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Variable Amplitude Fatigue Damage Growth (ackground)

® Due to the anisotropy and heterogeneous nature of composites, fatigue damage growth characteristics
of composites are complex and predictive methodologies are at their infant stages.

® Therefore, overly conservative assumptions are made for fatigue life assessment without taking full
advantage of fatigue capabilities of composites.

® In order to design efficient composite structures, a greater understanding of fundamentals of fatigue
damage initiation and growth characteristics of composite is needed.

® Need to understand the interaction of high-cycle (low stress) and low-cycle (high stress) fatigue on the
life assessment of composite.

The primary goal of this research is to investigate the fatigue damage growth of
composites under variable amplitude fatigue loading.

The secondary goal of the program is to develop tools for determining the
residual strength degradation or wearout.
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Certification Cost & Time
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Full-scale test is a significant portion of the overall budget

Improvements to full-scale test duration =» Reduction to overall test timeline
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Development of Hybrid Spectrum

Composites spectrum

Load

Metals spectrum

Designed limit load (DLL)

.................... T P

Clippinglevel (metals)

Designed service goal (DSG) Exceedance

Not toscale

® Differences between composite and metallic spectrums P0L o8 orenoLe R
RT/AMBIENT (COMPRESSION DOMINATED)
® Metals: severe flight loads result in crack-growth retardation =» Clipping g 30T
® Composites: severe flight loads significantly contribute to flaw growth in E s000}
composite structures and reduce the fatigue life z (TENSION DOMINATED)
& 4000
® Flaw growth threshold for metals may be lower load level than that for : DESIGN (—
composites 5 2o
=>» Different Truncation Levels 00T o1 i o s 1000

m FIGHTER AIRCRAFT SPECTRUM FATIGUE LIVES
JOINT ADVANCED MATERIALS & STRUCTURES c )
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Deferred Severity Spectrum Approach (singie Full-scale Test Article)

Phase 1 Phase 2

Residual Strength Demonstration
(Composites) . .
Considerations:
* Limit of Validity (LOV)
* Type certificate (FTA remain ahead
Strain Surveys & Strain Surveys & Metal Residual Strength Strain Surveys & Strain Surveys & Composite Residual Strength ofﬂ t
ki*Limit Load Tests ki*Limit Load Tests Limit Load Test ka*Limit Load Tests ko*Limit Load Tests k3*Limit Load Test ee )

* Effects of LEFs (crack growth
retardation in metals)

* Sequencing effects

» Effects of additional test duration
on metals

* Invalidation of metal test when high

e :> + loads are applied (life extension)

* Competing failure modes
* Effects of CTE mismatch
* Effects of environment

N:=1 (LEF = 1.00)>

N T N T N T n N T
LEF, LEF LEF 2 : LEF;

R R
N LEF, i=1 N LEF;

Load-Life Shift: = =
N
LEF, LEF,

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. (also recent CAMX 2016 paper) 6
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Metal/Composite Hybrid Structure

Representative Design

® Current industry practice generally avoids addressing { 1
. . . . . Stren_gth chtter Life Scatter
metallic and composite fatigue with the same article S bk

Strength Shape Life Shape

® Emerging approaches that may enable addressing e Fermetr

" ] " ] . A 4 *
metallic and composite fatigue with the same article e B T

Design Load Factor (LEF) h - N -
Spectrum

(for composite-dominant designs) Option

A 4

Truncated

® Option 1: Drive LEFs low enough (either via increasing the (Lo Loadh) Load pLer
test duration and/or via thorough testing to substantiate
lower values) to avoid overload concerns in metal

Option 2

Clipping*
(for Hybrid
Structures)

omposite loads
are above clipping
level for metals

are above clipping
level for metals

® Option 2: Multi-LEF Approach

MO NG

® Option 3: Deferred Spectrum Approach Aavanced specrun

analysis and test
methodologies are
required

Significant modifications to the spectrum are required!

