DSG of flight cycles (34,000 total flights) will be applied
to the test article which includéypical manufacturing and igervice damage and repairs
(completed).

2. Phase 2 Damage Tolerance Testing: One DSG of flight cycles (17,000 flights for a total
accumulated count of 51,000 flights) will be applied to tise aeticle with the presence of
artificial damage at specifgrimary structural elemenPGE locations.

3. Phase 3 Residual Strength Testing: A series of residual strength tests will be applied to
the test article to demonstrate the structural integfisgandard repairs, confirm the critical
crack lengths of the Damage Tolerance Analysis and demonstrate freedom from
Widespread Fatigue Dama@&'FD).

4. Phase 4 Teardown inspection.

Closeups of the wing and fuselage tests are showigare3 andFigure4 respectively.

Figure 3 Closeup of wing test setup

4 NRC-CNRC DISTRIBUTION: UNLIMITED
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Figure 4 Closeup of fuselage test setup

Three missions with four flight types are applied to the test article. These missions were reduced
and truncated to an equivalent of 199 end points, on asgoagflight. Number of cycles required

for Entry-Into-Service (EIS) was reached atnd of Dec 2017. It completed two (Bfetimes
(34,000 flights) of cycling in February 2019.

In addition, there are multiple Durability and Damage Tolerance (DADT)cIBérests for
components not covered on the Complete Aircraft DADT Tiegtle1 contains a list of the main
rigs. These bench tests had beemrently tested fo61,000 flight cycles and follow the same
testing program as the Complete Aircraft DADT Test.

Both Inboard and Outboard flap Durability and Damage Tolerance Tests are performed at BAEX
in Montreal, Canada, shownkigure5 andFigure6. Both flaps are moving to various deployment
angles during flighty-flight spectrum tanore accuratelynatch interface loads.

CLASSIFICATION: UNCLASSIFIED NRC-CNRC 5
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Table 1 List of subsequent metallic test rigs

TEST RIG (Metallic)

ENGINE MOUNTS (FWD AND AFT) AND THRUST FITTING DADT TESTS

SECONDARY HSTA FITTING DT TEST

ELEVATOR METALLIC COMPONENTS AND REAR SPAR FITTINGS DADT TEST

RUDDER METALLIC DADT TEST

INBOARD FLAP DADT TEST

OUTBOARD FLAP DADT TEST

SLAT DADT TEST

AILERON METALLIC PARTS DADT TEST

SPOILER DADT TEST

WINGLET ROOT JOINT DADT TEST

Figure 5 Inboard flap test rig

NRC-CNRC DISTRIBUTION: UNLIMITED
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Figure 6 Outboard flap test rig

As the Global 7500 structure is fabricated utilizing various metal alloys as well as Carbon Fiber
Reinforced Plastic (CFRP) for its primary structure, other test rigs are being used to evaluate the
durability and damage tolerance characteristics of the composite stsuclihese rigs are
following a different testing program list of the main test rigs is provided Trable?2.

Table 2 List of compositetest rigs

TEST RIG (Composite)

AILERON STATIC AND COMPOSITE DADT TEST

ELEVATOR STATIC AND COMPOSITE DADT TEST

RUDDER STATIC AND COMPOSITE DADT TEST

HORIZONTAL STABILIZER AND HSTA ATTACHMENTS STATIC AND
COMPOSITE DADT TEST

CLASSIFICATION: UNCLASSIFIED NRC-CNRC 7
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In conclusion, multiple Global 7500 DADT tests artherrunning or have been completed. Three
aircraft design lives (51,000 flight cycles) will be simulated to ensure the metallic structuse meet
the Damage Tolerance certification requirements, the requirements foilEotService as well

as customer expectations.

2.2 Bombardier Global 7500 Fatigue Test Cycle Rate Commissioning to Y4
Life*

C.A. BeltempoNRC Aerospace
A. BeaudoinR. Pothier, Borhardier Aerospace

* Paperbeing presented at ICAF291

Bombardier Aerospace began a durability and damage tolg{l2AE¥T) fatigue certification test

of the Bombardier Global 7500 business jet in 2017, with cycling continuing through 2019. NRC
wasinvolved in a support role during test design and commissioning. At the time of writing, the
G7500 is the largest dedicated business jet in the world, and was certified in 2018. As is customary
for aircraft certifcation, the fatigue te¢DADT) was one othe final tests to be commissioned,

due to the requirement to receive a produetiqnivalent test article. An aggressive certification
testing milestone was required to meet the certification window. A schematic of the loading vectors
and restraints orhe test article is shown Figure7.

— GT000DADIT
- s 7

A/C.18711

Figure 7 Global 7500 DADT test loading actuators and restraints shematic

8 NRC-CNRC DISTRIBUTION: UNLIMITED
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In anticipation of this aggssive testing milestone, the Bombardier test team employed several

new techniques to the full scale test that had nat bpplied h previous Bombardier fatigue tests.

The intent of these extensive -pirgd agcavetimeinis wa ¢
that was required to reach tbptimum performance of the DADT telsardware, such that the

schedule risk during commissioning could be minimized. A technical liaison from the National
Research Council Cana@fdRC)was also ossite prior to ad during commissioning activities to
support Bombardierés efforts.

These techniques included: judicious diafarmed hydraulic and pneumatic hardware selections;
informed design choices to minimize mass and actuator count; hydraulic and load controller
training and procedure generation on a dedicated independent test platform; extensive -hardware
in-the-loop tuning to maximize performance; and using the global finite element model (GFEM)
of the test article, coupled with a simple pneumatic model to kestenate test load transition
times. An image of the test setup is showFRigure8.

S SE e

Figure 8 Global 7500 DADTT testsetup (viewAFT on LHS)

These techniques were successfully employed to meet the required certification target schedule,
and surpassed the original estimate, as showigure9. A more fulsomexplanation of these
techniques is included i paper irthe ICAF2019conference proceedinf].

CLASSIFICATION: UNCLASSIFIED NRC-CNRC 9
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Figure 9 Global 7500test schedule taertification milestone

2.2.1 REFERENCES

[1] C. A.Beltempo, A Beaudoin, RPahier,iBombardier Global 7500 Fatigue Test Cycle Rate
Commissioning to ¥ Lif@ The 30th International Committee on Aeronautical Fateyue
Structural Integrity (ICAF) Symposium, Jun€/ 2Krakow, Poland, 2019.

2.3 F/A-18 FTS2 Armasuisse Horizontal Stabilator Fatigue Test
(NRC/armasusisse/RUAG

R.S. Rutledge, NRC Aerpace

The National Research Council Canada (NRC) completed a fatiguertéise Swiss Air Force
(SAF) to evaluate an F/A8 horizontal stabilator und&wiss Air Forceusage. The test was a
fatigue durability test of a United States Navy (USN) horizontal stabilatstdb), serial number
(S/N) A202970P test article, usingnan-service SAF fatigue test spectrum. To be consistéth
previous armasuisse FB3 structural test designations, the test article is referred to as the Fatigue
Test Swiss 2 (FTS2) 4dtab. TheFTS2 Hstab test article was manufactured with a 3.1 PCF
(pounds per cubic foot) aluminium core and is consistent with the armasuisse fleet configuration.

The NRCAerospace Research Centreed the same test rig that was used to test tlyalRo
Canadian Air Force (RCAF) {dtab, designated FT905, to fatiguet the armasgisse test article
to extend i original certified life. The test setup is showrrigure10.

10 NRC-CNRC DISTRIBUTION: UNLIMITED
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Figure 10 FTS2 test article with optical marker tracking at actuator locations

The original plan was to test to 120% of the original certificationilée,alife extension of 20%
additional usage. However, by the end of testing NRC had applied 144%e adrithinal
certification life. Since the Swistadingspectrum was three times more severe than the RCAF
spectrum, depending on which critical location isnbeevaluated, the Swiss test had a Service
Goal (SG)that wasmuch more severe than the RCAFstab test completed previously. To
illustrate the increased\serity between the two specttae sum of actuator distance trdee by
each actuator during eablock is shown ifrigure1l.

For theFTS2 test, the loading was introduced using 14 hydraulic actuators, all attached at the
bottom surface of a left hand side (LH$)tah as shown irFigure12. All actuators were at the

same locations and whiffle tree configurations as the RCAF test. The test involved a strain survey
pretest and the application of a total of six lifetimes of armasuisse fatigue/durability cycling on
the Hstab. All loads were applied on thesarvice component to prove that existing component
damages and armasuisse magnitude loads will not comgrdn@gequired Ftab performance
during its desired service life.

CLASSIFICATION: UNCLASSIFIED NRC-CNRC 11
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Estimated Actuator
Displacement per Block

TE Tip Outboard

Tip Mid-Chord

LE Tip Outboard

TE Mid-Span Outboard

LE Outboard 4/5 Span

Mid-Chord 4/5 Span

LE Mid-Span

TE Mid-Span Inboard

Mid-Chord Mid-Span

LE 1/4 Span

TE Inboard

Inboard 3/4 Chord
Inboard 1/4 Chord |.

LE Inboard

50000 100000 150000 200000 250000
DISTANCE (INCHES)

*FT905 = FT1S2

Figure 11 Fatigue testing actuator travel displacement, aamparison between FT905
(RCAF) and FTS2(SAF)

Figure 12 Fatigue testing FTS2 test onfiguration

Teding was carried out at the NRC Structural Integriggpbratory, building ML4, located at the
NRC Montreal Road Campus in Ottawa, Ontario and was compieMavember 2018.
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2.4 F/A-18 Aileron Fatigue Test(NRC/RCAF/L -3 MAS)

R.S. RutledgeNRC Aerospace

The NRC Aerospace Research Centre completed fatigue durability, damage tolerance and residual
strength testing for the Royal Canadian Air Force (RCAF) in 2018. The tedegigaated FT370

based on the aileron serial number (S/N) A18 0370 test article. The FT370 aileron test article
contains aluminium core with pushed fasteners due to hinge modifications carried out during its
usage. The intent was to test the durabilitg @lamage tolerance of the current configuration
RCAF CF188 aileron in order to extend its life to 133% obitiginal certification. The test article

was made available to NRC by the RCAF and by the end of testing NRC had applied
approximately 157% ofts original certification on the component and 143% on the hinges that
were modified.

NRC had an existing F/A8 wing test rig that contained a test article that was used to evaluate
structural health monitoringgchniquesSince this test article hadisting damages the wing was
replaced and the rig was modified to accommodate the installation of an aileron with additional
actuators. Thispecificallydesigned and built test rig was used to apply loads normal to the aileron
and outer wing using 11 hyallic actuators, all attached to the bottom surface of a right hand side
(RHS) aileron, wing, outboard leading edge flap and dummy wing tip missile through a missile
launcher. A picture of the test article in the test rig is shoviigare13.

Figure 13 Aileron test(FT370) article and test rig
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The testingwork included: a strain survey ptest; and the application of five (G)jetimes of

fatigue cycling on the aileron. Note that the test article had 90% of its original fatigue life expended
prior to test start. Testing on the-service component was intended to prove that existing
componat configuration and damages will not develop to failure and that these damages can be
found with the current maintenance procedures. During testing, NRC monitored the entire
structure and carried out inspections. Periodia¥X inspections were carried toat the pushed
fastener locations that were created when the hinges were modified. An exdrapleé-ray
inspectionis shown inFigure14.

Figure 14 Aileron test (FT370) X-ray inspection showing pushed fastener locations
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Following test load cycling, proof residustrengthtest (RST)loads were appliedSimulated

original equipment manufacturing cases were applied to 120% desigioadi{DLL). These

load case were reapplied to 133% DLLThen an additional eight spectrum envelope load cases
were applied with the highest load case applying an environmentally factored load case equivalent
to 165% DLL. The proof load tests to 120% Dptovided experimental evidence that permanent
detrimental deformations of the aileron should not occur during average normal oparatitre

RST cases at the higher loads with the environmental factor proved that catastrophic component
failure will notoccur. NRCis now completing a teardown inspection of the aileron.

All testing was carried out at the Structural Integtigboratory, Building M14, NRC Aerospace
Research Centre, Montreal Road Campus in Ottawa, Ontario, Canada.

2.5 CF-188 Horizontal Stahlator Tear-Down Analysis Post Life Extension
Fatigue Test

C.A. Beltempo, R.S. RutledgBlRC Aerospace

In 2015, the Royal Canadian Air Force (RCAF) contracted the National Research Council Canada
(NRC) to conduct a life extension test of the-TF8 horzontal stabilatorH-stab) to support the
extension of theCanadian CFL88 Estimated Life Expectancy (ELE). This test, referred to as
FT905, was conducted in order to avoid costly and time consuming procurement of additional
parts. The F/AL8 horizontal stbilator is composed of graphite / epoxy composite skins enclosing
an aluminium honeycomb core. Test objectives included determining the durability of the
aluminiumcore in the presence of substantial damage, investigating suitable inspection techniques
for this type of damage, and determining suitable inspection intervatpiifred. The test consisted

of five (5) lifetimes of durability cycling, fobbwed by damage introductiofiye lifetimes of
damage tolerance testirapd therresidual strength tesgnRST),with the residual strength loads
incorporating an environmental load factor to account for the service envirofiarenore details

please refeto ICAF 2017 Proceedingb-18 Flight Control Surface Life Extension TestinGF

188 Horizontal Sabilator, C.A. Beltempo et al)Pulse flash thermography was found to be
effective in characterizing honeycomb core damage, as showigume 15, where induced
damaes inthree B) critical areas are presented

CLASSIFICATION: UNCLASSIFIED NRC-CNRC 15



LTRSMM-20190063

Review of Aeronautical Fatigue and Structural Integrity Work in Canada (22Q79)

Figure 15 CF-188 FT905 HStab Induced Damages taken by Pulse Flash Thermography

During the test periodic X-ray, through transmission ultrasonf{g-scan, and pulse flash
thermographyinspections were carried qubut revealed no damage growthhe testwas
completedsuccessfully in 201,7and he test article was sectioned in 20fb8 posttest nor
destructive inspection (NDI)The posttestNDI alsodid not reveal any damage growth of the
induced damages, nor any indications that were not caused by loading system failures or were not
already present in the test article. As a result of theNiDFindingsduring the testthe teardown
sectioning was pmarily focused on thehree @) induced damage areas and a fourth area of
concern near the tip, to determine whetther induced damages had growa fatigue cycling.

