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Background

Issues:

A COPVs can be at risk for catastrophic failure

I Risk of insidious burst-before-leak (BBL) stress rupture! (SR) failure of
carbon-epoxy (C/Ep) COPVs during mid to late life

I Risk of lower burst strength of C/Ep COPVs subjected to impact damage

A Issues with manufacturing defects and inspectabilty of COPVs on
NASA spacecraft (ISS, deep space)

A Lack of quantitative NDE is causing problems in current and future
spacecraft applications
I Must increase safety factor or accept more risk

I Thinner liners are driving need for better flaw detection in liner and
overwrap

1SR defined by Al AA Aerospace Pressure Vess
minimum time during which the composite maintains structural integrity considering the
combined effects of stress |l evel (s), ti me



Strain vs. Time Behavior During Creep
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The problem with advanced fibers such as Kevlar® and carbon,
Is that no ductility is observed before rupture during tertiary creep,
so the stress rupture occurs with little or no advance warning



Effect of Fiber Choice on Stress Rupture

C/Ep COPVs are susceptible to stress rupture, although to a lesser extent
than glass or Kevlar® fiber composites
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Characteristic lifetimes of graphite, Kevlar® and glass-reinforced composites at
different percentages of the ultimate strength. Each symbol represents the
median life (50%) under sustained loads as percentage of the ultimate strength
of the material &

8 J. T. Shress Riupgure,of Carbon Fiber Composite Materialso , i n "Antl.SAMPE Te&hnical Conference, p. 613 (1986).



COPVs on ISS

A Presently have 17 high pressure COPVs on ISS (most are C/Ep)
I Up to seven additional COPVs are planned and under development

A Long term reliability risk levels are 10 or lower except for NTA and
SpaceDRUMS COPVs, which have risk levels of 104to 1058

I Reliability much lower if C/Ep overwrap sustains impact damage

Materials

Subsystem 0 Shape Size, in Commodity e Wrap Supplier FOS MEOP psi
ECLSS/ACS > Oxygen. r -
s 4 | Sphere 37.89 Nt 3018 | MW GD 20 5000
ECLSSMCA 1 | Cylinder | 722Lx3.55D | Calibrated air Al S-Glass SCI 34 3000
TCSINTA 2 | Cylinder | 45Lx197D Nitrogen Al T-1000 GD 252 3000
EVA/SAFER 3 | Cylinder | 9Lx6D Nitrogen SS T-1000 ARDE 30 10,000
g%?““memyp g, | Sphese 1537 Xenon 301SS | T-1000 ARDE 417 3000
Payloads/ .

RS ¢ 3 228- 35
SoueDRUMS 5 | Cylinder | 17.1Lx85D Argon Al T-1000 GD 228 2350
zf‘g}{’;ff"’ 1 | Cylinder | 81Lx368D Helium Al | Grlep2150 | Carleton 34 1985
AMS-02* 2 | sphere | 1245158 | Comdiedde | 3509 | 1000 | ARDE | 30544 | 14402000
eoamand I M TBD TBD TBD TBD TBD TBD TBD
CIPAA*** 4 Cylinder | 404Dx96L | Carbon dioxide Al Gr/E-Glass Carleton 4.67 4500

*The VCAM and AMS systems have not been manifested.

**The NORS system is still under development.

***The CIPAA system is transported to and from the ISS with each Shuttle mission. The very high FOS indicates a very
low risk of rupture.

8 E. Y. Robinson, R. Kohli, Préliminary Stress Rupture Risk Assessment for Graphite/Epoxy Composite Overwrapped Pressure Vessels on 5
the International Space Statond, Aer ospace Re0pbH208)-6, Sept. 30,RO0R



Goals

A Develop quantitative AE procedures specific to C/Ep
overwraps, but which also have utility for monitoring
damage accumulation in composites in general

A Lay groundwork for establishing critical thresholds for
accumulated damage in composite components, such
as COPVs, so that precautionary or preemptive
engineering steps can be implemented to minimize or
obviate the risk of catastrophic failure

I Felicity ratio (FR), coupled with fast Fourier transform (FFT)
frequency analysis shows promise as an analytical pass/fail
criterion

A Would fail COPVs at a critical FR, or FR*, below 1.0, indicative of
severe accumulated damage

A Could also fail COPVs at a known levels cumulative of fiber
breakage or matrix cracking



Experimental

Load control and AE data acquisition system (DACS) consisted of:
A InstronN 5569 Series Electromechanical Test Instrument (left)

A DigitalWave Corp. FM-1 8-channel DACS (lower right)

A AE and tensile test CPU controllers (upper right)



Experimental

AE Sensors: Each channel (4 used) was connected to a DWC PA-0, 0 dB Gain
preamplifier, and then to a broadband high fidelity B1080 piezoelectric sensor
with a frequency range 1 kHz to 1.5 MHz. Sensors were mounted on
cardboard-tabbed C/Ep tow specimens (8-in. gage length) using Lord Corp.
AE-10 acrylic adhesive




Experimental

Exploce Sine-Detauh Explode.
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L = Foh2F™
where:
L.in = minimum required bonded tab length, mm [in.];
F* = ultimate tensile strength of coupon material, MPa
[psil: _
h = coupon thickness, mm [in.]; and
F*' = ultimate shear strength of adhesive, coupon mate-

rial. or tab material (whichever is lowest). MPa
[psi].

