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Since the 1970s, there has been a gradual
introduction of composite materials into the
design of commercial transport aircraft,
growing step-by-step from small elements
such as spoilers through to major
components like vertical stabilizers.

With the launch of the Airbus A380 in
2005, another type of composite material,
Fibre-Metal Laminates (FMLs), known as
hybrid materials, were also introduced.

The unveiling of the Boeing 787, however,
has seen the use of composite materials
expand dramatically with the introduction
of a pressurized fuselage.

One major problem with composite and
some hybrid materials is their high degree
of brittleness, which does not permit a
component to yield before failure.

For other hybrid materials like FMLs, some
yielding can occur prior to failure but the
extent of the yielding is not as high as for
metals.

Background




Recovered Tail Fin
from Air France

The high level of yielding in
metallic components allow
them to absorb high levels of
energy prior to failure thus
providing amble evidence of
damage.

This is not the case, however,
for brittle composite and hybrid
materials.

For these types of components,
very little energy is absorbed
prior to failure resulting in
unforeseen and unanticipated
failures. That is no prior
warnings occur.

Flight 447

Background

Failed composite
rudder from Air
Transit



Since composite and hybrid materials
can be tailored to the design of specific
components under unique loading
conditions, the basic question of how
long a particular structure would last is
hard to answer without some
understanding of the damage processes
within the material.

In addition, there is limited service
experience with these types of materials
particularly in areas of high stress so

there failure mechanisms are not known.

Therefore to accurately predict the life of
composite and hybrid components,
physics-based models need to be
developed that are based on damage
evolution.

Background
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Considerations for HOLSIP

Composites are known to be less
susceptible to fatigue failure than
metals but fatigue can still occur.

This fact is especially true when
environmental factors (humidity and
temperature) become significant.

Composite fatigue failures are known
to be driven by the polymer matrix.

Therefore, the individual constituent
materials must be handled separately
in order to apply polymer kinetics to
predict fatigue failures.

Physics-based Modeling
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Challenges to using Metallic
Physics-Based Models

* Unlike metallics, composite and hybrid
materials consist of a combination of
two or more materials differing in form
or composition on a macro-scale with
the constituents retaining their
identities.

 Thatis, these constituents do not
dissolve or merge completely into one
another although they act in concert.

 To develop physics-based models to
accurately predict the life of these
materials, the difference in the physical
behaviour exhibited by each constituent
needs to be determined.




Considerations for HOLSIP:
Material Databases

Example of

* Once material properties have been metallic yield

determined for a specific class of metal,
such as Al2024 or Ti-6Al-4V, the results ~ Stren9tn
can be used to predict the life of any curves
component.

 However because composite and

hybrid materials are made up of
individual constituent materials (fibres,
resin and/or metals), the material
properties associated with each
component may be very unique since
the component material can be tailored
to meet specific design requirements.

» This will significantly increase the
number of databases required to

determine the life of composite and

hybrid components. Example of composite material

properties



Considerations for HOLSIP:
Material Databases

* In addition, the manufacturing process for
composite and hybrid materials can vary
significantly, which could have an effect on
the component material properties and
failure modes.

* For example, the use of fibre placement Autoclave

technology to layup a component in
association with autoclave processing to
cure the material could result in significantly
different material properties than a
component manufactured using Resin
Transfer Moulding technology.

Vacuum Assisted Resin
Transfer moulding (VARTM)



Considerations for HOLSIP:
Load Spectrum

» Metallic commercial transport full-
scale test experience has shown
that because metals can yield, the
fatigue load spectrum should be
clipped or truncated to remove the
high infrequent loads, which can
iInduce crack retardation resulting in
significantly slow crack growth,
delaying failure.

* Since composite and some hybrid
materials do not yield, the fatigue
spectrum must include all expected
loads including the infrequent ones.

 The process used to development
load spectra for composite
structures may be significantly
different from those procedures
developed for metallic structure.



Considerations for HOLSIP:
Age Degradation Factors

e Some parameters that need to be taken
Into account to determine the life of a
component subjected to a high stress
include:

— Manufactured-related
discontinuities:

* Voids, incomplete resin

saturation, resin-rich areas
— Time-related degradation modes

o Water ingress, fretting/wear, Incomplete

freezel/thaw cycles, pressure Satur;et;)ln
differential

— Repair induced damage

Water Ingress




Risk Assessment
Requirements

» Arisk based management approach has been adopted by most military
aircraft fleets to ensure aircraft safety and maintain airworthiness. This
approach is being applied to metallic components.

