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Motivation & Key Issues

® Damage growth mechanics, critical loading modes and load spectra for composite and metal
structure have significant differences that make the certification of composite-metal hybrid
structures challenging, costly and time consuming.

® Data scatterin composites compared to metal data is significantly higher requiring large test
duration to achieve a particular reliability that a metal structure would demonstrate with
significantly low test duration.

® Metal and composites have significantly different coefficient of thermal expansion (CTE)

® Mechanical and thermal characteristics of composites are sensitive to temperature and
moisture

® Need for an efficient certification approach that weighs both the economic aspects of
certification and the time frame required for certification testing, while ensuring that safety is

Damage Tolerance Certification of Composite Structures
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Outline of the Presentation

® CMH-17Rev. G

® Overview of updated contents in Chapter 12 (pamage Tolerance Chapter)

e CMH'17 REV. H CCOMSITEM DBOOK

® New TOpiCS N Chapter 12 (Damage Tolerance Chapter)

® Overview of Hybrid Studies
® Multi-LEF
® Deferred Severity Spectrum

® Sequencing Effects

JOINT ADVANCED MATERIALS & STRUCTURES
CENTER OF EXCELLENCE

Damage Tolerance Certification of Composite Structures 9/16/2015 4
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CMH-17 Rev. G
12.6 Durability and Damage Growth Under Cyclic Loading

12.6.1 Influencing factors

. . . . Representative Design
12.6.2 Design issues and guidelines Betails & Loading
q Modes for Structure
12.6.3 Test issues ] ]

12.6.3.1 Scatter analysis of composites Sst::rt‘g? Life Scatter
12.6.3.1.1 Individual Weibull method [Static Testing] =
12.6.3.12.2 Joint Weibull method ¥ ]
12.6.3.1.3 Sendeckyj equivalent static strength model Stengiii ises Lie Sheps
— O - on-

12.6.3.2 Life Factor approach

12.6.3.3 Load Factor approach

Life Factor
~Nr-

12.6.3.4 Load Enhancement Factor approach

12.6.3.4.12 Description

Load
Enhancement

12.6.3.4.2 LEFs for complex structure Factor
) ) - LEF(NF) -
12.6.3.4.3 Testing Requirements Design Load
12.6.3.4.4 Considerations for Metal/Composite Hybrid Structure il Environmental

Knockdown
Factor(s)

12.6.3.5 Ultimate strength approach

12.6.3.6 Test spectrum development Truncated
0 Load
12.6.3.7 Test environment Spectrum

12.6.3.8 Damage growth

Fatigue Test
Spectrum

FIGURE 12.6.3 Dernivation and application of life and load-enhancement factors through
scalter analysis of composite test data.
Damage Tolerance Certification of Composite Structures 9/16/2015 5
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Fatigue Scatter Analysis Techniques
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12.6.3.2 Life Factor Approach

Life Factor Approach

Structure is tested for additional fatigue life to achieve the

desired level of reliability _
- Life Scatter Factor (LSF)
20 1 ) o, +1
I\ N — 1—( ok J

U F 1
- n=15 o
2 15 - :
2 \ — { ﬂl
; op . 7. @2n)
3 \, = = 'Composte [a=1.25] J 2n
T.’u 10 - \ ------- Metal [a =4.00]
B )
=
(1]
Q
&

52]
1

0 T T L) L) 1 i i
0.00 1.00 2.00 3.00 4.00 5.00 : :
Wiebull Shape Parameter (o) E i
- | : :
7 N, 1 1
n=1 n=5 n=15 : |
Composites Alpha = 1.25 13.558 B 9.143 7.625 1 :
Metals Alpha = 4.0 N 2.093 1.851 1.749 - &
- Design Life Mean Life Life
. . (B-basis)
Newer composite materials/processes
indicates significantly lower life factors
Damage Tolerance Certification of Composite Structures 9/16/2015 7




MAXIMUM APPLIED STRESS
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Load-Enhancement Factor (LEF) Approach

Increase applied loads in fatigue tests so that the same level of reliability
can be achieved with a shorter test duration

— Combined load-life approach
Whitehead, et. al (NAVY/FAA research for F-18 certification)

 Load Enhancement

Py ~— STATIC STRENGTH

LOAD FACTOR

DESIGN MAXIMUM
FATIGUE STRESS

LIFE FACTOR

L

\ B-BASIS

Factor (LEF)
l_(al +1]%
LEF(N)=— %

%x}?.
| ~In(R)-N* 1

N, Ve
LEF (j\fr) — ?