The initial sectioning of the part is shownHigure16.
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Figure 16 CF-188 FT905 HStab following initial sectioning for tear-down inspection

The teardown inspection confirmed the NDI findings and also validated pulse #astography

as an acceptable inspection technique for honeycomb core subsurface damage. The large damages
introduced to the honeycomb core had not grown during the damage tolerance cycling of the
FT905 test, nor had they changed duriegidual strength te$RST) load applications. A sample

of a final section cut in the aft area is showrrigurel7. As a result of the teardown inspection,

the CF188 H-stab was certiéd a life extension of 1.5 times the original certification, with a single
comprehensive inspection at 2/3 of the new baseline lifetime usage.

Figure 17 CF-188 FT905 HStab lengthwise section cut showing induced damage with no
growth at edges
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2.6 Fatigue Structural Testing Enhancement Research (FASTER)

C. A BeltempoNRC Aerospace
R. Fortune, J.R. Forbes|cGill University

NRC has a long and rich history of carrying out-&dhle structural tests on fixeahd rotarywing

aircrdt. These tests can be extremely complex from a control systems vieveguarto the large
number of actuators and the many factors affecting the response of each actuator. In the past
decads, the Structures and Materials Performance Laboratory (SMPNRC has undertaken
several efforts tomnprove the manner in which fedlcale tests are conducted for our clients. This
work ranges from developing reduced structural mass test loading systems to the development of
crosscoupled compensation (CCC,or@3 ed by MTS as a utility of
and Data Acquisition Software
(http://www.mts.com/en/forceandmotion/aerospacetesting/MTS_40262967article=1) technology
to obtain higher performance and faster test speeds. Further effortsgoagnio catinue to

develop the NRC advanced control technologies to improve howdalé structural tests are run.

TheStructural Integritygroupat NRGSMPL had a test rig setup for experimental purposes, shown
in Figure18. This test set up was based on a need to apply bending and torsion loading to a
structure forpreviousStructural Health Monitoring (SHM) sensor and algorithm development.
The set up consisted oivo (2) identical cantilevered beams on whitho (2) actuators were
mounted at each end, in order to apply bending and torsion loads testimgstructure in the
middle (Figure18). NRC has recently engaged in a research project in collaboration with McGill
University to conduct a variety of control system trials in order to better understand the control
problem. The project centered around various activities, includiethads for proportional
integral (PI) gain estimation, investigating Systemniification approachds accurately predict

plant (complete systemYynamics, developing both singlgput singleoutput (SISO) and
multiple-input multipleoutput (MIMO) dynami feedforward (DFF) controllers based on
identified plant models, and finalijnplementing Hinfinity controller synthesis methods to assess
their performance fordfrcecontrolled fatigue testAlthough these methods require substantial
additional knowledg, preliminaryresults indicate the application of DFF o1ifdinity methods,

or a combination of the two, yield lower errors arudential increases in test cyclimgte. The
preliminary results were also submitted to the proceedings of thén2dstatonal Federation of
Automatic Control (IFAC)Symposium on Automatic Ctnol in Aerospace, (ACA 20197]
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/

Figure 18 Test rig setupfor FASTER structural fatigue testingresearch

2.6.1 REFERENCES

[2] R. Fortune, C. ABeltempo, James Richard Forbes, System Identification and Feedforward
Control of a Fatigue Structural Testing Rig: The Single Actuator Case, submitted to 21st
International Federation éfutomatic Contro(IFAC) Symposium on Automatic Control in
Aerospace, Submitted for Review, March 2019.

2.7 Structural Analysis for CH-146 Air Transportation Kit Pallet Assembly
G. Qi, G. Li, G. Renaud, J. Rogers, and R. Amos, NRC Aerospace

As a utility tactcal transport helicopter, the versatile @HA6 Griffon is usedby the Royal
Canadian Air Force (RCARn a wide variety ofmissions, such asoop transportsearch and
rescue, casualty evacuaticemyd humanitarian relief operationisoth at home and abrdaln
practice, th&CH-146ssometimes have to be loaded on a largelCT Globemaster Il to me#te
mission requirements. However, the curr€it-146 design isot supporive to this operation
because:

(1) In order to be loaded into a G177, the main ratr of the helicopter must be removed aad
flight testis required after it is renstalled which delays the time the GH46 becomes
available
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(2) TheCC-177 muststayon the ground for a long period of tim&aiting for the CH-146to be
loaded and tied down to iThis processs very labour intensivand prone todamagethe
aircraft by overloadingne of the many attachment lugsd

(3) Each time aly three CH146s can be loaded inekadCC-177.

To improve this operatigrihe National Reearch CounciCanadgNRC) is currently developing
a Palletized GrifforAir Transportation Kit (PGATK). The proposedPG-ATK will be used to
load a CH146 with the main rotor attacheitito a CG177. This kit allows transportation of the
helicopterwithout rotor removal, rotor re-installation anda follow-up flight test. The current
tedioustie-down proces#n the CG177 will be eliminated by prenounting the helicopters @
PGATK pallet assemblyThus a CH-146 can be quickly loadad a CC-177, allowinga rapid
turnaroundFurthermorethe PGATK will also enable the RCAF to loadur helicoptersnto a
CC-177. Therefore, the RATK systemcansignificantly improve the operational efficienapd
reliability, and thus have great impact on the futDke 146 Griffon missioncapabilities.

As the key component of thiG-ATK system) the pallet support structure assembly must meet all
the strength, stiffness and weight requirements, while ensuring the structural integrity of the entire
aircraft system. Therefor@ detailed structural analysis is mandatory. Based on the NASTRAN
linear elastic finite element (FE) analyses of two preliminary designs, the current analysis is being
conducted using ABAQUS/Standard to continually support thgaamg design improvemeiia
prototype of the design is shownkigurel9). Thelatestanalysis includes elastjastic material
properties and comprehensive part interactions Tsedéée 3) to present precisely the load paths

and achieve sufficiently acate stress solutions at alitical locations. A finite element mesh of

the pallet support stature assembly is shown kigure 20. In addition, the fastener related
strengths were examined, which are the crucial considerations for the design configuration. Based
on the analysis results, a refined design is being carried out.

Figure 19 A prototype of the PGATK system
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Table 3 Pallet FE model assembly interactions

Category

FE model Assembly Interactions

Subtotal | In total

Coupling

Fastener points (25+13) with fastener hole

[6)]
w

Aft-Block hole, Fwd-Block hole

57

Aft-Lug hole, Fwd Lug hole

Contact

Plate to Aft-Block

Plate to Fwd-Block

Plate to Left-Block

Plate to Support Assembly

Support Assembly to Left-Block

Support Assembly to Aft-Block

Support Assembly to Fwd-Block

Tie
Constraint

Support Assembly tie to Aft-Lug

Support Assembly tie to Fwd-Lug

N TN T =Y TN PN TN SN PN T NR TN

Connector

Loads point with Fasteners (Beam Conne

[N
w

Aft-Block with Aft-Lug (Hinge Connect|

[N

15

Fwd-Block with Fwd-Lug (Hinge Connec

CH146 Air Transport Kit
Assembly FE Model (RHS)

iyl

i
A
il

it

;
7

Al

Fwd

Figure 20 A finite element mesh of the pallesupport structure assembly right hand side

(RHS)
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3.0 FATIGUE LIFE ASSESSMENT AND MANAGEMENT

3.1 CP-140 (R3) 7249 amageToleranceAnalysis(DTA) Updates

A.M. Brown, IMP Aerospace

The Canadian GR40 Aurora Figure21), a variant of the 8 Orion, is completing a fleet mid

life upgrade in the form of the Aurora Structural Life Extension Program (ASLEP). The ASLEP
replaces the wings and horizontal stabilizersStielb) on the aircraft and includes design changes
intendal to address fatiguprone areas, as identified througreviousservice experience. In
addition to tle design changes, the former stress corrosion cracking {8£6€¢gptible 7073651

wing and HStab material haBeen replaced by the SCC resistant 7248511. This material
change should greatly reduce thecurrence®f SCC on the wing and 43tab and addresses a
significant issue with the previous mateliad75)

With the material and design changes, it was necessary to update the DTA for alratkbd
structurally significat items (SSI) on the aircraft. This DTA is conducteccombination with
individual aircraft tracking (IAT) to support structural usage monitoang maintenance on the
fleet. Aircraft usage is recorded via strain gaugesdited on the wings and-Stab.

FASTRAN is the tool used to perform SSI crack growth predictions on th&4QHRleet and
requires calibration to the applied spectrum. For this it was necessary to perform a series of 7249
coupon tests with representatigpectra Some of the tests were completedtia¢ National
Research Council CanaddRC). The FASTRAN recalibration efforts showed that 72496511

was much less sensitive to retardation than 703%L. This characteristic wast observed until

the spetrum coupon testing for the €RI0 was performedaince prior to thisall data were from
constant amplitude tests. The sensitivity to retardation resulted in a reduction in inspection
intervals forsomecritical SSI by approximately 50%.

To help counteact the reduced 7249 SSI inspection intervals, additional crack growth paths were
added where possihland beta factors were refined through the usinaé element modelling
(FEM).

Further characterization of the material was performdd®§ throughfracture toughneggsting.
Testing results from NRQCorrelated with earlier fracture toughness results produced by
Netherlands Aerospad@boratory(NLR) that were considered strange. It was found that, for the
limited number of thicknesses tested, filaeture toughness of 7249 increased with thickness. This
is counter to the behaviowf 7075. However, wth correlation of the results from the two
independent organizatio(NRC and NLR)the 7249 fracture toughness results were incorporated
into the ydated CPL40 SSI DTA.
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While corrosion is much less of a concemthe new wgs and HStab, efforts are ongoing to
mitigate the reduced SSI inspection intervals as a result of the switch frorT86T50 7249
T76511. These include the incorporatiorcold-working residual stresses in the DTA as well as
the development of neimvasiveNDI techniques that could be used on a more frequent basis (e.g.
norrinvasive inspection every depot versagasive inspection eve@ndor 3rd depot).

Figure 21 CP-140 Aurora (http://www.rcaf -arc.forces.gc.ca/en/aircraficurrent/cp-
140.pagé

3.2 CF-188 Aircraft Structural Integrity Program (ASIP) and Aircraft Life
Extension (ALEX) Program

L-3 Communications (Canada) Military Aircraft Servi¢ge8 MAS)

L3 MAS, a wholly owned subsidiary of L3 Technologies, is among Canada's leadi®g\ice
Support (ISS) integrator, offering military and commercial customers a full range of modifications
and sustainment solutions, in support of their aircraft and Eepsf L3 MAS employs over 900
people in its main facility in Mirabel, Quebec and in other operating centers throughout Canada
(Bagotville, Cold Lake, Halifax, Shearwater, Comox, Pat Bay, Greenwood, Gatineau, Ottawa,
Toronto, Trenton and Petawawa).
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Since 1986, L3 MAS performs the-service support of the Royal Canadian Air Forces (RCAF)
CF188 (Boeing F/A18) fleet as part of System Engineering Support Contract (SESC). This
contract includes the conduct of all aspects of the Aircraft StructuralitgtBgogram (ASIP) and

of related depot level structural maintenance. L3 MASfailéits similar rolesin support of the
CT-114 (Canadair Ci41) Tutor aircraft, a fleet that the RCAF currently employ for their
Snowbirds aerobatic team and the-C&) Poéris aircraft (Airbus A310). As a key partner to
Lockheed Martin in the Maritime Helicopter Program (MHP), L3 MAS also performs ASIP
functions on the CH 48 (Sikorsky $92) helicopterL3 MAS also provide engineering services

to international F/AL8 opertors such as the US Nawmasuisse and Finnish Air Force.

L3 MAS conducts a fulfledged ASIP program on the €B8 fleet on behalf of the RCAF.
Above and beyond usage and structural condition monitoring activities mandated TRML

1530, the progma has effectively extended the life of the aircraft by approximately 50% via the
life extension program (ALEX). ALEX is comprised of over 250 items total, approximately 60%
of which has been executed at depot (third line) level of maintenance in Miratieke major
phases. The last phasentrol point phase 3 (CP33% in production since 2012. The rest of the
ALEX program is synchronized with the periodic maintenamtgch occurs at every 600 airframe
hours and is executed primarily at the base, as far as inspections and modifications are concerned.
Some of the corrective maintenance, primarily on wing components and flight control surfaces,
entails reinduction at @pot, on a casky-case basis and, exceptionally, mobile repair parties or
fly-in into third line (depot) when the fuselage is affected.