Option 3

Fatigue Test P
Spectrum -

v

NOTES:
* Clipping of high loads are only required for metals; composite loads should not be clipped.
** Further analysis and supporting experiments are required prior to applying these methods.
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Fatigue Damage Growth of Hybrid Structures ©verview)

¢ Data Scatter
® Life factor (Ng) approach

® Load-enhancement factor (LEF) approach
® Fatigue scatter analysis techniques

® Application of LEF and N¢ METALLIC

COMPOSITES

Hybrid
Structure

® Certification of hybrid structures

Compliance
with
Regulations

A\ 4

Certification

® C(Critical loads and different spectrum requirements

R / | Inspections ‘|\
Damage Tolerance Testing———>

Damage | Residual Strength

® Notch sensitivity and fatigue sensitivity

Inspections || Spectrum

° Hybrld joint testing Damage Tolerance —_—>

Analysis

/‘ Damage Definition || Residual Strength |

® C(Certification efficiency Fatigue Testing ——> \
| Spectrum | | Structural Detail | | Environments
([ J 1_
MUltI LEF approaCh Fatigue — | Analytical Fatigue Life || Damage Evaluation |
® Deferred spectrum severity approach Analysis | spectrum | [ snpata | [ structural Detail

® Sequencing effects
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Constant amplitude: Block Spectrum:
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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.

+ A-M Block
0

v

REF: Seneviratne, W. P., “Fatigue Life Determination of a Damage-
Tolerant Composite Airframe,” Wichita State University, December 2008.
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Stress Ratio:

R = min [ max stress

.t R>1:C-C
o >
Gmax
cymin

1>R>0:T-T

R<o:C-T

caniEr ol excallEncE for
compaiiis ond odvanced materksl

100 =
80 - o0 moo
& L @ (BT OO
00 ° W0
- A A © omoy omo
Se0 2 1R
o=
g o A o—p
o
-]
3 40 - As4/E7TKE PW iz
Ult. (OH)
OHC - -40.472 ksi
OHT - 43.455 ksi
20 - p=g
R=5 R=-02
R=-1
0 T T T T .
1 10 100 1000 10000 100000 1000000
Cycles
100 =
80 -
a
— LY. % &
360 i o ® 0w
8 = a AR A O0B
'oa ome o
ae 40 - oo o BTN
ma
a
AS4/ETKB PW [R=-1]
20 - Ult. (OHC)
25/50/25 - -45.375 ksi
10/80/10 - -40.472 ksi
0/100/0 --21.875 ksi
D T T T T T T 1
1 10 100 1000 10000 100000 1000000
Cycles

Stress Ratio (R)

100 =
80 -
3 60
i
(o]
s
40 | T700/#2510 PW
Uit. (OH)
OHC - -34.986 ksi
OHT - 41.686 ksi
20 1 R=0
R=5 R=-02
R=-1
0 :
1 10
100 =
80 -
3 60 -
k3
© 40 - 77812510 FG
¢ Ult. (OH)
OHC - -33.227 ksi
OHT - 26.808 ksi
20 - R=0
R=5 R=-02
R=-1
0 1]
1 10

100

= | WICHITA STATE
NiA= { UNIVERSITY

NATIONAL INSTITUTE
: FOR AVIATION RESEARCH

oG O
o o @ & 04
o o o oo
o ongEH o o000

cme @O OEDG O O 0

AA A o om o .:t

Yy
& —p

1000 10000 100000 1000000
Cycles
o 00 OB
o0 O

o —p

e ¢ —»
a4 & o=

= as "
Y
Aam
1000 10000 100000 1000000

Cycles

10



= | WICHITA STATE
NiAwx { UNIVERSITY

: NATIONAL INSTITUTE

Fatigue Damage Growth for Constant Amplitude Fatigue (oHc)
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Variable Amplitude Fatigue Testing & Analysis
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Fatigue Profile 6
Stress Level | # of Cycle
200000 40 400010
Fatigue Profile 5 55 116330
Stress Level | # of Cycle 7] 40 400010
70 3000 —}——i8qP . e g 55 116330
40 400010 \ _ N\ [ 70 3000
.y )
55 116330 % 160000 =
40 400010 £ N
55 116330 a S
140000
120000
100000
0 200000 400000 600000 800000 1000000 1200000
# of Cycles

REF: Seneviratne, W., and Tomblin, J., Load Sequencing Effects and Damage Growth Retardation of Composites, FAA Joint Advanced Materials & Structures (JAMS), Grapevine, TX, 2016.
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Wearout under Constant Amplitude Fatigue

] Linear loss of
i ------------------------- R - .5..,_7_;,’ residual strength o =0 +| Sa=% |
- S N f (O-a)
: Sendeckyj residual
" _ . strength

S-N data
(fitted using Sendecky;j)