8 ASTM D 2343, Test Method for Tensile Properties of Glass Fiber Strands, Yarns, and Rovings Used in Reinforced Plastics, American
Society for Testing and Materials, West Conshohocken, PA (2008)
ASTM D 3039, Test Method for Determining Tensile Properties of Polymer Matrix Composite Materials, American Society for Testing
and Materials, West Conshohocken, PA (2007)



Felicity Ratio Analysis
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Experimental

A For purposes of quick turn-around, an intermittent load hold (ILH)
stress schedule was used (red data)
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A ILH profile is based on the pressure tank examination procedure
described in ASTM E 1067 8

ASTM, Practice for Acoustic Emission Examination of Fiberglass Reinforced Plastic Resin (FRP) Tanks/Vessels, E 1067, American 11
Society for Testing and Materials, West Conshohocken, PA, 19428-2959, 2001.
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Results & Discussion

A Linear decrease in FR with load noted for T1000 (R2 > 0.9) and IM-7 (R2 > 0.99)
C/Ep, similar to the behavior noted for Kevlar 49-epoxy K/Ep
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R%=0.9947

same material and averaging method, the slope of least squares fit is

indicative of damage tolerance

Flatter slopes correspond to good damage tolerance (in-character behavior)
Steep slopes correspond to low damage tolerance (out-of-character behavior)

A Kaiser effect violated at FR<1 Y onset of severe accumulated damage
A C/Ep produced more AE than K/Ep (but AE less energetic on average)
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Results & Discussion

A Formation of characteristic damage state very evident at load ratio
(LR) < 0.6 for IM-7
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A In quasi-isotropic composite lay-ups, for example, characteristic damage state formation
thought to involve predominant matrix cracking

A For uniaxial tow, FFTs revealed the characteristic damage state formation involves a
mixed mode failure mechanism (cooperative matrix cracking, fiber/matrix debonding,
fiber pull-out, fiber breakage)

13



Summary of FR Results for Carbon/Epoxy

Material F@ F max FuRzl@ Urnax Failure
Date  &Spool#  Fitert FR=1(b)  (Ib) (ksi) (ksi) FR* Type?

83109  IM7 #95 32% 135 210 342 532 0.95 XGB

90109  IM7 #95 27% 151 234 383 591 0.945  XGM

90809  IM7 #95 58% 171 210 433 530 0971  XGM

111009 IM7 #117 9% 193 252 488 637 0961  XGM

32610  IM7 #61 19% 183 228 464 578 097  XGM

82509  T1000#74  32% 240 355 658 972 0972  XGT

82609  T1000 #74  46% 231 369 633 1010 0953  XGT

82809  T1000#74  37% 226 362 UTS 992 0977  XGT

112409 T1000 #155 4% 181 379 63700, 1037 0945  SGM

112509 T1000 #74 6% 206 325 N 890 0.966  LGM

40910  T1000 #155 6% 181 374 493 1024 095  XGM

Mean IM7 29% 167 227 422 /575 0959 FR*
Std. Dev.  18% 24 18 60 | 45 \/ 0012 1.2-1.4%

Mean 71000 220 211 361 577 988 /) 0.961 | scatter
Std. Dev.  18% 26 19 71 .53/ 0013

A Let FR* = extrapolated FR at rupture predicted by the least squares fit

A FR* behaves like a universal parameter that varies less than the UTS

1 Data filter reflects percentage of events removed from the raw AE data
2 Failure abbreviations per ASTM D 303Rest Method for Determining Tensile Properties of Polymer Matrix Composite

Materials, American Society for Testing and Materials, West Conshohocken, PA (2007)

3 Improved tabbing method
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Results & Discussion

A Consistent FR* values noted for T1000 and IM-7

A Suggests that the FR can be used as an analytical
PASS/FAIL criterion for C/Ep composite materials

A Precedent: ASTM suggests using FR < 0.95 as failure

criteria in fiberglass reinforced pressure vessels s

I Experimental C/Ep failure criteria from strand tests
» IMT7: FR < 0.959
» T1000: FR <0.961

I Also can use counts and number of hits above high energy threshold
A Opens up possibility that C/Ep composite materials can
be subjected to ILH profiles to assess in- or out-of-family

response
I Need to verify that test specimens or articles with low initial FR, or steep
#¥Rvs. | oadd sl opes in fact fail pr e

at lower burst pressure

ASTM, Practice for Acoustic Emission Examination of Fiberglass Reinforced Plastic Resin (FRP) Tanks/Vessels, E 1067, American 15
Society for Testing and Materials, West Conshohocken, PA, 19428-2959, 2001



Waveform and FFT Analysis
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Results & Discussion

A AE frequency ranges have been correlated with
micromechanical damage mechanisms in C/EpS

m Fiber Breakage—— §
m Debonding
m Fiber Pullout —
m Matrix Cracking

Peak Frequency

De Groot, P., P. Wijnen, and R. J atime Brequnency BdReenanhktion of Acoustic Emission for Different Fracture Mechanisms in
Carbon/ Epoxy CompopitessSti.tTechnpl)55, pp. 405-421 (1995).

Dzenzis, Y. A, and J. Qian, A An a MigredamnsagecEfv ol ut i on Hi st o r InteJsSolidnandCStruntpress3B,t1&83%-18%4 (2001).
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Results & Discussion

FFT (unfiltered) showing concerted failure using De Gr o o t
frequency ranges

FFT FREQUENCY DISTRIBUTION

T1000 Spool 74 tested 9/9/09, Y=14.8 cm (2/5 from S3 to S4)
N=2597, E=3.39 V?-ps, FAC-4
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A In general, three different waveforms were observed for C/Ep

E waveforms

Results & Discussion

1. Matrix Cracking

EIBER) Ererspectrim

E! waveforms

2. Fiber Breakage
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Results & Discussion

A Three different waveforms were observed for C/Ep (cont)

3. Concerted, mixed mode failure
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Results & Discussion

A IM-7 early vs. late life events

Early LR<0.5
Life first ILH ramp up
Late LR >0.8
Life last ILH ramp up

A Notice change from ordered (early) to unordered peaks (late life)

21