The fatigue life of the airframe is managedmarily via the Fatigue Life Expeled Index (FLEI)
(computed at theving root) as part of the Individual Aircraft Tracking (IAT) program. Other areas

on the airframe are certified with higher scatter factors to account for other load influences that are
not tracked by the wing root index and/or dynamic loading. Thedtd Tracking Factor is
embedded in the lifing in order to obtain a similar level of safety for all areas of the aircraft.
Landing gear components are managed via manoeuvre counts (essentially landings and retraction
cycles) and flight control surfaces ananaged by componecamulativeflight hours (CFH).

3.2.1 ELE EXTENSION AND NEW BOSINITIATIVE

In 2017, the RCAF has expressed the need to extend the Baseline life 0f1B8 @Fsupport an
Estimated Life Expectancy (ELE) up to the 2831B2 timeline. Thidas induced an increase of

8% in the wing root FLEI limit to accommodate fleet leaders and similar increases in the required
number of airframe hours and landings, compared to previous ELE scenario which wa®2025

In parallel, the RCAF is also acqing 18 aircraft from the Royal Australian Air Force (RAAF) in
order to reduce the yearly flying rates (YFR) on the current fleet and to meet increasing operational
requirementnside the country and to fuliiis obligatons with NATO and NORAD.L3 MAS is
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currently assisting the RCAF to assess and increase the fatigue life of these aircraft which were
initially planned for an early retirement as part of the RAAF fleet.

In theeffort to reassess all critical areas (over 1,000 locations with poteatiglie issues at the
onset) in support of the 8%LEI increase and to cover the usage characterization of selected
critical locations by L3 MAS, an automated, but also more refined, lifing and failure rate
calculation methodology, based on the New Basel@perationalSpectrum (BOS), was
developedThe New BOS is a muHphase spectrum derived from actual fleet usdgegloped in

the late 2008 and it difers significantly from the original BOS that was developed and used
during the followon testing efébrts in the 199€. This new approach uses the New BOS multiple
phases, representative of distinct usage periods, to properly characterzentilatedfatigue
damage at specific locations atwl obtain projected trends. Given the current life extension
scenario, the New BOS showed that while for some locations, the loading seems to be less severe
than anticipated, other locations seemadcumulate fatigue damage faster than expected with the
original BOS, locations affected by Negative Nz (i.e. up3@) for example. The latter would

affect the fatigue lives of locations such as wing spar upper flanges, fuselage lower longerons, etc.
The impact of this finding on the life of the critical locations of #ireraftis currently under
assessment.

3.2.2 FLIGHT CONTROL SURFACES (FCS)LIFE EXTENSION

Up until the late 2008 the Flight Control Surfaces (FCS) of the-T3 had not been considered
systematically and holistically as part of the Aircraft Structural Integrity Program (ASIP) effort.
Oneof the key reasons ithat FCSare easily swapped from one aircraft to another and that, as a
result, preventive modifications or refurbishment are not tied directly to the ALEXCPRTP3
framework.

The RCAF had previously adopted an interim position to us@Hi-recommended inspections

at 6000 CFKwhich provides an extension to 7000 CHidwever even this effort is not adequate

to meet RCAF fleet requirementsSupporting the fleet until an ELE of 202832, with due
consideration for nomepairabledamagegprimarily due to environmental inducehAmagen
honeycomb core and/or bonded joints) and limited additional provisions for further extensions
ELE, has led to a need to certify FCS for up to 9000 CFH.

Previously, a somewhat conservative assumptazhldeen made that the FCS had to be certified
to the original BOS. In reality, the New BOS, is less critical than the original BOS at the wing
root and aircraft will be allowed to operate for up to 9000 to 10000 hours. Hencetrdrd plan

is to certfy FCSto the New BOS instead, for consistency.

The certification strategy is primarily based on full scale component testing bbtizental
stabilator (H-stab) the aileron, the inboard leading edge f{HEF) and the trailing edge flap
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(TEF). L3 MAS and the National Research Council Canada (NR@)test agency, are working
in close collaboration on these programs. Further details are provided below:

1 Horizontal Stabilato(H-stab)test

This quasistatic test hd the objectives of evaluating the life of the honeycomb core (3.1 PCF
(pounds per cubic bat) configuration) under repeated loading for 9000 CFH and also to
demonstrate the damage tolerance capability with either fatigue damage or induced damage. The
teststarted in March 2015 and cycled for 50,000 SBirhulated flight hourspf fatigue cycling
(including a 10000 SFH of damage tolerance). Using a total scatter factor of 5, the test has shown
a Safe Life Limit (SLL) of 10,000 CFH (50,000 SFH/5).

At the end of the fatigue cycling, the test article went successfully through a residual strength test
(RST) during which it was submitted to a total RST factor of 120% Design Limit Load (@itt.)
Environmental Factor (EF). Data gathered following tlaedewn of the test was used to certify
thecritical locations on the Hstab

1 Ailerontest

Similar to the Hstab, thequasistaticailerontest has the objectives of evaluating the life ohbot
aileronattachmenhinges and the surrounding honeycomb aoréer repeated loading foj0®0

CFH and also to demonstrate the damage tolerance capability with core induced damage during
maintenance. The test has successfully completed fatigue cycling (41,728 SFH), residual strength
test (RST) and ultimate staticste Data gathered following the teardown of the test was used to
certify the citical locations on the aileron. More test setup and details can be found in Qettion

in this National Review.

1 Trailing edge flaptest

Similar to the aileron, the Trailing Edge Flap (TEF) attaehthinges do not meet the ELE target

of 9000 CFH. Due to the urgency of certifying these hinges, two sepestdavill be carried out

in two different phases. Phaseslnearteststartand is aiming at certifying the life extension
modifications of the outboard hinge (oversize, coldwork of lug hole, blendlatceen surface
area), while Rase 2 (a separate test) is aiming at certifyiegd&M inboard hinge. Data gathered
following the teardown of these tests will be used to certify the critical locations on both hinges.

1 ILEF component fatigue test.

ThelLEF fatigue life is assumed to BeD00 CFH until a demonstration of a life extengmB,000

CFH is done through a component test. The main objective of the test is to certify the life extension
modifications (blend and shot peen) of the ILEF attaehttransmission lugs to the wing. It is a
gquaststatic testandboththe test life target and test agi arecurrentlyunder evaluation. Qe
completed, the ILEF would be able to reach its required ELE.
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3.3 F-18 Aircraft International Support

L-3 Communications (Canada) Military Aircraft Servicé8 (MAS)

Over the years, LBIAS has performed several fatigue life assessments and/or development of
modifications (and inspections) for other F18 operators, namely thioyal Australian Air Force
(RAAF), United Sates Navy (USNprmasuise and the Finnish Air ForceThe locatios
addressed via these efforts are often the same or similar in terms of configuration to those covered
in the CF188Aircraft Life Extension ProgranALEX) program.The other key reason why these
operators have come to L3 MAS for assistance is becatise wfique capability that the company

has developed for igitu robotic applications, namely machining and shot peening. In 2017, L3
MAS reported herein on the comprehensive experimental program that it conducted on behalf of
the USN on these types ofbatic applications. In a similar fashion, coupon testing was also
conducted recentlgtt NRG in support of fastener life improvement techniques.

3.3.1 FASTENER LIFE IMPROVEMENT TECHNIQUES i COUPON TESTING

The fatigue performance resulting from the use ofdblinterference fit ground shank fasteners

(/F GS) were compared with that of legacy clearance fit blind fasteners with ring pad coining
(RPC), that needed to be replaced, and with interference-fibklfasteners (I/F HL) that can be

used for locationshat are accessible from both sides. These comparisons were required to assess
retrofit modifications for which several fasteners had to be replaced and/or fastener holes had to
be reworked, either for life improvement or for access purposes. Howevéfe tineprovement

factor (LIF) of the I/F GS fasteners to be installed was limited by the fleet operator to 2.0. This
suggested thahé analytical crack initiation (Clife benefit that could be claimed from the use of
these fasteners was lower than tHathe RPC or I/F HL, which had an approved LIF of 3.0.

In cases where the local peak stress at the hole is more than 150% of the yield strergt),(1.5

the fleet operator was attributing a LIF of 1.0. However, this sudden shift from a LIF of 3.0 (or
2.0) to 1.0 when crossing the stréssitation was seen as arbitrary and not representative of the
actual performance of these fastener syst&unsher, assuming the same LIF before and after the
modification appeared potentially «wonservative if the I/F GS fastener holes truly have a shorter

life than that of the I/F HL or the RPC fasteners. For these reasons, a coupon test program was
developd to evaluate the relative difference in LIF between the three fastener systems. The
characteristics considered in this program are summariZeabile4.
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Table 4 Parameters considered in fastener tests

Characteristics Test Values Considered
Material Aluminium plate, 6in thick
Stress level 1.3 Fty (93 ksi) and 2.0Fty (124 ksi)
Hole diameter (in) 0.25
Surface finish Etched
TargetedC/F 0.00150. 00200
Targeted I/F 0.00260. 00250
Pitch and e/D 6D and 1.5D

Through and bearing loads:

Stress state .
no- and high load transfer

Grain direction LT
Marker bands Added in spectrum (bar code type)
Spectrum Military Wing Root bending Momergpectrum
Spectrum truncation 30%

Twelve mandatory and two conditional series of seven coupons were defined to cover baseline
cases (open holes) and fastener configurations with and without load transfer. Moreover, each
coupon allowed life determinatidinom two identical holes. The geometry of the fastener test
coupons is illustrateoh Figure22.

Note: coupons were teste
with or without doublers

Figure 22 Geometry of fastener test coupons (with doublers)

The results are shown Fable5 (unfactored) andable6 (factored) belowThe ®ries with HL

and load transfavas not conducted as being optional (to save test cost and dur@hiemesults
confirmed that the LIF associated with I/F GS is effectitelyer than RPC andH/HL. A very

high scatter was observed for te GS with no load transfer serjeghich generated a LIF as low

as 2.06. However, as part of angoing follow-on coupon test on fatig damage removal, the
same hole assembly wested but with an e/0O(hole edge distance/hole diametef)1.77 (instead

of 1.5) and showed a much smaller scatter (Log 10 std. dev.= 0.091) and a LIF of 4.37. This
suggests that with e/D closer Ittue printvalues, theésS LIF would grform much bette

28 NRC-CNRC DISTRIBUTION: UNLIMITED




LTRSMM-20190063

Review of Aeronautical Fatigumnd Structural Integrity Work in Canada (2042019)

This test prograndentifiedtwo interesting collateral finding&irst, the LIF is not reduceshen
thestress level exceeds 1Ry. In fact, it increases in all cases exceptlierRPC holes with load
transfer Secondly, the LIF onrack growth CG) life is significant, and even higher than on CI
life for thel/F GS and morer lessthan that of the Cl life for other Life Improvement Techniques
(LIT). Note that these coupons haveedD of 1.5 only, so the CG being relatively shtmore
affeced by the LIT than if the plate would have been wider. Further testingéiadl of these
collateral findings is yet to bsonducted

Table 5 Unfactored results

Unfactored Lives (Log-Average / Median of lognormal fit) Unfactored
Group Fastener  Load Transfer Peak Stress Cl Total CG LIF CI LIF Tot LIF CG

1A 93 5033 9162 4028

1g | Openhole NIA 124 1255 2570 1302

2A Yes 93 54547 81108 26109 10.84 8.85 6.48
2B C/F blind + RP 124 8606 21076 12345 6.86 8.20 9.48
2C No 93 35741 52498 16489 7.10 5.73 4.09
2D 124 13574 22222 8073 10.81 8.65 6.20
3A Yes 93

3B . 124

Hi-Loks

3C No 93 69147 122770 48874 13.74 13.40 12.13
3D 124 23238 37926 12313 18.51 14.75 9.46
4A Yes 93 47179 114543 65728 9.37 12.50 16.32
4B /F blind 124 20284 44736 24287 16.16 17.40 18.65
4C No 93 33632 61952 31321 6.68 6.76 7.77
4D 124 12856 25242 11720 10.24 9.82 9.00

Table 6 Factored results

Factored Lives (CDF = 1/1000 on lognormal fit) Factored

ILET ] Peak Log10 std
Group  Fastener Transfer  Stress devonCi LFCI LIFTot LIFCG
1A 93 3269 0.0613 7615 2137
Open hole N/A
18 124 882 0.0501 2359 935
2A Ves 93 32145 | 00751 | 46752 | 10847 4 9.83 614 | 5.08
28 | c/Fblind + 124 4814 00825 | 15546 | 8489 N 5.46 659 | 9.08
2C RPC 93 25967 | 00454 | 44919 | 10334/ 7.94 \| 590 [/ 284\
No
2D 124 7783 00790 | 19239 | 2921\ 882 J|N\s15 \ 312/
3A 93 . \
Yes
L Hi-Loks s e
3C \ 93 17520 | 01949 | 46831 | 14593/ 5.36 \|. 6l15 6.83 )
(o]
3D 124 7290 01646 | 299%7 | 3149\ 826 J|"Nd70 \ 337/
4A Ve 93 10674 | 02110 | 29410 | 15217 3.27 s | 7.12
48 o 124 11263 | 00835 | 28382 | 1496 12.77 03 | 1601
4c i 93 6734 02265 | 20234 | 1330 66 |/ 6.23
4D 124 4695 01430 | 17447 | 6102 5.32 739 [\ 653/
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3.4 CT-114 (Tutor) Aircraft Structural Integrity Program (ASIP)

L-3 Communications (Canada) Military Aircraft Service8 MAS)

L3 MAS conducts a fulfledged ASIP program on the €Il4 fleet on behalf of the RCAF.
Aircraft usage monitoring is achieved by collecting, aatihg and processing the Operational
Loads Monitoring (OLM) system data. Periodically, collected aircraft usage data is validated and
accumulated fatigue damage is calculated for major aircraft components. In addition, remaining
life for every major airaft component is calculated based on predicted aircraft usage by using the
software tool GIFTS. The monitoring program findings and L3 MAS recommendations are
reported to DND on a monthly basis.