Stress (psi)

. Stress level 1

Stress level 3

—
——— |
s —
_
A 4

1 10 100 1000 10000 100000 1000000 10000000

Number of Cycles
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Residual Strength Degradation
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Fatigue Model Based on Residual Strength Degradation (Wearout)

Fatigue testing and generate SN data

Fatigue data scatter analysis of SN data
® Generate fitting parameters for Sendeckyj analysis

® Fatigue data scatter is considered (reliability!)
Generate residual strength degradation models

Use the residual strength degradation for each block

® Sequencing effects are considered

Predict residual strength degradation or fatigue life

® Applied stress 2 Residual strength =» Fatigue failure

Stress/Strength
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Fatigue Scatter Analysis Techniques
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R=5 35.088 7772 50.778 50.023

Stress Strength R=-1 30.076 227669 50.823 50.091
R=5 30.202 23830 50.468 49.274

"""‘"—"-"Z-:'_“f"-‘- BIIzIzzzriioog- R=-1 25.168 148412 50.795 49.700

BRI R=5 35.191 11380 50.106 50.126

SL-1 el ‘m R=-1 30.164 212237 50.166 50.185

R=5 26.344 38591 40.281 42.122

SL-2 R=-1 21.953 214055 44.604 42.689

- 60.0

50.0 - e

B Static residual strength n = 1,000,000
¢ Fatigue failure

@ord Runout

- ==~ SN curve Not to scale

40.0 -

30.0 -
===~ Residual strength degradation for SL-3
Fatigue stress levels

Residual Strength (ksi)

m Sendeckyj
-~~~ Residual strength degradation for SL-2 >
10.0 - --] M Test
Cycles (n)
0.0 -
n= 7772 | 227669 | 23830 | 148412 | 11380 | 212237 | 38591 | 214055

Max. Stress (ksi) | 35.088 | 30.076 | 30.202 | 25.168 | 35.191 | 30.164 | 26.344 | 21.953

40/20/40 25/50/25

., and Palliyaguru, U. “Fatigue and Residual Strength Analysis of Out-of-Autoclave T650/5320 Plain Weave Fabric Composite Material,” CAMX 2014.
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REF: Seneviratne, W. P., Tomblin, J. S., and Palliyaguru, U. “Fatigue and Residual Strength Analysis of Out-of-Autoclave T650/5320 Plain Weave Fabric
Composite Material,” CAMX 2014.
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Load Sequencing Effects — Open Hole Tension/Compression (UNI )

Fatigue Profile 5

Stress Level

# of Cycle

70

3000

40

400010

55

116330

40

400010

55

116330

Fatigue Profile 6

Stress Level

# of Cycle

40

400010

55

116330

40

400010

Fatigue Profile Spﬁ;:ri:;en Block 1 Block 2 Block 3 Block 4 Block 5 Tgt;l:lz SOf Comments
5 UNIEX-11 3000 400010 116330 400010 116330 1035680 Survived
5 UNIEX-13 3000 400010 116330 400010 116330 1035680 Survived
5 UNI-EX-14 3000 400010 116330 400010 116330 1035680 Survived
5 UNI-EX-17 3000 400010 116330 400010 116330 1035680 Survived
5 UNI-EX-19 3000 400010 116330 400010 116330 1035680 Survived
5 UNIEX-21 3000 400010 116330 400010 116330 1035680 Survived

UNI-EX-12 400010 116330 400010 116330 2775 1035455 Failed
UNI-EX-15 400010 116330 400010 116330 3000 1035680 Survived
UNI-EX-16 400010 116330 400010 116330 472 1033152 Failed
UNI-EX-18 400010 116330 400010 116330 543 1033223 Failed
UNI-EX-20 400010 116330 400010 116330 2447 1035127 Failed
UNI-EX-22 400010 116330 400010 116330 3000 1035680 Survived

55

116330

70

3000

iratne and John Tomblin, “*Load Sequencing Effects and Damage Growth Retardation of Composites,” FAA Joint Advanced Materials &
AGrapevine, TX, March 2016.
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Load Sequencing Effects — Open Hole Tension/Compression (UNI )

40-55-40-55-70 (Low-High) ‘— 70-40-55-40-55 (High-Low)