 To take into account the variability in composite components this type

of probabilistic approach needs to be used to more accurately predict
their life.
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Potential Solution

In order to mitigate the unknowns on the utilization of composite
structures as well as environmental effects a possible solution is
the utilization of Structural Health Monitoring techniques.

These techniques will need to be reliable and accurate to be
able to detect and quantify damage in the structure due to
usage/fatigue or environmental effects.

However, there are no clear guidelines available at this time on
how to validate and verify SHM technology.



NRC’s Definition of SHM

Structural Health Monitoring: is the continuous, autonomous
In-service monitoring of the physical condition of a structure by
means of embedded or attached sensors with minimum manual
Intervention, to monitor the structural integrity of aircraft. SHM
Includes all in-situ monitoring aspects related to damages,
loads, conditions etc, which have direct influence on the
structure. SHM aims to be one of the key technologies to
control the structural integrity in future aircraft providing both
maintenance and weight savings benefits



SHM at SMPL

Sensors:

» Capacitance
Disbonding
Detection
Technique (DDT)

» Surface

M ountable
Crack Sensor
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o Acellent (PZT)
* Ultrasound
» Gyroscope

» Accelerometers

NDI:
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Power :
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Need to relate the
parameters that are
monitored by a
particular sensor type
to the life of the
component.

This may include the
development of
algorithms to relate the
measured parameters
to the actual damage
that is present on the
component.

Technologies of Interest
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Surface Mountable Crack
Sensor & Wireless
Technology



Surface Mountable
Crack Detection System

NRC-IAR developed a Structural Health Monitoring (SHM)
Sensor called ‘Surface Mountable Crack Sensor’ (SMCS) that
can detect damage on small and large scale airframe
structures.

The conductive nature of the SMCS allows for the system to be
Interrogated using low voltage signals and minimal power. The
voltage signal on the SMCS changes once a crack passes
through the sensor.

An installation kit for the SMCS, which allows for the

Implementation of this technology, has been developed and
delivered to Canada’s Department of National Defence.



The key to the system is a
conductive paint in partnership
with an insulating substrate used
to isolate the electrical sensing
circuit from the base material.

Due to the nature of the sensor,
the shape and geometry can be
customized to fit the needs of the
region on the structure being
monitored.

This close-up shows a crack
passing through the sensor,
causing the circuit to break.

This type of sensor can be
painted closer to the edge of the
fastener in order to capture small
cracks that are just emerging.

Technical Details of
SMCDS




Installation @

e Easy to install on any surface
- Clean surface, remove
existing paint
- Apply insulating substrate

- Paint on conductive strip in
desired pattern

- Attach lead wires using
conductive epoxy

- Seal with polyurethane

* |nstallation time depends on
sensor size and complexity.

e Curing time required (approx.
5-6 hours)




Concept of Operation

A Canadian fleet aircraft acts as a test platform for Paint On Crack
Sensors

Sensors are being used to monitor cracking at the aft pressure
bulkhead

NRC-IAR has prepared an installation procedure and kit which includes
everything required for installing the crack detection system

Install 4 sensors to monitor cracks
Surface Preparation is important as well as experience
Need to be careful about spacing




Technical Detalls

NRC-IAR has
developed an
Interrogator.

The interrogator uses
very little power as no
current is passed

through the sensor A

Cracks are detected ir'?é)iliihets
by the interrogation conductivity
unit connected to the M°¢rack)

sensor
Crack remains

Std. D-Sub
9pin or

Anphenol

" Canon Plug

Connector

N

Light indicates
crack detected

detected even after
crack closure



Technical Detalls

Composite Crack Fatigue Tests

« The Paint On sensor successfully detected
a crack that was allowed to grow to a fixed
length in a composite coupon after

138,376 loading cycles.