L3 MAS was mandated to extend the service life of the Tilget to 2030. This resulted in the

review of teardown inspection results, identification of additional SSI requiring inspection/rework,
electrical / mechanical systems obsolescence and the development of a fleet strategy to manage
the rotation of servicaircraft with those in storage in order to meet the new planned retirement
date.

In addition, airworthiness risk assessments and damage tolerance analyses were performed on
some locations identified from the review of teardown inspection results. L3 MAS
recommendations resulted in new inspections, modification and repair development. Work is
in-progress on the modification and repair development. DND-@dgress of reviewing its
maintenance manual to incorporate the new inspections.

Figure 23 CT-114 Tutor (Snowbird, http://www.rcaf -arc.forces.gc.ca/en/aircraft
current/ct-114.pagé
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3.5 CC-150 Polaris Fleet InService Support and Fleet Manageent

L-3 Communications (Canada) Military Aircraft Service8 MAS)

As part of the Polaris Program, L3 MAS is mandated to providgemice support for the
operations of the five C@50 Polaris aircraftigure24) (Airbus A310304) ofDND. L3 MAS
develops and maintas an A310 maintenance schedtdesatisfy 180 minutes Extended range
Twin-engine Operations (ETOPS) and -@&0 specific modificationsL,3 MAS also provides
engineering support to satisfy Canadian Forces operational requirements and the configuration
control of the CEL50 Polaris (A310 Airbus) fleet.

3.5.1 OBSOLESCENCE AND AGEING AIRCRAFT MANAGEME NT

L3 MAS provides assistance for the management and resohitiechnical challenges associated

with maintaining ageing aircraft with diminishing manufacturing sources. L3 MAS is responsible

to develop plans, forecast maintenance and engineering activitietp gmdvide advice on
upcoming changes to Airworthess regulatory framework that could affect the fleet, and
medium/long term obsolescence issues affecting aircraft components and missions systems on
both MRTT (Multiple Role Transport Tanker) and ARMRTT aircraft. Maintenance Monitoring
Program- L3 MAS performs Reliability Monitoring based on Airworthiness Manual Advisory
AMA 571.101/1 to monitor the effectiveness of the-C&D maintenance program.

3.5.2 CC-150TMRTT MissioN Mix Stuby

L3 MAS was mandated to perform an engineering study ori&ICMRTT Mission Mx. Two

out of five CG150 aircraft were modified as Multi Role Transport Tanker by Airbus. As the
structure and mission type of the A310 MRTT is different than the basic A310 aircraft, Airbus
published a Supplemental Airworthiness Limitation ItemA(S) for all MRTT variances
regarding this modification. Amongst documented differences, -kl $troduces an updated
Limit of Validity (LOV) for the structural maintenance program and a specific flight profile
limiting the expeted mission mix distribubin. Several actions were then required to allow
continued operation of the fleet tgpthe current ELE of 2025/2026, they are:

Confirmation of mission roles versascraft configuration;

Review of CG150T utilization to evaluate the impact of missionetym life expectancy;
Mechanism setip to track future utilization of MRTT (role and flight profile);

Airbus assignation to obtain adjustment factors to evaluate the margins of operational MRTT
aircraft life (life expended values per aircraft zone);

MRTT maintenance program adjustment (mainly flight controls and engine mounts), and
Structural components replacement to meet current fleet life expectancy.

= =4 =4 4

= =4
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3.5.3 CC-150ESTIMATED LIFE EXPECTANCY (ELE) StuDY

The main purpose of this tasking was to help DND iderdlfytechnical activities required to
maintain the C€EL50 fleet up to the Estimated Life Expectancy (ELE). The scope was also to
outline the technical impacts to be managed for various ELE scenarios (FY 25/26, FY 26/27 and
FY 27/28) on the CA50 platform(tanker and notanker).

Figure 24 CC-150 Polarisin tanker configuration (http://www.rcaf -
arc.forces.gc.ca/en/aircraficurrent/cc-150.pagé

3.6 CH-148 Maritime Helicopter Aircraft Structural Integrity Program
(ASIP)

L-3 Communications (Canada) Military Aircraft Service8 MAS)

As part of the Maritime Helicopter PrograiHP), L3 MAS is mandated to conduct an ASIP
program on the 92, designateds CH148 by the RCAF. Usage monitoring is enabled via the

S92 Health and Usage Monitoring System (HUMS). The HUMS has the capability to recognize
regimes/manoeuvres via recorded flight parameters and sensor data. This data is processed by the
Usage Corparison and Reporting Tool (UCART) that computes fatigue damage rates at selected
locations for each individual aircraft and compares them to the design spectrum according to the
requirements of MILSTD-1530.
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In 2018, algorithms for fatigue damage rdgzivation in UCART from the HUMS regime and
event data were completed. Filtering of the captured regime data was implemented in order to
provide realistic usage data and avoid multiple triggering of the regime recognition when aircraft
is operating clos® the defined thresholds. These filtering algorithms are currently validated and
improved through flight testing.

The other major component of the €148 ASIP Program is the Structurally Significant Item (SSI)
database. The SSI database records altalesant information about each SSI, also known as
Primary Structural Element (PSE), from the design phase and intodbevioe phase in order to
enable ASIP analysts to monitor structwtaimagesind, when needed, recommend changes to the
maintenancenegram or modifications to the helicopter.

Usage monitoring and structural condition monitoring are now well implemented and periodic
reporting is now available. The captured usage data is compared with the design spectrum to
identify any potential idcrepancies.

Figure 25 CH-148 Cyclonehelicopter (http://rcaf -arc-

images.forces.gc.ca/gallery/caf/detail/?filenanm1S28-2016:0001-011&assetld=410
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3.7 Demonstration of an Airframe Digital Twin Fram ework using a C~188
Component Test*

G. RenaudM. Liao, and Y. Bombardier NRC Aerospace

* Papelbeing presented at ICAF291

The airframe digital twin (ADT) framework ia potential gamehanging fleet management
concept recently proposed by the United States Air FH@&AF) to allow proactive and cost
effective decisions on an individual aircraft ba3ise National Research Coun€ibnadgNRC)

is currently demonstratyy the ADT framework using a CE88 full-scale component test to assess
the adaptability of this approach filre Royal Canadian Air Force (RCAF) fled.

The majo advantage of the ADT approach is that it provides a probabilistic representation of
individual aircraft trackindIAT) and inspection data. However, the fact that some inputs, such as
crack findings, are initially very scarce makes the determinatiorpastaability of failure (POF)

very challenging. The Bayesian inference method is therefore employed to address this
shortcoming by updating prior modelling assumptions to increase the reliability of the predictions
as new information becomes available ptighout the service life of the aircrafAn in-house
analysis tool is being developed to perform quantitative risk assessment (QRA) based on the
Bayesian inference method using individual aircraft tracking anetestructive inspection data.

The modlar components of the ADT toahclude load and crack size distribution updating,
material initial discontinuity state, residual stress effects, load transfer functions, crack tip stress
intensity factor calculations, and crack growth predictidsvelopmentand validation of the
modular componentd éhe ADT analysis tool have already highlighted the benefits of Bayesian
updating for realistic test cases that combined uncertain material initial states with scarce
inspection results.

In parallel, NRC has developedd@monstration casellustrated inFigure 26 that utilizes an
ongoingCF188 inboard leading edgdéEF) full-scale life extension te$t simulate a flying
aircraft. The tested ILEF is a retired component from the RCAF with a repair history representative
of the current fleet and the loading test spectrum is representative of current and fulld@ CF
fleet usage. The ILEF transmission lutiee actual RCAF life limiting iters, arethe main focus

of this full-scale component test and of the ADT demonstration. The objectives of the
demonstration are to compare the ADT framework with the current lifing and fleet maragem
practices, and to pviderecommendations for the RCAF aircraft fleets.

Shortterm benefits are expected from this demonstration for the improvement of existing RCAF
fleet management. First, it allows for improving IAT system and data, with quantification of
variability andcorrelation of IAT accuracy with risk. Second, it can improve fatigue life estimation
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for more efficient structural life management. In a longer term, a higher return on investment could
be possible, with benefits that include better decisiaking, incrased fleet availability, and
reduced total ownership costs.
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Figure 26 ADT framework demonstration using the CF188 ILEF componenttest

3.7.1 REFERENCES

[3] M. Liao, G. Renaud, and. Bombardieri Ai r f r ame Di gi tal Twin (ADT)
Adaptability Assessment and NRELlaboratory DeghpicaDe vel op
ReportLTR-SMM-20180063, March 2018.

[4] G. Renaud, M. Liao, and Y. BombardieDdgimonstration of an Airframe Digital Twin
Frameworkusing a CFL88 Component TedtProceedings of the International Committee on
Aeronautical Fatigue and Structural Integrity (ICAF 2019), Krakow, Poland, Jun 2019.

CLASSIFICATION: UNCLASSIFIED NRC-CNRC 35



LTRSMM-20190063

Review of Aeronautical Fatigue and Structural Integrity Work in Canada (22Q79)

4.0 FATIGUE LIFE ENHANCE MENT TECHNOLOGIES

4.1 Shotpeeningto extend fatigue life of military aircraft

L-3 Communications (Canada) Military Aircraft Service8 MAS)

The shot peening of alumium parts as a retrofit to extend fatigue life of military aircraft has
already been used for about two decadease Canadian aircraft industryzor the applications
performed at LMAS, the required Life Improvement Factor (LIF) was generally not higher than
1.5. Based on limited coupon teg performed in the late 1990engineers were satisfied that
manual application of shot peening with a 200% cayeraould provide this level of LIF. More
recently, robotic systems were developed to perform shot peengity ias a Life Improvement
Technique (retrofit) to extend the aircraft service (&kso see SectioB.3.1). For themore recent
applications, the LIF requested from shot peening went up to 3.0.

In that context, a new coupon test program was required to certify that higher LIF target using the
robotic systemThe application involves Al 70507451 plate, 6thick with a variable amplitude
spectrum (maximum fatio of approximately0.3). The geometries are generally radii at the
bottom of machined pockets wisktress concentratidtts varying between 1.4 andsland stresses

in vicinity of theyield point. Prior to the shot peening being applied at up to 80% of the baseline
unfactored I|ife of the critical hot spot, a |
some of the accumulatesdrfacedama@. Several test series were defined to address all bulkhead

hot spot parameters that could affect the shot peening beh#&sio stress level, grain direction,
geometry of the critical hot spot, et deep) . The
crack was also verified. Besides this latter seiad test series showed LIF significardlyove the
requirement/expectationas shown belown Figure?27.

Baseline & Peened Coupons

A
AAA

® Baseline

A Peened

Number of Life Times (ref. Baseline Avg.)
'S

230002000009

Coupon ID

Figure 27 Recent testprogram at NRC on shot peening
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4.2 Life Improvement Quantification of Fastener Modifications

G. Renaud ant!. Liao, NRC Aerospace
P. Martin,L-3 Communications (Canada) Military Aircraft Service8 MAS)

A coupon test programs currentlybeingcarried out at NR@o certify fastener modifications that

aim at extending the lives of military aircraft cpoaments that are short dvised usage gods].

The objective othisprogramis to determine if a life extension penalty should be considered when
blind interference fit ground shank fasteners (I/F GS) were to be used instead of clearance fit blind
fasteners with ring mhcoining (RPC), or interference fit Hliok (I/F HL) fasteners. Further, the

life extension performance of these three fastener tgpe® be evaluated for highly loaded
situations.The esults obtainefom 85 coupons, summarized([b], suggest thatin generalthe

I/F GS fasteners do not provide as much life extension as the other two fastener types. Furthermore,
contrary to current assumption from the fleet ofmerahe factored LIF is not redutevhen the

stress goes from 1.5xFty up to 2Hy. In this context, the crack initiation (ClI) life is defined at

the time to reach a 0.254 mm (0.01 inch) deep crack. A factored life improvement factor (LIF) is
defined atthe life ratio between the tested case and the equivalent open hole configuration, at a
1/1000 cumulative probability of crack initiation.

Table 7 Fastener life improvement factor comparison

Fastener Type| Load Transfer | Local Stress(® Fty) | Factored CI LIF | Scatter Factor
15 9.83 1.70
Yes
RPC 2.0 5.46 1.79
NG 15 7.94 1.38
2.0 8.82 1.74
15 5.36 3.95
F HL No 2.0 8.26 3.19
15 3.27 4.42
Yes
UF GS 2.0 12.77 1.80
No 15 2.06 4.99
2.0 5.32 2.74

Additional coupons (58) are currently being tested to quantify thectefié fatigue damage
removal for a nominal to nexsize fastenetypical for theselocations, and the effect ohd/F
bushing modification. Results obtained to date suggest that hole oversiatg the fatigue life.