0.1 1

10

Damage Tolerance Certificatipg P{EUEPRIFETIMES €S

100

LEF is a function of the test duration

LEF Is a function of test duration
(for various confidance levels)

New materilas/processes
Not an SN curve

1.50

1.10 A

Strength Shape Parameter: oy =20
Life Shape Parameter: a; = 125

——n=1

1.00

10
Test Duration, N 9/16/2015 8
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12.6.3.4.2 LEFs for complex structure

® Modal analysis

® Current industry practice

® Use of “traditional” LEF values (1.15) unless substantial test databases are developed to support use
of lower LEFs

® Less data required to verify that traditional values are conservative
® Use asingle LEF for the complete test duration

® Use asingle LEF for the complete test spectrum

® Possibly not apply LEF to fatigue loads in cases where resulting load would be at or above Limit Load
® Select LEFs based on modal analysis

® Validation for failure modes with LEFs higher than that selected via modal analysis performed at
element or subcomponent tests.

Damage Tolerance Certification of Composite Structures 9/16/2015 9
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Guidance on Development & e

2 LEF; = LEF, = LEF3 = ........ =LEF=1.0

Iili ilil
DSG Test Life 2 Test Life 3 Test Life 4 Test Life 5
Composites spectrum Original spectrumis repeated for Life factor; example (N;) =5
Load ! | Metals spectrum
‘ ' : Designed limit load (DLL) Method 2: Load Factor Approach
Designed service goal (DSG) Exceedance
.. . Loading Enrannenal - Fatigue - Cyclch:_TeslzR ratio (3 Stress . li]:l:q
CE AL estMethod | - dition | Condition ZE eiels) bsG | Test Life 1
Original Spectrumis multiplied by LEF for N=1 with Load Factor (N =1 for LEF; = LEF, = LEF; = LEF, = LEFg y=1)
1 Method 1 1 1 Bx6
& Method 2 2 1 Bx6 Method 3: Combined Load-Life Factor (LEF) Approach
2 Method 3 3 1 Bx 6
4 Method 4 4 1 Bx6
5 Method 5 5 1 Bx 6
5 Method 5 5 2 Bx6
- Iili ilillili ilil
ag
DSG | Test Life 1 Test Life 2 Test Life 3
Original Spectrumis multiplied by appropriate LEF with combined load-life factor (example: N=3 < N for LEF, = LEF, = LEF; = LEF,)

MNates: Minimum Requirments
1, If no significant batch variability existsin lamina level

Static - B x (# of test specimens); B = { Method 4: Multi Load-Life Factor (multi-LEF) Approach
3, if significant batch variability existsin lamina level

& for pocled fatigue analysis techniques, when B =1
2 for pooled fatigue analysis technigues, when B =3 e

Fatigue - B x (# of stress levels) x F; F =
2 for individual fatigue analysis technigues, when B= 3

Test Life 1 Test Life 2 Test Life 3
w ith multiple combined load-life factors (example: N=3 < N: for 94»52-‘2 ﬁ%lﬁEFA #LEF, = l.OWth N=N,

& for indimdual fatigue analysis technigues, when B = 1

DSG |
Damage Tolerance Certification of Composite Structures Original Spectrumis multiplied by appropriate

LEF
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12.6.3.3 Load Enhancement Factor using Scatter Analysis

Multi-LEF Approach for Hybrid Structures

Clipping Level for Metal

==

| J | J
! !

e STATIC STRENGTH Repeated for required N Repeated for required N

- Original Spectrum Blocks

- Test Spectrum Blocks after LEF

LOAD FACTOR

N Spread high load cycles throughout the
S —— spectrum (may require additional crack
growth analysis for hybrid structures)

____________

\ B-BASIS 7 T~
N,

E o

DESIGN MAXIMUM

FATIGUE STRESS

MAXIMUM APPLIED STRESS

LIFE FACTOR

Damage Tolerance Certification of Composite Structures > LArlauE L.FET;ME\-:O . 9/16/2015 11
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a2, 12.6.3.3 Load Enhancement Factor using Scatter Analysis