» A conventional Micro Measurements crack
gauge failed at 13,570 loading cycles. The
crack finally reached the gauge at 110,144

loading cyclej/ \



Testing on metallic
coupons

 Sensors installed on both sides of
coupon and fatigue tested

e Sensor interrogated every 500
cycles, beginning at 114,500
(Passive)

« Sensor 1: No Coating

— First detected crack at 115,500
cycles

— Did not detect crack at every
interrogation

e Sensor 2: Coated with
Polyurethane and AV40 CPC

— Did not detect crack at all
— Visual inspection showed crack

through sensor, no detection
Sensor 1 Sensor 2



Testing

Conclusions on Continuous monitoring:

« Continuous interrogation of sensor
allows crack to be detected even after
closure

it

Conclusions on passive monitoring:

Cracks close when loading removed, crack not detected

Cracks must be monitored continuously during test (active) so that once crack is
detected, LED remains on even after crack closes

Sensor 2 may have been in contact with base material, always closed circuit



Wireless Software

« A software that captures the strain gauge
data and SMCDS has been produced.

» Currently developing a miniaturized
transmitter with Zigbee protocol for SHM
applications.
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Acellent SHM Equipment



Acellent SHM Q
Equipment

« Acellent technology is based on the use
of a network of piezoelectric actuators
and sensors. The equipment uses
multiple diagnostic wave types that can
be generated for real-time visualization of
structural changes.

e Acellent also have an impact monitoring
software to determine external impact
events, time of impact and location.

| = —




Test Setup Q

e Coupon Details AU ——
— Geometry: 15in x 2in X 0.25 in
— Initial Crack Size: 0.232 in IS \\

e Monitoring Systems

— 4 x Acusto-Ultrasonic Sensors
(Acellent Sensors) (AU)

— 2 x Ultrasound Sensors (US)

Crack




Acellent SHM
Equipment

Acellent sensor transmit an ultrasound signal
from which an acoustic baseline is generated.

Degradation of the signal is related to the health
of the structure.

Damage is located and quantified based on
sensor location.




Current Status

— Cycles: 62500 cycles
— Crack length: 0.3857In
— Threshold: 0.139

TimeWindow —

Acellent Software —Q
Direct Path Image

Electronic Cou
Representation

pon

Start Interval

AS

Crack

End Interval /

/N



Acellent Software — Q
Semi-empirical

e Baseline
— 0-35000cycles

 Sample Values
At 60000Cycles
— AFGROW: 0.319in
— Actual: 0.184in
— 40K: 0.301in
— 45K: 0.213in
— 55K: 0.18In

Convergence




Capacitance Disbonding
Detection Technique



Capacitance Disbonding
Detection Technique
(CDDT)

« Capacitance is the ratio of
charge to potential
difference

* As the distance between
the capacitance plates
Increases, the capacitance
of the system decreases

CDDT Vs. Cycle Count




Use of Capacitance of
Patch Bonded Repairs

* Objectives:

— To look for a means of detecting
disbonding of a patch in real-time.

— Use a relatively realistic design.

— Maximize adhesive stress at a specific
location.

— Maintain adhesive stress at other
locations significantly lower.

e Strategy:
— Use a rectangular double patch.

— Make one side of the upper patch
different from the others.

» Designs studied:
— Elliptical and “octagonal” shapes.
— “Straight” and “contour” taper profiles.

AN N7 N |
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CDDT Results for
Specimen 1

Capacitance (nF)

CDDT vs. Load
1.125
R® = 0.9945
R®=0.9199
1.12
<4
[ = = L]
[ ]
1.115
¢ Pull Testl
= Pull Test 2
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—— Linear (Pull Test 2)
——Linear (Pull Test 1)
Poly. (Post Fatigue 85K)
1.105
1.1
R?=0.9943 |
1.095
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Background: Digital Q
Image Correlation
Technique
* Displacements tracked between reference and deformed images

e Cannot track points — single pixels are not unique
A mathematical signature used to identify each subset

Time t

*A fatigue test was performed on
the coupon. The test consisted in
cyclic loading at 13KIbf (R=0.1)
for approximately 85K cycles at
1Hz.



Specimen 1: Digital Q
Image Correlation

Results (15 kips)

(Initial strain survey) (Post 1,000 cycles) (Post 85,000 cycles)



Thermoelastic Q
Stress Analysis

Reference signal required

System performs correlation between IR and Ref Signal
Output proportional to sum of principal stresses

Phase difference between IR and Ref also useful



Thermoelastic Stress
Analysis

Thermoelastic stress
analysis can be used to
calculate stress intensity
factors.

Can be used to detect
small cracks.