4.2.1 REFERENCES

[5] G.RenaudP. P. Matin, andM. L i a Bxperinfiental Life Improvement Quantification of Shot
Peening and Fastener Modifications ™ Iatérnational Fatigue Congress, Mayi2June 1 2018,
Poitiers, France.
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4.3 Hole Cold ExpansionProcess Plasticity Modelling

G. Renaud, G. Li, M. Liao, NRC Aerospace

Cold expasion (Cx) of fastener holdsas been used for decades to enhance the fatigue lives of
critical airframe structures. Although the benefits of this technology are mattEncurrent
requirements for structural life extension and inspection sdéihngduemain very stringent
Research athe National Research Coun@lanada (NRC) aims at developip@ysicsbased
analytical methodologies and tools to calculate life impramrfactors from € residial stresses.

As part of the international Engineered Residual Stress Implementation (ERSI) workgroup
sponsored by the USARRC s actively workingfor improving hole Cx processmulationto
generate reliable residual stressribsitions that can be used for accurate crack growth analysis.
One of the recent focuses of the NRC effort was to characterize material properties- 682024

plate material for Cx residual stress distributioresasured experimentally liye contour methd.

The objective was to determine characteristics that are typically not included in Cx process models
and assess their impacts on the predicted residual stresses. These characteristics include tension
compression behaviours, anisotropic hardening, aretsewieldilg. Then, a thorough calibration

was carried out to identify best practices for Cx process modelling using von Mises, Chaboche and
Barlat plasticity models. For examptlg stressstrain curves obtaad in different directions for
a+1.5% compressiotension strain cycle are presentedrigure28 a), and a comparison of mid
thickness residual stress curves is presentEgjure28b). Overall, the best results were obtained
when anisotropic properties were considered. Additional tests and calibration exercises, focusing
on additional parameters, were proposed.
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Figure 28 Hole cold expansion process modelling from material characterization
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4.4 Measurement of Residual Stresses Resulting from Cold Expansion
D. Backman, G. Renaud, NRC Aerospace

In support of a research progrdatussed on incorporatingsidual stresses into finite element
simulations of the cold expansion process, accurate experimental measurements of the residual
stress field around cold expanded holes usingydiffraction (XRD) analysisvas performed

The fdlowing two tasks weraddresseth more detail

1 Determining Xray elastic constant for 707E aluminium
1 Residual stress measurements of cold expanded holes

To obtain the most accurate residual stress measurements possible, an initial investigation was
undertaken to determenthe correct Xay elastic constant (XEGdr the material The XEC is

related to the elastic modulus, and is used to convert changes in the crystallographic lattice spacing
(i.e., strain changes) into residual stress results. The changes in lattiog sppacinalogous to the
changes in displacement one measures using conventional strain measurement teshogags

strain gauges.

For this test, a thin strip of 707 aluminium wa instrumented with a conventional strain gauge
on one face and cemésl in a foupoint bend fixture. The foypoint bend fixturewas used to
appl known displacementsn the thin stripfor which ¢rain wasmeasuredy strain gaugesn
one face and residual stress wa=asuredby XRD on the oher. The strain gauge readwgsthen
converted int@appliedstresswhich is plotted againghe XRD residual stresm Figure29.
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Figure 29 X-ray elastic constant determination
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By determining the relationship between the mechanical Elastic Modulus and the estimated XEC,
an XEC correction factor can be determined. From the initial XEC estimate for ganarinium

alloy of 18.89x1® MPa, a more refined determination of the XEC specifically for Z085vas
calculated as 17.9€10° MPal.

Two coupons were provided for XRD analysis, with each coupon having a central hole which had
been cold expanded using standard fFEtigue Technologincorporatedjooling (161-N). The
residual stress was measured on both the left and right sides of each Heiguie39 andFigure

31) and on both the entry and exit faces. The dark linrégure30denotes the region where XRD
measurementsere made.

(a) (b)
Figure 30 (a) Coupon H1 Entry face (b) Coupon L1 Exit face

40 NRC-CNRC DISTRIBUTION: UNLIMITED



LTRSMM-20190063

Review of Aeronautical Fatigumnd Structural Integrity Work in Canada (2042019)

Figure 31 (a) Overall view of XRD machine (b) Detail view of XRD aperture, ldfand right
detector andcoupon

All XRD measurements were made using a 2 mm diameter aperture, with a measurement spacing
of 0.25 mm. The results from the left and right side of each coupon face were averaged together,
with the overall line profile of the residual stresses predioh Figure32 andFigure33 below.

Coupon L1: Entry & Exit Residual Stress
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Figure 32 Entry and exit face residual stress results for coupon L1
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Coupon H1: Entry & Exit Residual Stress
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Figure 33 Entry and exit face residual stress results for coupon H1

The results for both coupons show that in the region next to tkeelge, the residual stises
were higher on the exit face than on #mry face. This result appedcsbe consistent with data
from the open literature.

4.5 Fatigue Life Prediction at Cold Expanded Fastener Holes with ForceMate
Bushingg

Y. Bombardier, GLi, and G RenaudNRC Aerospace

* Paperbeing presented at ICAF291

ForceMate high interference fit expanded bushings, madeatigue Technology Inc. (FTI), are

used by aircraft designers and maintainers to improve the fatigue and wear resistance of holes.
While the fatigue life improvemerfactor (LIF) resulting from the installation of ForceMate
bushings has been demonstratgdegimentally, no analytical methods have been approved to
benefit from this technology. To address this gap, a methodology was developed to analytically
determine the LIF resulting from the installation of ForceMate bushings by taking into account the
resdual stresses and the effect of high interference fit bushings. To achieve this, -a three
dimensional residual stress field is obtained from finite element analysis of the ForceMate
installation; fatigue crack nucleation lives are calculated; crack propagaalyses are conducted

to calculate the resulting crack shapes and stress intensity factors, and the crack growth predictions
are performed. This methodology was demonstrated onHE8Mbulkhead at the holes attaching

the main landing gear uplockehanism Based on this analytical studypredicted LIF of 6.6

was obtained for crack nucleation and 4.9 for crack growth from a 0.254 mm gueiéar crack

to a througkthickness crack. While there are several aspects of this analytical study thab nee
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be validated experimentally, the calculated LIF correlates with the LIF typically obtained with the
ForceMate system.

Stress scale: ks

Figure 34 Calculation of the residual stresses resulting from the finite elemesimulation of
the installation of a ForceMate bushing

4.5.1 REFERENCE

[6] Y. Bombardier, G. Li, and G. Renauehtigue Life Prediction at Cold Expanded Fastener Holes
with ForceMate Bushing®roceedings of the International Committee on Aeronautical Fatigue
and Stuctural Integrity (ICAF 2019), Krakow, Poland, Jun 2019.

4.6 Fatigue Performance Evaluation of Blind Fasteners for CPL40 Vertical
Stabilizer Repairs

Y. Bombardier NRC Aerospace

The original equipment manufactu{(@EM) of the CP140 aircraftdoes not tymally endorse the

use of blind fasteners for vertical stabiliziin repairs as these types of fasteners could reduce
thelife of the structures by as much &6% Due to limited access to the internal structure of the
CP-140 vertical stabilizer, theseacommendations cannot always be followed by the maintenance,
repair, and overhaul (MRO) organizations and blind fasteners sometimes have to be used to
execute repairs.

The main objective of this project was to determine the fatigue life reduction fastdtimg from

the use of blind fasteners-iieu of solid rivets. To achieve this objective, the National Research
Council Canada (NRC) designed a test coupon representative of typical vertical stabilizer skin
panel repairs. The specimens were manufactoydiP Aerospace and Defence to replicate the
installation procedures and to be representative of thg40Ruircraft.
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Static and fatigue tests were conducted by NRC on spegciiiessated inFigure35 andFigure

36, with three types of fasteners: MS20426AD6 fisdad solid rivets, MS20470AD6 protruding
head solid rivets, and NAS16-BL blind bolts. The fasteners were tested in a double lap shear
configuration to mimic the presence of the stringers that reduce the occurrenceotplaume
bending. The fatigue lives obtained with M8Z0 and NAS1670 fésners were equivalent and
the fatigue failures typically originated from fretting damage around the fastener holéstiJue

lives obtainedfor MS20426 flushhead solid rivets were significantly shortend all fatigue
failures originated from the riveFurther investigation is therefore requireddentify the poor
performance of the specimens withS20426 fasteners compared to the two other types of
fasteners.

&

/ /
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Figure 35 Double lap shearspecimen design
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Figure 36 Typical failure at a NAS1670blind bolt
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While the preliminary results indicate that the fatigue performance of the tested blind bolt was
equivalent to theprotrudinghead solid rivetsfour additional effects need to be investied to

fully quantify thefatigueperformance of blind boltd) the effect of secondary bending moments,

2) the effect of a mulrow fastener layout, 3) the effect of clamping force upon installasind

4) the effect of vibrationsAlthough all four effects likely play a major role in the fatigue
performance of the joints, the clamping load effect is particularly important, as all failures observed
for MS20470 and NAS1670 fasteners originated from fretting damage between the layers, whereas
the failues observed bihe OEM hadresulted from fatigue cracks nucleating at the fastener hole.
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5.0 LOAD, USAGE, AND STRUCTURAL HEALTH
MONITORING

5.1 Helicopter Load and Usage MonitoringResearchin 2017-2019
C. Cheung, NRC Aerospace

5.1.1 A MACHINE LEARNING APP ROACH TO LOAD TRACKING AND USAGE M ONITORING FOR
LEGACY FLEETS [7]*

* Paperbeing presented at ICAF291

Indirect methods of estimating component lobdsed on existing aircraft sensor data have been

in developmentusing flight data from an Australian Black Hawk-18-A-9) helicopter and
CH-146 (Bell 412) Griffon helicopter, illustrated Figure37. Theload and fatigue lifegesults
obtained thus far have shown tremendous potential for accurate and consistent astintatbe

same methodology on both platforn®gnificant upgrades to the computational approach have
been undertaken towards improving the efficiency and robustness of the algorithm and code. As a
result of these improvements, larger data sets from the two helicopter platforms could be processed
to provide a more complete picture of the effect of morerate load monitoring.

Feature Selection
e
Exploration Feature Generation

Model Training
Ensemble Model
Load Signal Estimation

Modeling

FLIGHT DATA

Figure 37 lllustration of load estimation approach

Refinements to the machine learning models are ongoing as we continue to explore different types
of model architectures and model settings. These madelsheir results could all be combined
in the load estimation framework to provide an ensemble of models, averaging their results.
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Accurate load signal prediction enables ongoing load monitoring, allowing for comparisons of
load histograms and load exceedance distributions between individual aircraft, time periods,
aircraft flying certain missions, regions, squadrons, etc. Mean, max&nd minimum loads can

also be compared. These types of comparisons do not rely on any material properties that the OEM
may have used in the design process. With access to material data, more accurate fatigue damage
accumulation can be monitored basedaotual usagdncorporating groundir-ground analysis

will be addressed in future work.

5.1.2 DATA ANALYTICS AND PR EDICTIVE MAINTENANCE [8]

The application of predictivanalytics to aerospace operational and maintenance data has the
potential to further enhance overall aircraft safety and realize significant cost savings for aircraft
Original Equipment Manufacturers (OEMs), Mairdece Repair and Overhaul (NIRR
organizatons and aircraft operators; be they civilian or military. Potential cost savings include,
but will not necessarily be limited to, improved operational availability, avoidance of Aicsraft
Ground (AOG) incidents, avoidance of unscheduled maintenanaggthtonely and proactive
intervention and spares provisioning optimization.

Aerospace predictive analytics are such that significant quantities of data are accumulated from
each flight. Therefore, the implementation of such a capability requires theasippl of Big

Data Techniques and Technologies. However, although several organizations have tried to apply
Big Data Techniques to this data, fefxany, organizations have been able to demonstrate tangible
Return On InvestmentROI). This lack of suaess can be attributed to factors such as lack of
appropriate  domain expertise integration with the big data techniques, poorly defined
requirements, a lack of understanding of the parameters that need to be monitored and the
developmenbf appropriate mods and analysis techniqués dataprocessing. As part of this

effort, NRC has partnered with Celeris Aerospace Canada Inc. to evaluate how large quantities of
operational and maintenance data acquired freseimice aircraft can be effectively analyzadl
synthesized to provide a truly predictive capability that provides tangible operational and
maintenance benefits.

The first part of this process involves obtaining clarity as to the benefits (requirements) aircraft
operators, maintainers, OEMs antther stakeholders are seeking to obtain through the collection

of this data. To that end an online survey focused on determining the predictive operational and
maintenance requirements of the different stakeholders was developed and distributed.

Ongoingpadvances in technology coupled with the t
the assumption that one day it may prove valuable, suggests that the number of parameters captured
(and the corresponding data file sizes) will continue to increadmast exponential rates for the
foreseeable future. Organizations wishing to derive tangible operational and maintenance benefits
from this datasunami need to address three main issues. First, they should implement effective

CLASSIFICATION: UNCLASSIFIED NRC-CNRC 47



LTRSMM20190063
Review of Aeronautical Fatigue and Structural Integrity Work in Canada (22Q79)

data management and procagsstrategies to avoid becoming overwhelmed with, ddtech they

cannot process, validate, understand and interpret. Second, they should counter the widely held
belief that the more data that is collected, the greater the insight that can be olagardtbss of
whether the rationale for collecting the data is understood or not. Finally, they should evaluate the
actual cosbenefit of adding additional parameters and the associated impact on overall system
design, implementation and cost. Effectiviuions to these issues can only be obtained through

a multidisciplinary approach that evaluates and optimizes the relative merits and implications of
proposed solutions from an overall system design perspegetiv@pposed to an individual
const i isciplmasti | fodd perspecti ve. Consequentl vy,
Aircraft HealthMonitoringProgramthat produces tangible operational, mainten&@érequires

a disciplined approach to overall system integration.