NAME n=0 70% - n=3,000 40% - n=403,010 55% - n=519,340 40% - n=919,350 | 55% - n=1,035,680
Reference Load Block 1 Load Block 2 Load Block 3 Load Block 4 Load Block 5 Fatigue Profile 5
- - =
o ' : Stress Level | # of Cycle
P
n Q 70 3000
2 1
=} é L 40 400010
n 55 116330
Q
% o . 40 400010
E IJ><'_I ) 55 116330
& =
‘5 o i | 1
w ] 6 Profile 5 vs Profile 6
Stiffness Degradation (Tension)
200000
= { - s 6 spec
X £ i = ﬂ-‘ pac.
u ~F survived
Z = '
S R I I - - profile 5
2 3 | o - K —
NAME n=0 40% - n=400,010 55% - n=516,340 40% - n=916,350 | 55% - n=1,032,680 | 70% - n=1,035,680
Reference Load Block 1 Load Block 2 Load Block 3 Load Block 4 Load Block 5
o s *
5‘ ) a Failed at 0 200000 600000 800000 1000000 1200000
= 1,035,455 cycles ot
Z 4 ’
=) | ! | ULl UNMDXAZ  e-UNFDELS  -UNFDRLE  —UNRDEL —-UNREXDS  — UMD
5 g 5 i !
9 Fatigue Profile 6
;é in . 13 B = o< S . Stress Level | # of Cycle
Ll
gn 5‘ ' . g 40 400010
2 2 i e L o 30 55 116330
= 2 & (i 1 . | . ' 1 ! | ' ! v e 3 —
6 5 [ s 5 =B s 5 8 40 400010
: — = 4 spec. 55 116330
g . £ failed and 70 3000
x i) 0 a . = =Y = Failed at 2 spec.
3 1,033,152 cycles survived T650/5320 UNI
> e I . Y .
S i | et profile 6 R=-1
F=sHz
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Load Sequencing Effects — Open Hole Tension/Compression (PW )

— NAME n=0 70% - n=1,040 40% - n=401,050 55% - n=415,610 40% - n=815,620 55% - n=830,180 /]
= Reference Load Block 1 Load Block 2 Load Block 3 Load Block 4 Load Block 5 ) I T 25200.000000
o : i : e 3 r T i B g T el e 1 = == ==
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| ) E
< 3 o £3
o &
(@)] i 7 i 20000.000000
— = 2 L - B
I e T T T T T 1 v I v ] ! ] T I T 1 T I D B 1 i e i T T T T I
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m n
] = I
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o s | .
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LN ) d = |
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Q 5 8 7 5 6 7
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o 0 - = - -
[N i Tl / 5000.000000
o~ ¥ - 1
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a £ b & 500.000000
- ! ’ é—: T : é | :3 i _}, b
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o = — —— B R ;
- FY 15-PW-OH-03-[After 814580 Cydes).dap [pm/m]
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z g , e
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— .
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(@] ©
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o) a OI 16000.000
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w
[¥p} / 12000.000
L|n B
/
3_ 8000.000
©
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Progressive Damage Growth (X-Ray CT)

B
(@)
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D - 5 Mollenhauer (AFRL)
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Load Sequencing Effects - Compression After Impact

Constant Amplitude (70% CAI SS) Constant Amplitude (55% CAI SS)
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Cytec 5320/T65o UNI-CAI Testlng
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Matrix Dominant Failure Modes
® Significant residual strength degradation )
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Summary

® Need to understand the fatigue damage growth mechanism

® Interaction of damage growth at various stress levels
® Multiple failure modes
® Multiple crack paths

[ ]

High-fidelity inspections for monitoring damage growth

® Develop innovative ways for monitoring damage growth characteristics

® Understand influencing factors

® initial flaw/damage, failure mode, stress ratio, sequencing, frequency, loading mode, etc.

® Various analysis methods are considered
® Semi-empirical (Wearout Model)
® Probabilistic /T
/Pnnaﬂiss')
® Multi-scale modeling o o \
® Validation of CA models = VA models

competies ond odvanced materol
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Looking Forward

® Benefit to Aviation
® Investigation of fatigue damage growth of composites under variable amplitude fatigue loading

® Development of tools for determining the residual strength degradation or wearout and prediction
of fatigue life under variable amplitude fatigue cycling (includes sequencing effects)

® Future needs

® Variable amplitude fatigue data for fatigue analysis and validation of wearout models for analytical
life predictions

® Analytical models for predicting residual strength degradation (wearout)
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