Deltavision 1410 IR Camera
InSb rolling array detector, 256x256 array
Sensitivity 3-5 micron

Data analyzed using Deltavision software
(Stress Photonics Inc)




Specimen 1. Thermo
Elastic Stress
Analysis Results

89K cycles 132K cycles 181K cycles



NDE Technique for
Specimen 1

Ultrasonic c-scan results

Top face (before testing) \ Back face (before testing)
\ \\\
\ \ /7 ) /
\ \ / /
\ \ / ,
\
N l_, s
Top face (after testing) Back face (after testing)

Thermography results

Back face
Top face



SHM Test Facilities

Future Activities (3-5 Year Plan):

« Many companies have developed several
sensors and platforms to perform SHM
activities.

« We are not aware of the existence of any
test facility that would allow individual
organizations to validate the performance of
their technologies on a well documented test
bench.

 The proposed plan would consist of the development of a standardized test plan and test
bed to validate SHM technology on fixed and rotary wing applications.
— Loads, Strain, Displacement, Crack Detection for static and variable loading.
— The structure (i.e. wing) would be well understood and damages would have been well
characterized and documented.

— The development of the test facility would start with a structure that IAR is familiarized with
and move into structures that we would require studying (i.e. landing gear).



Failure of A310 Composite Rudder
Test Case

Canada



AIR TRANSAT AIRBUS A310
C-GPAT

On the 6th of March, 2005, C-GPAT, an Air Transat Airbus A310
departed Veradero, Cuba for Quebec City, Quebec with 271 persons
onboard.



Complete In-flight
Rudder Failure

Over international waters, South of Florida, C-GPAT’s rudder
detached from the vertical stabilizer and was lost.



Rudder Schematic

Investigation carried out by
AIRBUS, TSB, NTSB, NRC,
NASA.

A310 rudder is an all-
composite structure
consisting of two sandwich
panels, hinge side spar, top
and bottom ribs.



Rudder Structure
Available for Failure
Analysis

Failure analysis of
remaining composite
structure did not provide
meaningful information on
cause.

A300, A310 and A340
fleets with similar rudder
design inspected several
times during course of
Investigation. No evidence
of disbond damage outside
of SRM limits detected.



Failure Analysis
Detalls

o Extensive testing of
coupons taken from
‘sister’ rudders proved
useful in verifying
mechanical properties,
fluid ingress and carrying
out new lests such as
vacuum cycling of
disbonds.

$%



TSB Findings as to Causes

and Contributing Factors

1. The aircraft took off with a pre-existing disbond or an in-plane
core fracture damage to the rudder, caused by either a discrete
event, but not a blunt impact, or a weak bond at the z-section of

the left side panel. This damage deteriorated in flight, ultimately
resulting in the loss of the rudder.

2. The manufacturer’s regular inspection program for the aircraft
was not adequate to detect all rudder defects, particularly those
defects on the backside of the two sandwich panels. The

damage may have been present for many flights before the
occurrence flight.

3. This model of rudder does not include any design features in the
sandwich panels to mechanically arrest the growth of disbond
damage or in-plane core failure before the damaged area

reaches critical size (such a feature was not specifically
demanded for certification).



Follow-on NDE
Inspections

e An aircraft was in heavy
maintenance for
conversion to cargo
configuration.

e Starboard side
delaminated with
damages exceeding
SRM Limits (at two
sites).

« Damages were not
detected by Direct Visual
Inspection (DVI), which
IS In conflict with the
certification.



Concluding Remarks

As the use of composite and hybrid materials increase, the effect that cyclic and age-related
degradation modes have on the life of a component needs to be determined. The HOLSIP
framework that was initially developed for metallic components, can be modified for use on
composite and hybrid components. To do this, the following will have to be carried out;

Physics-based damage models to predict 3D stress, delamination onset, ...

More accurate residual strength prediction

Better life modeling to reduce tests, and to determine inspection interval

Development of test procedures for metal-composite hybrid structures

Use of NDI and Structural Health Monitoring methods for condition based maintenance

Use of risk management

Structural Health Monitoring may become a requirement within the military and civilian
aircrafts as a means of achieving the availability and safety required in order to operate new
and aging aircraft fleets.

Several techniques are being investigated by diverse laboratories and academia, however,
these are just starting to being analyzed for implementation on operating aircrafts.



Questions?