5.1.3 USAGE MONITORING USIN G MEM S-IMU SENSOR SYSTEM ANDFDR INPUT DATA

To support life extension and usage monitoring efforts in various helicopter fleets with limited to
no onrtboard data logging capability, the National Research Council (NRC) developed a stand
alone sensor system based microelectromechanical systems and inertial measurement unit
(MEMS-IMU) technology, shown irFigure 38. This work was initiated as a temporary usage
monitoring optim for an older aircraft fleewwhere a standalone system was preferable. This
system recorded relevant flight data to be processed by manoeuvre recognition algorithms.

Figure 38 MEMS -IMU system for helicopter usagemonitoring

An initial flight test of the sensor system was performed on a Bell 206 helicopter. The initial
manoeuvre recognition results based on the sensor system measurements were very promising,
though limited to only 7 general manoeuvres. More comprehensilighihtésting of the sensor

system has recently been carried out on a Bell 4121@3Griffon helicopter. A much broader

range of 60 maneouvres and regimes from thel@6l usage spectrum were flown. Data was
collected for several scripted flights from thiEMS-IMU sensor system as well as the from the
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flight data recorder (FDR). Datiriven manoeuvre recognitiomodelsbased on the recorded data
from both data sources were developed and compared.

Continued analysis of the flight test data has incluegdoring different approaches to training a
classification model that performs well when trained and tested on data from a separate flight. The
data labels were relabelled to reduce the number of targets from 60 specific flight conditions to 7
general light conditions.

The data was highly unbalanced as ceraamoeuvres were performed many more times than
others or were of longer duration than others, thus providing more samples. Thus, to balance the
data setthe majority classes were unesampledandomly so that the manoeuvres had about the
same number of occurrences or samples. After training with this-sad®led but more balanced
training set, the classification model improved considerably. The testing results indicated that
considerable iprovements can be obtained by balagdire data using a random undampling
method. Furthermore, using fewer classes improves the predictive performance of the models. In
the future, different data balancing techniques could be explored, such asueshhaj generate

data of the minority classes. Acquiring more data would also reduce the variance in the model, as
the training set would have a more diverse set of manoeuvres. However, without more data the
results will only improve through the explorati of new balancing methods.

5.1.4 ANALYSIS OF SENSOR NETWORK DATA FOR FAILU RE MODELLING AND PRE DICTION
[9][10][11][12]

Rapid developments in sensor technologya gieiocessing tools and data storage capability have
helped fuel an increased appetite for equipment health monitoring in mechanical systems. As a
result, the number of sensors and amount of data collected for health monitoring has grown
tremendously.Devdoping strategies and capabilities to extract useful information from the
tremendous amounts of data collected is a-lmdwn challenge. This information can be used to
establish system health indicators and contribute to the implementation of cobegiuh
maintenancet is hoped that by collecting large quantities of operational data, predictive tools can
be developed that will provide operational, maintenance and safety benefits.

Data mining and machine learning techniques are important toolsdimessthg the ensuing
challenge of extracting useful results from the data collected. However, incorporating as much
physical domain knowledge to the analysis as possible is also necessary to ensure the results are
relevant and practical for the operatodamduser.

This workrelates tacontinuedefforts to analyzeensor data for the turbocharger subsystem of a
diesel engine system. The engine has hundreds of sensors monitoring both the inputs of the engine
operator and the resulting equipment outpAtsurbocharger seizure was recorded by the diesel
engine sensor systeriVhile the sudden nature of the turbocharger incident was not a typical
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example of a slowly deteriorating mechanical system, the opportunity to build models with a
known outcome was stivaluable.Therefore, data analysis of this incident including the lead up
to the event allows for monitoring and identification of changes in equipment condition indicators
with a known outcome.

The objective of the data analysis was to charactandedistinguish the healthy and failed states

of the turbochargeseizure as recorded by the diesel engine sensor syBbenanalysis approach
included the mapping of higiiimensional sensor data to a lohlmensional space using a variety

of linear and nolinear techniques in order to highlight and visualize the underlying structure of
the information. Figure 39 shows an example of the[3 visualization of a mapping ohé
turbocharger data using the Isomap technique. This mapping is overlaid with the Turbo A speed
sensor values during the period of data analysis. In addition, data analysis tools were used to
characterize the healthy and deteriorated states of thechatger system, including various
classification and anomaly detection techniques.

Future efforts are aimed at expanding this analysis to data from other diesel engines and other
failures in the engine system. Further work to generalize the analysidiéseh engine system

model instead of a turbocharggwecific model is in progress. The development and
implementation of these tools should help enable advance indication of a chbagaviourthat

could be investigated before a major incident.

Figure 39 Turbo A speed sensor value [kKRPM] overlay onto Isomap transformation
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5.2 Structural Health Monitoring (SHM)

L-3 Communications (Canada) Military Aircraft Service8 MAS)

L3 MAS is an active member of three-gning collaborative R&D initiatives witkiniversities,
colleges and industrial partners: CRIAQ (Quebec Aeronautical Industrial Research Consortium),
CARIC (Consortium for Aerospace Research and Innovation in Canada) and MICA (Metrology
and Inspection of Composites in Aerospace). Internal aaboobtive projects that have been
completed recently were in the areas of Structural Health Monitoring (SHM), shot peening,
robotics and composite materigds well as software tools in support of fatigue life assessments
and inservice monitoring/manageent, including Artificial Intelligence (Al) initiatives.

In 2018, L3 MAS and Paradigm Shift Technology (PST) have completed a technology
demonstration project funded under the BumdCanada Innovation Program (BCIP). The sensor
developed by PSTpined Chameleon Skin Gauge (CSG), is a passive, thin, isotropic film, which

may be cut and formed in any shap@nce interrogated by the reader and processed though
proprietary séiware, the sensor data providegect information on the cumulative effemft host

structure exposure to e8s/strain loads and crackiridhe project has evaluated the ability of the
PrognosticaE technology to detect structur al
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representative of the critical €88 locations: dtiguecracks in fastener holes and in fillet radii,
disbonds and cracking in underlying structures (detected from the overlaying graphite epoxy skin).

5.3 Potential Damage Location Indication Determined using Acoustic
Emission during CF188 Aileron Fatigue Test

S.Pant, R. Rutledge, NRC Aerospace

A full-scale test of the aileron was conducted at NRC as a part of life extension efforts far all CF
188 flight control surfaces. This testing involved fatigue durability and damage tolerance cycling
with static residuastrength tests completed at the end of the two cycling test phases. The aileron
test article contains aluminium core with pushed fastedaesto modifications carried out during

its usage. The intent is to test the durability and damage toleran@eaifrtbnt configuratioof

CF-188 aileron in order to extend its life by an additional one third of a lifetime. During the cyclic
testing, loud noises were emanating from the test article. To locate the noise source, the test had
to be stopped and the estarea had to be manually searched using aé&structive Evaluation

(NDE) techniquesuch as ultrasonic inspection. These inspections are time consuming and labour
intensive as the entire area had to be inspected. Inspecting the entire test artiti¢hanethe test

had to be stopped for that duration plus the additional labour hours required for the inspection
itself. In order to minimize downtime and determine the location of the noise source, an Acoustic
Emission (AE) techniqgue was implemented. TAE system was developed-imuse using
commercialoff-the-shelf (COTS) components and custom pgsbcessing and source location
algorithms.The goal was to locate the area of interest to find out if the source creating the noise
was also creating signifant damage to thest article For this purpose, six piezoelectric sensors
were placed at strategic |l ocations, whi ch we
amplitudes frequencieslong withtheir arrival times were analgd to narrow down thiecation

of area of interest. This area of interest was found to be the transmission connecting the outer wing
to the inner wing, as shown kigure40.
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Figure 40 Area of interest of the noise sourceetermined using Acoustic Emission

5.4 Repeatability Study of Structural Health Monitoring (SHM) Sensors at
Room Temperature

S.Pant, DBackman, PKeum, and M Yanishevsky NRC Aerospace

This work is focused on exploring the repeatability of Structural Health Monitoring (SHM) sensors

to detect fatigue cracks emanating from crateeter notches in 0.063 inches thick, aluminium
7075T6 panels, measuring 12 by 24 inches in a room temperatwieonment. Three (n=3)

panels were tested in total, where each panel had three (n=3) 0.25 inches diameter holes, drilled at
3 inches apart along the vertical centre of the plates. Two outer holes had Electrical Discharge
Machining (EDM) notches for stimg fatigue cracks. Four (n=4) different Structural Health
Monitoring (SHM) technologies: Acoustic Ultrasonic (AU), National Research Council (NRC)
developed Crack Foil Sensor (CFS), resistance wire Strain Gauges (SG), and Thermoelastic Stress
Analysis (TSA), were all evaluated for their ability to repeatedly and reliably detect growing
fatigue cracks. Repeatability in the context of this work is defined as the ability of a particular
sensor technology to successfully detect cracks in multiple holesraulviple test panels. The
repeatability score is simply defined as the number of positive results divided by the total number
of trials.

A strain survey was initially performed using Digital Image Correlation (DIC) technique and was
corroborated with the numerical model developed in ABAQUS. The panels were cycled in-tension
tension fatigue at 5 Hz with a maximum constant sinusoidal 108004 Ibf at a load ratio of R =
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0.1. The experimntal setup is shown iRigure4l. Each panel consisted of four AU, eight CFS,

and four SG sensors installed at differkocations to detect crack growth, as welhamgle TSA

camera capturing thermal images of the specimen. The test ran until the cracks emanating from
the EDM notches propagated throughtlad installed CFS. Marker batmhdingswere applied to

each pecimen during testing to allow for crack growth information to be extracted using
guantitative fractograph(QF).

Figure 41 Experimental setup for a repeatability study of SHM sensors

The results showed that despite all three panels being similar and undergoing the same fatigue
loading sequence, cracks grew at a fasterinageme panels versus others, which highlighted the

fact that cracks emanating from holes in identical comporiebtgated from the same material

and experiencing the same loading can still behswmewhatdifferently in fatigue. This
emphasised the potential usage of SHM systems to detect and track damages / cracks in individual
components to reduce / eliminate enassary inspection as a part of aircraft maintenance. As for
the different SHM systems that were tested, the repeatability of the AU technique was evaluated
for two excitation frequencies of 300 kHz and 350 kHz for a total of 72 paths. Correlation
Coeffident (CC), Energy Ratio (ER) and Amplitude Ratio (AR) were compared between the wave
signal taken at zero cycles and at different cycles for detecting growing cracks. Overall, there were
12 false calls out of 72 paths, which could be attributed to faelyg®s for an aggregate
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repeatability rating of 83% (60/72). Out of twetibur (h=24) NRC developed Crack Foil Sensors
(CFS) that were tested, only one (n=1) was found to be defective. All the functioning CFS tripped
when cracks propagated through thesses, corresponding to a repeatability of 96% (23/24).
Twelve (n=12) resistance wire Strain Gauges (SG) were used to monitor crack growth trends, and
as expected, increasm strain readings were witnessed by all the twelve SG sensors, when the
crack propagated close to the SG, for a repeatability score of 100% (12/12). The Thermoelastic
Stress Analysis (TSA) were used to monitor cracks at the two outer holes with the EDM notches
for a total of six (n=6) repeats. The TSA was not only able to detect enawktfon but was able

to track crack growth in all six cases giving this technology a repeatability score of 100% (6/6).

5.5 DamageDetectionMethodology based on Multifrequency Guided Waves
for SHM Applications with Experimental and Numerical V erification

S. Pant M. YanishevskyD. Backman NRC Aerospace
M. Martinez Clarkson University

Even with increasingly sophisticated sensors and damage detection algorithms, Structural Health
Monitoring (SHM) systems have not yet achieved widespread acceptanaeriagt aperators.

One of the challengdsacludesthe ability of SHM systems to provide robust damage detection
algorithms to minimize/eliminate falsmlls, which can prompt for unnecessary maintenance
actions. Therefore, the primary objective of thisdyus to aid in reducing the falsmll rates by

using a newly developed Damage Response Factor (DRF) method. This method is based on the
use of multifrequencyguidedwave excitation for assessing the presenot damage along an
actuator- sensor path. nl this study, the corresponding change in the ecos®lation(CC),
amplitude ratigd AR) and energy rati¢ER) of the wave signal were analysed to detect a growing
fatigue crack in a €hannel type structure mattem aluminium alloy 7079651 (Figure4?2).

A 0.25 mm thick jewell er 6s =uapprixinmatayddmmam used
length to act as a fatigue crack starter notch at the ddge 8.2 mm diameter hol&o grow the

crack, the @hannel was loaded in tensi®msion fatigue using a sinusoidal waveform at a
frequency of 5 Hz with a maximum load of 2500 Ibf [11120 N] and a load ratio of R #0.1.

addition to the commonly usedéshold value, the DRF approach uses the upper and lower bounds

of the average DRF value along with the separation of the DRF based on excitation frequency. A
combination of all of these criteria, provided an improved means to identify damage rather than

the classical soléhreshold methad

It is alsowell known that increasing the load will enhance crack detection by opening up the crack
surfaces. Therefore, instead of using the fatigue cycling data, the load data is used at any given
fatigue cycle, iet he Dbaseline 1s taken at -ftrheee |boavwseeslti n
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technique. The #Hdea Ialsied d ntelbe tfecyhanlieque i s to
the same cyclebut at different loading conditions. The advantage of udigytechnique is to

minimize the false calls due to sensor degradation caused by fatigue and environmental cycling.
The nfcryeed ebaselineo technique may be benefici.
sensor degradation as the structure sringated using the same sensor state for determining the
baseline and the change. This technique also eliminates the requirement to store and process all
the data associated with each cycle. However, the downside to this technique is the requirement
for gpplying discrete loads to the structure. For aircraft applications this can be done before and
after fueling or before and after loading the aircraft with cargo and/or passengers. Unfortunately,
this approach may not be able to detect the damage ibitaseld on the compressive side of the
structure, an issue which will be addressed in future.