Multi-LEF Approach for Hybrid Structures

Composites spectrum

Load M etals spectrum

\ Designed limit load (DLL)
\ Clippinglevel (metals)

___________________________ k _______Truncationlevel (metals)
Designed service goal (DSG) Exceedance o STATIC STRENGTH
Notto scale § :‘ LOAD FAGTOR
g ¢ B-n:s:s/ _________________
Method 4: Multi Load-Life Factor (multi-LEF) Approach : \ m.:" RN | Wi
N1¢N2#N3¢.¢N| ‘:- LIFEF|-“:YOR
= LEF;#LEF; #LEF: # ........ = LEF; LD

: =1.0 (high loadblock is repeated 5 times within the overall test spectrumsince N, =5)

DSG Test Life 1 Test Life 2 Test Life 3
Originat Spectremiis multiplied by appropriate LEF with multiple combined load-life factors (example: N = 3 < N for LEF; = LEF; = LEF, # LER,5,1.0 withN =N
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12.6.3.3 Load Enhancement Factor using Scatter Analysis

CMH-17 Rev. H

New Topics in Chapter 12 (Damage Tolerance Chapter)

°* Boundaries of LEF Curve

® Test duration must be greater than 1 DSG

® Hybrid (metal-composites) structures: minimum 2 DSG = LOV for Metals

(LOV for Composites?)
® LEF must be greater than 1.0
Py = STATIC STREthLTH
* L4
$ DAD FACTOR
o ed
-
w
(=
w
o
& <€<— LEF>1.0
g i T ----------I
3 | B-BASIS
x
<
=
- - = ~
r n= i n=5 n=15
i e, S5 Composites Alpha = 1.25 13.558 || 9.143 7.625
P 5 s {00 Metals Alpha = 4.0 o 2093 4 1851 1.749
i
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Fidelity of Modal Analysis & Substantiation of Using NADC LEF

1.200 7 A _ _ = = = Design Detail/Failure Mode 1
] H'Qh static = = = Design Detail/F ailure Mode 2
1175 4| scatter - - - Design Detail/F ailure Mode 3
9 R, Design Detail/F ailure Mode 4
1150 :\.\ S - - = - Design Detail/F ailure Mode 5
] Design Detail/F ailure Mode 6
1195 _ \\\ == |_EF Curve (Modal Analysis)
oS O Use of modal strength and life shape
i ™ . Y parameters from representative
-~ ~ . . .
{1 >~. N ) design details produce a single LEF
1 ~ ~ A9 ~ .
1.075 1 STy S >« _curve for a given structure
- '\\ = o S
- \\ \h\ \\.
1050 1 N S
b Ve, ~
- ~ M \'\
A ~ b . .
1025 1 ~~ _High fatigue scatter
i s 5 .,\ ~— ~ )
1.000 ‘ e, — - - =
1.0 20 4.0 8.0

Test Duration, N

Failure modes with large scatter shall be

interogated at element/sub-component level(s)

Damage Tolerance Certification of Composite Structures
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12.6.1.2 Cyclic stress ratio (R-ratio) and spectrum effects

Effects of Layup Sequence and R-Ratios
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12.6.3.6 Test spectrum development

Exceedance Curves & Test Spectrum Development

Stress A .
aneuvers A Industry support is needed.

Gust
N\ Gust & l

Exceedances

M/ GAG M bny > (per n Flights)

Taxi

® Flight/taxi test data are converted to a exceedance curves for different events
® Exceedance curves are then converted into load spectra

® Spectrum (sequence) is developed

® Analysis spectrum is then modified for cyclic test

® Truncation & clipping high loads to avoid retardation/plasticity) !