The method was verified numerically usiddBAQUS. For runningABAQUS, a Windows 7
computer with two Intel Xeon CPU 2650V3 (a total of 20 physical CPUS) runniag@tGHz

with 128 Gigabytes of RAM was used. Despite the simplistic crack model (extension of a notch),
the Finite Element Mode(FEM) results displayed that the waves excited at a higher frequency
corresponding to smaller wavelength are in fact moretiveato the presence of the damage in

their path, as compared to the waves generated at a lower frequency corresponding to a longer
wavelength; thereby, verifying the DRF approt8j.

One major issue usingBAQUS was despite the high computational resource, many of the
simulations took over a week to converge for a total time window of only 350 microseconds.
Therefore, to improve upon the simulation timeyw wave popagation software called Onscale
was evaluated and compared agahBAQUS and experiment data. Onscaksults were in
excellent agreement witihhe ABAQUS results, while reducing the simulation time from 10 days

to less than 3 hours on the same machirgs opens thpossibility of generatiniylodel Assisted
Probability of DetectiofMAPoD) curves. Onscale is curréytbeing used to simulate wave
propagawn in order to compare the DRF method with the experimentaABAQUS results

[14].

56 NRC-CNRC DISTRIBUTION: UNLIMITED



LTRSMM-20190063

Review of Aeronautical Fatigumnd Structural Integrity Work in Canada (2042019)

Hole
y C-Channel with the
AVT Dolphin S0 NSRS ' | > ‘ [ 5 ‘\ ! Structure Y saw-cut
F145b Digital i1 < i >
Video Camera A e Ll - Digital
Camera Lh
Image 5 - 1 PzT2 |
Viewer
MTS "
Servo-Hydraulic / PZT 4

Test Frame

Figure 42 Experimental setup to grow fatigue crack inC-Channel structure
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6.0 NON-DESTRUCTIVE EVALUATI ON

6.1 Detection of LowVelocity Impact Damage in Carbon Fiber Sandwich
Panels Using Infrared Thermography

T. Rellinger, D. Wowk and T. Krause Royal Military College of Canada, C. Marsde@oncordia Universit
*Masters thesis. Tanner RellingéRoyal Military College of Canada, January 2019.

Sandwich panels with honeycomb core and composite facesheets are commonly used for
aerospace applications, but are susceptible teviacity impact events which magsult in
damage that is difficult to detect. Some of the damage modes that may occur are plasticity of the
facesheet, crushing of the core, delamination in the facesheet and disbonding of the adhesive
between the facesheet and core. While any form dfodc or delamination is unacceptable,
plasticity in the facesheet and crushing of the core may be accejfftabtkin allowable limits.

It is therefore important to be able to differentiate between the different types of damage. An
apparatus using actvinfrared thermography was designed and used to identify disbonds and
measure their diameter.

The apparatus was designed and constructed around a FLIR T620 infrared camera and consisted
of two 50 Watt halogen bulbs as a heat source, parabolic refiéatamiform heating, an Arduino
computer and relay board for controlling the heating, and a MATLAB codpotiprocessing

the thermal imagesk-igure43 showssome otthe key features of the apparatus.

Electronics Box

Halogen Bulbs

Mounting Plate

Camera Mount

Parabolic Reflectors

Figure 43 Infrared thermography apparatus for heating the sample and recording a
sequence of imagesf the surface temperature

Sandwich panel coupons and laminate facesheetsmamafactured ihouse using a tabkep
autoclave. Two different types of impact damage were created in the panels using a drop tower
apparatus. The first was a disbond between the facesheet and the core. Following springback of
the facesheet, no dentaw visible on the surface of the panel although core ioryigxisted
beneath. The second was a daritere the facesheet stayed depressed and adhered to the core.
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This damage mode was created by wet sanding the surface of the laminate facesheet prior t
adheringhe core.

Thermographic images of the coupon showed higher temperatures in regiems avdisbond
occurred because the air gap does not transmit the thermal energy into the core as readily as the
intact portion of the panekigure44 a) shows a crossection of a disbond between the facesheet

and the core with the corresponding thermographic image shdwgure44b). The presence of

the disbond is identified by the local increase in temperaame: the width of the disbond was
measured to within 25% for 9 coupons subject to different impact energies.

Figure 44 a) Crosssection of an impact location with an adhesive disbond, b) thermographic
image of thesurface of the impact region

Figure 45 a) shows a crossection of a dent with no disbond aRtjure 45 b) shows the
corresponding thermographic age. The uniform temperature of the panel indicates that no
disbond is present. Even though core crushing and facesheet plasticittheyistre acceptable
damage modes and can be quantified based on the surface dent.

Figure 45 a) Crosssection of an impact location with an intact adhesive bond, b)
thermographic image of thesurface of the impact region
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This work has shown that thermography has the potential to identify disbonds in sandwich panels
with composite facesheets in regions damaged byvigacity impacts. The main benefits of this
method are that it does not require any specialized training to implement or interpret the results,
and it is relatively cost effective and efficient.

6.2 Induction Thermography of Steel Coupons with €acks

M. GenestG. Li, NRC Aerospace

Induction thermography techniguevere assessed experimentally and numerically on notched
steel coupons using two coil configurations: straight line and loop conditions. The coupons had
different fatgue crack lengths varying from 0.1mm3 mm shown inFigure46. The numerical
predictions showed that the peak temperature was always located at the crack tip or the notch tip
position. The loop coil resulted in higher temperatures than that of the stiagghoil. Results
showed that the numerical methods effectively supported the application assessment of this non
destructive evaluation (NDE) technique for the steel material, but crack geometry remains a
challenge as the exact shape of a natural cragiisally unknown. It is shown that induction
thermography can detect crads small as 1 mm ithe notched steel coupofib][16].

0.1 mm Crack - No Crack 1 mm Crack - No Crack

0.25
2 mm Crack - No Crack 3 mm Crack - No Crack

-iO

Figure 46 Temperature difference from the reference sample with the 5@ curr ent at time
100 ms heating time

6.2.1 REFERENCES

[15] M. Genest, G. Lifiinduction Thermography for Detectiarf Cracks in Steel Publication Number,
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6.3 Reliability Assessmentof Pulsed Thermography and Ultrasonic Testing
for Impact Damage of CFRPPanels

Université Laval andNRC Aerospace

In order to quantitativelycompare theaeliability of pulsed thermography B and ultrasonic
testing (UT) techniquesa set of thirtyfive carbon fiber reinforced plastic (CFRP) composite
panelswith impact daragesfrom someaerospace engine nacelles are inspected byndTUT.
Comparative experimental results amfobability of Detection (PoD) analysiesults are
presentedThe quantitativeeomparison shows th&T hassmaller defect size at 90% PoD with
95% nfidence leveli.e. a90/95valuesthan UT for the parameters and setup usedha
inspections othesethirty-five CFRP composite paneBoD curves fronfPT and UT indicate that

PT has a higher inspection reliability than UT for the parameters and sesgd in these
inspections. The intent of this research wamtoease the acceptance of infrared thermography
NDT & E techniquebeyond thdaboratory, especially in the aerospace industry. While, currently,
PT is used as a complement or alternative td dspection technology in some practical
applications, it is shown that it could become the inspection method of choice depending on the
critical flaw size.
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Figure 47 Log-normal PoD curve and the corresponding 95% lower confidence bound for
UT (left) and pulsed thermography (right) [17]
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6.4 Automated Dynamic Inspecton Using Active Infrared Thermography

Université Laval andNRC Aerospace

Active thermography is a proven technology used in a wide variety of applications. In the most
common approach using a static configuration, the elements involved in the insplection

move. This presents serious drawbacks when it is applied to the inspection of large products and
machinesAn alternative approach tynamic inspection, which enables the inspection of large
and complex products with better resolution, but it isoaéxtremely challenging as data
reconstruction is necessary. This warkalyzstwo methods for dynamic inspection using active
infrared thermography: the thermal photocopier and the line scan. Automatic robust methods are
proposed to calculate the temgkeird time history, producing a pseudostatic sequence that can be
further processed using advanced data processing algorithms to improve defect detection. Results
demonstrate the robustness of the proposed methods and the ability to inspect daugsvpith
excellent resultgl8].

6.4.1 REFERENCES
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6.5 Embedded Electromagnetic Sensors for NDE and SHM

C. MandacheNRC Aerospace

Under a project supported by Defence and Research Development (@R&X2), thin, surface
conformable copper coils are proposed asitim eddy current sensors for detection of fatigue
cracking developed from fastener holes in aircraft metallic structures. In this technique, eddy
currents are induced into metallic struetsivia a timechanging magnetic field created by the coil.

Their flow is disturbed by the presence of a crack. The same coil, or a separate, sensing device,
detects the change in the magnetic flux due to the presence of a discontinuity. The development
and potential broad use of these coils are motivated by a few consistent arguments: (i) inspection
of structures of complicated geometries and hard to access areas, that often require disassembly;
(ii) alternative to regular inspection actions that arevkmto introduce inadvertent damage; (iii)
inspection of structures that have short inspection intervals; and (iv) inspection of repaired
structures where fastener holes contain bushings and prfevétrr bolthole inspections.The
specimen used for demsiration purposes is shown kilgure 48, where the fatigue cracks are
imitatedby throughwall electricaldischarge machining (EDM) notches of various lengths.
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Figure 48 Spiral coil centred around afastener hole on the back side of a moclup
specimen

In this study, thin copper circuits, printed on polyimide film substrates are used as surface
conformable eddy current transducers tlatid be permanently mounted on or between the layers
of metallic aircraft structureddigh and low frequency applications in absolute and trarsmit
receive modes, respectivere shown in the next figureBigure49 andFigure50).

¢ 1MHz
B 2MHz

A 5MHz

-20 T T T T T !
0 2 4 6 8 10 12

notch length (mm)

Figure 49 High frequency application: voltage variation with respect to the notch length
when the coll is used in absolute mode
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Figure 50 Low frequency application: area scan with a Hall sensqgwhen the colil is used as
a driver in a transmit/receive mode

The work is stillatan early stage of isitu NDT development, but the simplicity of the approach

and the preliminary results are showing great promise. The introduction of capable and durable
eddy current coils adjacent to faying suggdn multilayer metallic structures can detect fatigue
cracks. Printed conductive traces or coils, of silver or copper, on flexible polyimide film substrates
are suitable for permanent attachment and integration into the part/structure to be monitored.
Issues with sensor durability and degradation, as well astcodture bonding need to be included

in future work. The environmental temperature is another parameter that needs to be investigated
before these types of sensors are moved towards appigaiio a simulated operational
environment.
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6.6 Technical Justification of Ultrasonic Inspection Procedure for Helicopter
Components

M. Khan NRC Aerospace

* Paperbeing presented at ICAF291

For many NorDestructive Evaluation (NDE) applications, traditional Probability of Detection
(POD) assessments are impractical because of the cost, time, and complexity associated with
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manufacturing and preparing the required specimens representativesarvice conditions.
Various alternative methods have been developed to reduce the number of test specimens required
for the reliability estimation.

Technical justification(TJ) is a process that includes arnalgl and experimental evidence
physical reasoning, summary and recommendation. Those are gathered and compiled in a
structured format to verify that the targeted inspection technique, equipment and written procedure
conform to the requirements and can meet its stated objective. tingpggalification through
technical justification minimizes the reliance on the manufacturing of test pieces and their time
consuming inspection trials. In this paper, this promising approach in accordancéhavith
European Network for Inspection and Qfiehtion (ENIQ) guideline is applied to demonstrate

the reliability of an ultrasonic NDE procedure for the inspection of a helicopter uppeortail
assembly. It isntendel to provide comprehensive evidence for determining whether the minimum
detectablaliscontinuity size by an ultrasonic inspection procedure for a helicopter uppsonail
assembly can be reduced from 1.27 mm (0.050 inches) to 0.64 mm (0.025 inches), without
compromising the current level of confiderj2é].

The main elements of TJ are relevant input information (component, defects, and required
inspection objectives), identification and analysis of influential parameters, physical reasoning
(qualtative evaluation), experimental evidence, recommendation and conclusion summary. The
input information data is all related information regarding the area or component to inspect, type
and features of expected defects, and qualification objectives. infaumation (including
essential parameters describing the component, material, discontinuities etc.) has to be available
prior to the start of the process of inspection qualification.

For ENIQ based inspection qualification, all parameters suspett@efluencingthe capability

and reliability of the NDE procedure are termed as influential parasnétéluential parameters
need to be identifiednddocumented. The natural variability and the ranges of each parameter are
also required. Essential paramstare a subset of influential parameters, whose change in value
would actually affect reliability of a particular inspection in such a way that the inspection can no
longer meet its defined objectives. The calibration requirements of the inspectiorupeoceed

to ensure that such parameters are verified at appropriate inteovalssure that they remain
within the specified tolerance.

The input group contains the parameters that define the particular inspection problem, including
test objects, discdimuities and environments. The list of input group (material and discontinuities)
parameters identified for the selected ultrasonic inspection procedure are: pylon lug material
(steeld340), stress (if residual stress es)ispylon lug geometry, thicknef pylon lug (essential
parameter), surface roughness, surface coatings, couplant condition, temperature, material
homogeneity, etc. Discontinuiggroup influential parameters includéamagetypes (fatigue or
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stress corrosion cracks), sizes and oriemtat of the discontinuity, crack closure/tip radius,
opening or orientation, surface roughness of reflecting surface, tilting/skewing angle of
discontinuity. Many of the above parameters (material, homogeneity, etc.) are assumed to remain
unchanged duringhe product lifecycle. Influential paramete from procedure group include:
ultrasonic transducer, transducer frequency, sound wave speed, wave length/mode, reference
calibration discontinuity notch, beam angle (37°), surface distance, scanning diggctidime
equipment infliential parameters contaialirasonic testing instrument, analog/digital resolution,
dynamic range, sampling rate, cables, transducer type (essential parameters), crystal size of
transducer (essential parameter) frequency rangduties, etc.

The physical reasoning section describes the ragofwal selecting the procedure for this
inspection. Of the available ultrasonic techniqubs,pulseecho ultrasonic technique in angle

beam is most suitable for ensuring full volumetraverage for discontinuity dection The
selection of a 37A angle was determined by a
critical location as the most probable angle for the required inspection. The generally accepted
lower limit of detection(rule of thumb approximation) is that a discontinuity (biggest dimension)

must be larger thaonehalf the wavelength faa reasonable chance of being detectedowng

this equation, using5 MHz shear wave angle beam ultrasonic technique, the estirdatectable
discontinuity length would b@.33 mm (0.013 inches), which is almost half of the targettidike

length of 0.64 mm (0.025 inches

The CIVA ultrasonic simulation software was used to model the sound beam pressure, beam
propagation and itgiteraction with discontinuities using the geometry of the specimen coupled
with the asbuilt probe and wedgg@-igure51 (a)). Parametric studies were performed using CIVA
modelling tools to help evaluate the signal response from a-likadkdication. CIVA modelling
demonstrated that tilt of the indication waand to be an influentigdarameter, but not considered

to bean essential parameter. Sample thickness variations and variations in probe positioning were
found to be essential parameters. Both the LogLog and Logit PoD models produgggh area

value of 0.16 mrh This would correlat@pproximatelyto a 0.4 mm (0.016 inches) by 0.4 mm
(0.016 inchessimulated EDM notch.

The technical issues surrounding the reduction of the minimum detectable crack size were
investigated. The CIVA simulation resulggelded an a90/95alue lower than 0.64 mm (0.025
inchestargeted valueFigure51 (b)). Despite the simulation and physical reasoning suggesting a
little improvement irthe detection capability, there is a lack of supportive experimental evidence
to confidently support lowering the detectable flaw size of the current inspection prodddare.
therearea number ofnfluencing factors thatavenot beenassessed yeandthese factorgan
havedetrimentaleffects on the inspectiaesults
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Figure 51 Inspection geometry and simulation
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6.7 Equivalent Penetrameter Sensitivity(EPS) for Performance Evaluation of
Computed Radiography(CR) Systems

M. Khan M. Brothers NRC Aerospace

To obtain radiographic images which are adequate fordestructiveinspection requirements
methods are required to evaluate the performandhedimaging technique Although visual
observation of radiographs can meet pathefjuality assessmenof radiographic technique, this
method isneithera sufficient nora reliable way forquantitativeassessment of image quality.
Imagequality indicators (IQI) are used in fikhased industrial radiography as means to determine
if the quality of the radiographic technique is satisfactory. Visualizatioa spfecific 1QI ina
production radiograpimeasures the sensitivity or effectivenessaafdiographic techniquén
detecting small density changés the evaluated specimeifhe ®nsitivity of radiographic
techniquds usually represeptlby its ability to visualizea percentagehange of some parameters
with respect to theest piece thicknessvherea smallerpercentage mearsetter radiographic
sensitivity.

For computedradiography (CR), the primary metrics for establistiimg performance aegnalt
to-noiseratio (SNR),contrastto-noiseratio (CNR) andbasicspatial resolution (SR. Howe\er,

SNR, CNR or SRdo not provide enough information for a quick quantitative performance
evaluation of the&CR techniqueMoreover, in CRoften the required 1QI hole can be seen in the
radi ograph even when the c¢omp,inteend of ENRDICGNBTr ap hy
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is inadequate for the applicatiomo addressthese limitations, the concept of equivalent
penetrameter sensitivity (EPS) is being used in CR. The EPS is a measure of the intrinsic (inherent)
contrast sensitivity of an imaging sgst and gives an indication of how well small density changes

in objects can be detected at a given exposure. llstead of a single IQI hole, an EPS test
requires a plate with a series of holes and evaluates the number of holes visible using the CR
techique.Althoughthe EPStest issubjectiveit is considered to be a reliable means to establish
and monitora critical performance metric of CR syster case studyasperformed during the
gualification ofaCR systemusing the EPS concept to demortstthe concept as a wayrefiable

means to establish and monitor a critical performance metric of computed radiography systems
[22].

The EPS value is defined for leaype 1QIs in ASTM E1028.1 as:

00 P (1)

Where,EPS - Equivalent gnetrameter sensitivity in % of material thickness
tmaterial - Thickness openetrated material
Tiogr - Thickness of IQ|
dnole - Diameter of IQI hole

The purpose of the EPS testing is to determine the exposure levels (exposure charts for CR in
analogy to film radiography) necessary to ensure an adequate SNR. The EPS proa#dsesien

check the present plateau and compare it with the baseline plateau to ensure that it is stable over
time and to determine i f a system is getting ¢
but also noise and EPS could be congidas an alternative way to measure SNR.

Although the EPS test standard contains holes similar to a standattypwlgenetrameter, by
incorporating multiple holes over an area, the effect of image noise is more robustly agsessed.
systems with a lirer relationship between pixel value and exposure recdivguioved visibility
corresponds to a low EP$b in essence a low EPS is analogous to a high SNR and CNR. Although
thei d e nt i ytheamumber of visibfe holeis subjectiveo thejudgement otheviewer, this
practice is generally accepted in industrial radiographyhasdeerlemonstrated to be a reliable
means to establish and monitor a critical performance metric of computed radiography.systems

The primary purpose of the EPS test ifitd the start of its plateaand the acceptable gray value
working rangeof the CR system arichaging platecombinationandwas found in this stud§PS
plaques are used because they allow the radiographer to discern subtle differences in image quality
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asradiographic parameters are changat alsobecause theprovide an acceptable exposure
range for CR imaging plat¢Eigure52).

EPS _step _Hole EPS

Rows Thickness Diameter
# mm | inch mm inch %
1 0.38 | 0.015| 0.71 0.03 1.93
2 0.38 | 0.015 0.64 0.03 1.83
3 0.38 | 0.015| 058 0.02 1.78
4 0.25 | 0.010 0.79 0.03 1.66
5 025 | 0.010 | 0.71 0.03 1.58
6 025 | 0.010 | 064 0.03 1.49
7 0.20 | 0.008 | 0.71 0.03 1.41
8 0.20 | 0.008 | 064 0.03 1.33
9 0.20 | 0.008 0.58 0.02 1.28
10 0.13 | 0.005 | 0.81 0.03 1.19
11 0.13 | 0.005 0.71 0.03 1.12
12 0.13 | 0.005 | 064 0.03 1.05
13 0.13 | 0.005| 058 0.02 1.01
14 0.13 | 0.005 | 050 0.02 0.94

Equivalent Penetrameter Sensitivity (EPS)

Equivalent Penetrameter Sensitivity (EPS)
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Figure 52 EPS and aluminium (Al) absorber plate setup and EPS curve
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7.0 ENVIRONMENTAL EFFECT S ON FATIGUE AND
STRUCTURAL INTEGRITY

7.1 Corrosion Damage Atlas for Aircraft Corrosion Management and
Structural Integrity Assessment

M. Liao, NRC Aerospee

As military aircraft fleets continue to age, most often beyond their original design life, they become
more susceptible to the tinteependent effects of corrosion. Corrosion has significant impacts on
maintenance cost arfteet availability. For exanlp, the corrosion costs for all aviation and
missiles of the United States Department of Defense are $8.97B in FY17 and $10.18B in FY18
(LMI annual report on &imated Impact of Corrosion on Cost and Availability of DoD Weapon
System} which includes théir Force costs of $5.325B (FY17) and $5.669B (FY18, i.e., 23.6%

of total maintenance cost). In addition, corrosion can affect structural integrity by accelerating the
time to fatigue crack development and stress corrosion cracking for thosedsdfigtiat structural
locations Therefore a corrosion assessment is required under the Task Il of the United States Air
Force (USAF) Aircraft Structural Integrity Program (M&TD-1530).

To improvethe Royal Canadian Air Force (RCAEPCP(corrosion preventioand control plan)
program, NRC was tasked RCAF to carry out CPCP review and assessment for all the RCAF
air fleets in 2002011. The activities included reviewing the CPCP documents for all fleets to
identify common issues/concerns and revising the Gandebrces Technical Order (CFTO) C
12-010-040TR-021 that is governing fleet wide corrosion prevention plan.

A team of NRC researchers first reviewed various CFTOs for four fixed wing aircraft3GC
CP-140, CF188, CG177), two fixed wing lighteaircraft (CG115, CTF142/Dash6/7/8) and one
rotary wing aircraft (CH124). Then a focused review was conducted on a general docti@ent C
010040 TR-021, i.e. Aircraft Cleaning and Corrosion Control Exterior and Interjd99704-

30, Ch/Mod 5200801-16 (referred as TR0287/08 in this paper), which aims at all RCAF fleets
especially a few fleets which do not have specific corrosion documents.-TRBOI1D-040-TR-

021 is equivalent to the USAF Technical Manual,-T®-691, i.e.,Cleaning and Corrosion
Prewention and Control Aerospace and NArrospace EquipmenBased on the review and
extensive discussion withe RCAF fleet ASIP manageNRC summarized a number of findings
and recommendations including

1 revise/add corrosion definitions in TRO02Z/08; povide more realistic corrosion
examples/photos (corrosion damage atlas) for the CFTOs, especially-BRO31

1 update the outdated (1990s) list for corrosion prevention compounds (CPCs)/corrosion
inhibiting compounds (CICs) in the CFTOs following the coom MIL standards;
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1 reassess three levels of corrosion (light, moderate, severe) associated withdbhstnartive
inspection (NDI) capability and their impacts on structural integrity and fleet management;
and

1 develop research projects to study topicehs as corrosion growth rate for corrosion
prognostics and effect of CPC/CIC on new materials used in the new aircraft structures (ex.
aluminiumalloy 7249 in the new CR40 wings).

Among the above items, it was strongly recommended that a corrosiogealatizes be developed,
which would include images of different types of corrosion and their severity lelrel®015,

NRC developed an @iraft corrosion damage atlascluding additional inputs from The Technical
Cooperation Program (TTCP) nations. 1018, DND issued anpdated €12-010-040-TR-021
(herein referred as TROZA16), which incorporated some of results and recommendations from
the NRC CPCP assessment project.

At the NATO AVT-303 Grrosion Management workshoNRC presented a papg3] which
summarizeds ome results of t he NRC devel owoerd door r
examples of various types of corrosion that have been found in military eiteesd.Eight forms

of corrosion are documented, i.e. 1) Pitting corrosion; 2) Intergranular corrosion (IGC); 3)
Exfoliation corrosion; 4) Crevice corrosion; 5) Filiform corrosion; 6) Galvanic corrosion; 7) Stress
corrosion crackingand8) Fretting corosion The damage atlas includesages from destructive

and nondestructive inspections (NDI) of corrosidiamaged areas. For comparison, this paper

also presents somertosion sketches updatedTiR021(Figure53) and explains why and how to

use the damage atlasxample Figure 54) together withTR021 for more accurate damage
characterization, and for furthanalyses of corrosion effects on structural integrity.

In particular the NRC papef23] highlighted some examplé€pitting, IGC, exfoliation)from the
damage atlas, and demonstrated that the NRC corrosion damage atlas can be used in conjunction
with the RCAF corrosion contrahanuals (ex. €12-010-040/TR021) to improve corrosion
level/severity evaluationlhe presented corrosion examples were used for assessing their effects
on structural integrity in order to assure aircraft safety and continued airworthresst the
casestudies ispresentedn Figure 55. In the end this paper discussed a major gap/need
corrosion growth ratenaterialmodelanddata. This paper suggestscontinue uplating the NRC
corrosion damage atlas by collecting more-matld examples from service and including new
materials(ex. 7249 ersus 7075, as shown iRigure56). As a resultit is expected that operators

can continue improving military aircraft corrosion management with reduced cost and improved
availability.
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a) Pitting corrosion b) Mechanism of pitting ¢) Morphology of pitting
(TR-021-97/08) Corrosion (TR -021-2016) (TR-021-2016)

Figure 53 Pitting corrosion sketch and updates in DND €12-010-040-TR-021

Figure 54 Optical micrographs showing additional damage at base of pits found on the
faying surface of a 202473 fuselage lap joint

a) F-5E wing exfoliation corrosion and b) Analytical and test life comparison
modelling

Figure 55 Modelling of exfoliation corrosion effect on F5E upper wing (7075)structural
integrity
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