® Life factor to account for uncertainties in usage |

® Load-enhancement factor to reduce test duration for composites 9 0 @ Loud Factor (@)

Damage Tolerance Certification of Composite Structures 9/16/2015
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12.6.3.4.4 Considerations for Metal/Composite Hybrid Structure

® Current industry practice generally avoids addressing metallic and composite fatigue
with the same article

® Emerging approaches that may enable addressing metallic and composite fatigue with
the same article (for composite-dominant designs)

® Drive LEFs low enough (either via increasing the test duration and/or via thorough testing to
substantiate lower values) to avoid overload concerns in metal

® Multi-LEF Approach
® Deferred Spectrum Approach

Damage Tolerance Certification of Composite Structures 9/16/2015 17



= | \WICHITA STATE
NIAK | UNIVERSITY

NATIONAL INSTITUTE
{ FOR AVIATION RESEARCH

Certification Cost & Time

~ Certification Cost ~ Certification Time

-
7
D
-
=
v}
Q
73]
L
=
e

“
i 0

Analysis

M Full-Scale
H Sub-component
M Details

M Elements
B Laminate

BLamina

Sub-Components

Material

property
development

3svE V.

GENERIC

Elements (for Design Support)

Full-scale test is a significant portion of the overall budget

Coupons (for Design Support)

Improvements to full-scale test duration =» Reduction to overall test timeline

1) f i
| 2 -
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2 12.6.3.4.4 Considerations for Metal/Composite Hybrid Structure NIAR (s
Single Article for Composite-Metal Hybrid FSFT
Durability Demonstration
(e Considerations:
* LOV
[ B e ] [ e ] * Type certificate (FTA remain ahead
I of fleet)

* Effects of LEFs (crack growth
retardation in metals)

* Sequencing effects

» Effects of additional test duration
on metals

[ N EF > 100) :> e * Invalidation of metal test when high
loads are applied (life extension)

* Competing failure modes

* Effects of CTE mismatch

EEEE) m)> EECET-

Structure Representative Address Widespread Fatigue Repair/Replace Inflict Detectable Repair/Replace . .
of Minimum Production Damage & Limit of Validity Damaged Metal Parts Accidental Damage in Damaged and/or Failed Effects of environment
Quality (Category 1) in lieu of Teardown Composite (Category 2) Metal Parts
= Inspection Plan (Metal)
N/ N/ N !
Metal Structure Certification - c LEF LEF LEF, LEF
Load-Life Shift: ——+ —r e —Z =210

N LEF, N LEF, N LEF, N LEF,

Composite Structure Certification

REF: Seneviratne, W. P., and Tomblin, J. S., “Certification of Composite-Metal Hybrid Structures using Load-Enhancement Factors,” FAA
Joint Advanced Materials and Structures (JAMS)/Aircraft Airworthiness and Sustainment (AA&S), Baltimore, MD, 2012.

Damage Tolerance Certification of Composite Structures 9/16/2015 19
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Load-Life Shift

® A mechanism to apply different LEFs for multi-phase test programs for a given

reliability level to substantiate design lifetime. 110 _
NT NT NT n NT__ P R R
2 = ——">1.0 - | ;
N LEF, N LEF, N LEF, i=1 LEF, 107 | Y
1.06 _,,_--.......-.._L”_...,.-,.\.,5_._..__R...___-:_”_........__..f-_-_-__-_.-5_________-_
SN
E‘- 1.05 4----- .._-,.H..?ﬁ.HH-.....__..%q._SHQ._H...... | :
.. _ O P R - -
® Simplified (two-step) version: - o _— WNSR .
: ~ :
NT 1.02 ---------- ---------- e S o |
T R | : eN, _
N, = [1— NlR j N R SNN—
. 1.00 : : \ﬂGNiR
0.0 1.0 2.0 3.0 4.0 5.0 6.0
Test Duration (DSG)

REF: Seneviratne, W. P., and Tomblin, J. S., “Certification of Composite-Metal Hybrid Structures using Load-Enhancement Factors,” FAA
Joint Advanced Materials and Structures (JAMS)/Aircraft Airworthiness and Sustainment (AA&S), Baltimore, MD, 2012.

Damage Tolerance Certification of Composite Structures 9/16/2015 20
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Deferred Spectrum for Hybrid FSFT

Method 1: Life Factor Approach

G G

Life factor (Ng) =5

DSG DSG DSG

DS

Method 2: Deferred High Loads
Deferred high loads

v v v

Pt

Delay Delay _Delay

DSG (no high loads) DSG (no high loads) DSG (no high loads) DSG (with deferred high loads) DSG (with deferred high loads)

Method 3: Deferred High Loads with Load Life Shift
Deferred high loads

Load enhancement factor

DSG (no high loads) DSG (no high loads) DSG (ne high loads) DSG (with LEF & deferred high loads) {LEF)
Damage Tolerance Certification of Composite Structures 9/16/2015 21
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Deferred Spectrum for Hybrid FSFT o)

Composites
spectrum

Not to scale

Load Metals spectrum

\ Metals:
{ : : Designed limit load (DLL) . 5
o severe flight loads result in crack-growth

retardation

Clipping level (metals)

Truncation level (composites)

Truncation level (metals)

Composites:
severe flight loads significantly contribute to
flaw growth in composite structures and
reduce the fatigue life

1 Lifetime Fatigue Loads Exceedance

Method 1: Life Factor Approach

Il I‘I Il
G

Life factor (Ng) =5

S

Method 3: Deferred High Loads with Load Life Shift (Composite Spectrum only)
Deferred high loads

Cycles below composites
LEF truncation level (green) are
eliminated after 3 DSG

DSG (no high loads) DSG (no high loads) DSG (ho high loads) DSG (with LEF & deferred high loads)
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Separate Metal and Composite Certification Test Articles

1.10
Required Test Required Test
D e N R ——— Option LEF Duration without Duration with TS:?;Jj:t
E LLS LLS
Total Test Duration for Total Test Duration for 1 1.000 5.0 2.0 5.0
1.08 1|1 corresponding LEF’s Using | Corresponding LEF’s without é 1'8;2 ;‘-g 12 4-g
Load-Life Shift Hybrid § Load-Life Shift Hybrid 7 e i E g.a
1.07 ¢ Approach ’ Approach (Two Separate Test = T 068 13 05 35
(One Test Article) Articles)
L N —— N
' 1.10 r r
H 1.05 Article 1 Aice2 URNAUEEEE ' .\NSR f l
(Metal Certification) (Composite Certification) 1.08 B
104 f—— e e 107 feemeenees eeees ‘\ -----------------------------------------------
IR N --------------------------------------------------------------- 105 {-----ooe r ------------ L‘\ﬂ'ﬂ' -----------
1,08 f--ereemee- et SR N Rttt SSESRREE
e e I R e """""""""""""""""""""""""""""""" aas b .« -------------------- '-‘-\'?'-in ------ f-enmooeee ]
| ¢ | IOJE SESSE ST S S '—“‘-gJE ----- e
101 AV EF Dot S e e i — AN N N ok I S
NIAR (FAA-LEF Data) ; ; v : " TR
1.00 : : | : \i 1.0000 1:0 2Io 3.0 40 :ouln_;u
0.0 1.0 2.0 3.0 4.0 5.0 6.0 7.0 8.0 Test Duration (DSG)
Test Duration (DSG) T T N T
. . LEF LEF LEF, LEF,
Load-Life Shift: ——+—7—+..... — = Z —>1.0
N N N
LEF, LEF LEF, LEF,

Damage Tolerance Certification of Composite Structures
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12.6.1.2 Cyclic stress ratio (R-ratio) and spectrum effects [12.6.3.8 Damage g NIAR Gavess ™
Load Sequencing Effects — Open Hole Tension/Compression (UNI )
. n=0 70%-n=3,000 | 40%-n=403,010 | 55%-n=519,340 | 40%-n=919,350 | 55% - n=1,035,680
= NAME Reference Load Block 1 Load Block 2 Load Block 3 Load Block 4 Load Block 5
3 :I - . ‘v a
< 3 O
o z ; .
5 G 5
LN n
A |2
3 £ | 3 .
‘n S u ¥ High-Low Low-High
12 % | 5 Co
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Load Sequencing Effects — Open Hole Tension/Compression (PW )
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952 12.6.1.2 Cyclic stress ratio (R-ratio) and spectrum effects /12.6.3.8 Damage growth NIAR (T
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Load Sequencing Effects - Compression After Impact
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12.6.1.2 Cyclic stress ratio (R-ratio) and spectrum effects /12.6.3.8 Damage growth

Operating Stress/Strain Levels

10,000 ———
0.25'IN. OPEN HOLE
WING ROOT SPECTRUM
GRAPHITE/EPOXY
HT/AMBIENT (COMPRESSION DOMINATED)
z 8000F
Z
=
=
< B,000F
&
5 ALUMINUM
S (TENSION DOMINATED)
&' 4,000
9 TYPICAL
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FIGHTER AIRCRAFT SPECTRUM FATIGUE LIVES
Ref: Whitehead, et. al. (1986), NADC-87042-60
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Operating levels for composites are
significantly low
= No sequencing effects
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Stress Level: 50% of Mean
Static (~25 ksi)

Runout: After 25 million cycles
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12.6.3.4.4 Considerations for Metal/Composite Hybrid Structure

Development of Hybrid Spectrum

Composites spectrum

Load

M etals spectrum

Designed limit load (DLL)

.................... .q.

Clipping level (metals)

Designed service goal (DSG) Exceedance

Nottoscale

® Differences between composite and metallic spectrums J
0.25 IN. OPEN HOLE
. . . . . WING ROOT SPECTRUM
® Metals: severe flight loads result in crack-growth retardation =» Clipping P4 L e (COMPRESSION DOMINATED)
® Composites: severe flight loads significantly contribute to flaw growth in > &
composite structures and reduce the fatigue life £ _—
% (TENSION DOMINATED)
® Flaw growth threshold for metals may be lower load level than that for £ aoor e
composites ’ STRAIN | |
& 2,000
=» Different Truncation Levels
0.01 011 ‘; 1rl'J 1EIIO 1,[’;00

. : FIGHTER AIRCRAFT SPECTRUM FATIGUE LIVES
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12.6.3.4.4 Considerations for Metal/Composite Hybrid Structure NIAR vuvers
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Composite-Metal Bolted Joints

® 2x3o0.25-inchfasteners with o.5-inch pitch
® 2 metallicsplice plates

® Anti-buckling fixture for compression loading

Damage Growth Damage Growth
in Metals M in Compositesd

Y
Damage Growth
in Hybrids @

* Competing failure modes
* Sequencing effects
* Miner’s Rule or an alternative (???)
o Effects of LEFs
» Effects of additional test duration

e Effects of CTE mismatch
e Effects of environment
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12.6.3.4.4 Considerations for Metal/Composite Hybrid Structure
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F/A-18 Composite Structure

ASIP 2010-11
Fatigue Life Assessment of F/A-18 A-D
Wing-Root Composite-Titanium
Stepped-Lap Bonded Joint
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poiponsy | Pybrid=Repair—Aging |

Durability of Composite Wet Layup
Repair on Metallic Leading Edge of
F/A-18 Trailing-Edge Flap
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LOOKING DOWN

Crack Repair
+5,523 Ibf +6,785 Ibf

Repair After 1 Test Life
+6,785 Ibf

Full-Scale Fatigue Testing of
F/A-18 A-D Inner Wing

Scale - It
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F/A-18 Wing-Root Stepped-Lap Hybrid Bonded Joint
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Ref: Seneviratne, W., et.al., “Durability and Residual Strength Assessment of F/A-18 A-D Wing-Root Stepped-Lap Joint,” 11th AIAA Aviation
Technology, Integration, and Operations (ATIO) Conference and the Centennial of Naval Aviation Forum, September 2011.
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Viscoelastic Behavior of TRS due to Hygrothermal History
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REF: Rothschilds, R. J., llcewicz, L. B., Nordin, P., and Applegate, S. H., “The Effect of Hygrothermal Histories on Matrix Cracking in Fiber Reinforced Laminates,”
Journal of Engineering Materials and Technology, Vol. 110, pp. 158-168, 1988.
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Summary

® CMH-17 Rev. H contents will be discussed during meeting in Wichita (October)

® Research findings will be presented at next FAA Joint Advanced Materials & Structures
(JAMS) workshop

® Hybrid fatigue study with thermal effects

® Load sequencing studies

® Hygrothermal history

JOINT ADVANCED MATERIALS & STRUCTURES

TER OF EXCELLENCE

® Multi-LEF Approach can be applied to hybrid structures to prevent metal overloads
® (ase studies

® Deferred spectrum
® Composite-dominant design
® Need analysis/tests to justify spectrum modifications

® (Case studies
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Waruna Seneviratne
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