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SUMMARY

Compositematerials are being considered for use on future generations of

Reusable Launch Vehicles (RLVs) for both fuel tanks and fuel feedlines. Through the

use of composite materials NASA can reduce the overall weight of the vehicle

dramatically. This weight savings can then be translated into an increase in the weight of

payload sent into orbit, reducing the cost per pound of payload. It is estimated that by

switching to composite materials for fuel tanks the weight of the tanks can be reduced by

40 percent, which translates to a total vehicle weight savings of 14 percent. 2

In this research, carbon/epoxy composites were studied for fuel feedline

applications. There are concerns about using composite materials for feedlines and fuel

tanks because these materials are extremely vulnerable to impact in the form of

inadvertent bumping or dropped tools both during installation and maintenance.

Additionally, it has been found that some of the sample feedlines constructed have had

leaks, and thus there may be a need to seal preexisting leaks in the composite prior to

usage.

Composite materials dissipate impact energy in several different ways. First,

microcracking of the matrix material occurs. Next, delaminations begin to form between

fiber layers of different orientations. Lastly, fibers begin to break starting at the back

face of the material. 8, tt, t7, t8 There does not need to be any visible damage in the

composite for fuel to permeate, provided that sufficient microcracking has occurred. 4
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In prior work done at NASA MSFC, it was found that impacts with very little

impact energy could cause sufficient damage in the composite materials for fuel

permeation to become a problem. To simulate impacts caused by bumping and dropped

tools, a drop weight type impact test machine was used with a V2" (1.27 cm)

hemispherical tup. Using this device it was found that impacts with as little as 0.79 fl*lb

(1.07 J) could produce enough microcracking in woven carbon fiber/epoxy matrix

composites for gaseous helium to permeate through the material. 4

In order to improve the composite's ability to withstand low-energy impact

events, and also to salvage any initially leaking feedlines, it was decided that coatings

should be considered. This research centers on the application of commercially available

coatings, as well as several coatings supplied by NASA LaRC and GRC, to improve the

impact resistance and reduce the permeability of the composite. In particular three

different polyurethane coatings, two thermoplastic, and several polyimide

nanocomposites were studied.

For this research many four-inch by four-inch IM7/EX 1552 specimens were

tested in leakage, impact and permeability. All of the specimens received were tested for

leakage using a device that was built based on a design used at NASA MSFC. The

specimens were then divided according to the number of leaks present in them so that

coatings sealed preexisting leaks and improved impact resistance, and also to determine

how much improvement occurred in the impact resistance of initially impermeable

specimens.
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Becausekeeping the weight of the vehicle down is the impetus for using

compositefeedlinesand fuel tanks,the weightof the coatingsis critical. It is desiredto

applythecoatingsasthinly anduniformly aspossible.

After coating,the specimenswere impactedusing a Dynatup8250 drop weight

testmachine. Theimpactenergywasadjusteduntil the critical value,energyjust before

a specimenwill begin to leak,wasfound (from hereon referredto asthe critical impact

energy). All of the specimens that were impacted and found to leak were then tested to

determine the rate of gaseous permeability through the impact damage. The permeability

device used was based upon a similar device at NASA MSFC, which was derived from

the ASTM standard. 6°' 62

Each of the coatings was applied to initially impermeable specimens as well as

initially leaking specimens so that the critical impact energy could be found for each

condition. This was necessary to show that the sealed initially leaking specimens

performed just as well as the initially impermeable coated specimens. The critical impact

energies for the coated specimens were then compared to the critical impact energy found

for the initially impermeable uncoated specimens. As was suspected, tremendous

improvement could be achieved in the impact resistance of the specimen through the use

of coatings. This testing was all performed at room temperature, and the coatings next

had to be tested in thermal cycling due to the wide temperature ranges that these

materials will experience.

One of the largest challenges confronting the use of coatings on composite parts

meant for cryogenic use is that these coatings tend to delaminate due to the large thermal

XX



stresses, which result from the mismatch in coefficients of thermal expansion of the

composite constituents and the coating. During a typical launch to landing cycle, the

composite fuel tanks and feedlines will experience temperatures ranging from 20K to

394K (-423 °F to 250°F). 43 It was therefore necessary to perform thermal cycling tests

upon all of the coatings considered. McManus et al. found that while it was necessary to

cool composites to below 60K to initiate cracking of the composite, coatings suffered

damage above 77K and thus liquid nitrogen could be used for this thermal cycling. 24

In addition to thermal cycling, the effects of aging on the coatings were also

considered. There was concern that the coatings would become more brittle with time.

Aged specimens were impacted at the critical impact energies and then tested for leakage

to determine what effect, in any, age had on the coated specimens. From this work it was

determined that aging is not nearly as significant as thermal cycling of the coated

composite.
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CHAPTER I

INTRODUCTION AND RESEARCH OBJECTIVES

Composite materials are prevalent in a wide variety of structures, especially those

in the aerospace, marine, and civil infrastructure industries. While the motivations for the

use of composite materials may vary some, generally the weight savings provided by

using composites over more traditional metal materials is involved.

The use of composite materials for fuel feedlines and fuel tanks was deemed

necessary in order to achieve the goals set forth by NASA for the next two generations of

reusable launch vehicles (RLV's), to cut the cost per pound of payload down from

$10,000 currently to $1,000 for the second generation, and to $100 per pound for the

third generation. 1 The simplest way to achieve this cost savings is to reduce the overall

weight of the vehicle, thus enabling the vehicle to carry more payload into space. In

addition, simply by switching to composite fuel tanks the weight of the vehicle can be

reduced by 14 percent, z

The use of composites for fuel tanks and fuel feedlines is not a new concept, but

applying these young technologies at cryogenic temperatures had not been attempted

until the DC-XA project) There are numerous differences between the ways that

composite materials behave at these temperatures compared to the traditional metal

materials, most of which are due to the directional and heterogeneous nature of

composites. At cryogenic temperatures, microcracking in the matrix material of



compositesmay occurdueto thethermal mismatchesbetweenthe fibersandthe matrix.

This microcrackingcanallow for potentialleakpathsto form throughthethicknessof the

material.

Beyondtheconcernsregardingmicrocracking,NASA is extremelyconcernedthat

during installation and maintenanceof the compositefeedlinesand fuel tankssomeone

may bump the lines or drop a tool leading to a low-energyimpact event. The energy

from impact events is dissipatedwithin compositematerialsthrough the formation of

severaldifferent modesof damage:microcracking,delaminations,and fiber breakage.

From work doneby Dr. Nettles,NASA MSFC, it hasbeenfound that impactswith as

little energyas 0.79 ft*lb (t.27 J) could causeleaksto form in a composite feedline

(made from similar materials to those consideredin this study). 4 The challenges

presented by low-energy impacts are especially complex when one considers that impacts

that leave no visible damage on the surface of the material may cause extensive damage

through the thickness of the material.

NASA determined that the critical leak rates for the feedlines are extremely low,

and thus virtually any leakage is unacceptable. Thus, for composite materials to be viable

for use as fuel feedlines and fuel tanks they had to be toughened to resist impact damage

and subsequent fuel leakage. To achieve this toughening, it was decided that a coating

needed to be applied to the exterior of the feedlines.

In addition to having concerns regarding impact damage, NASA found that some

of the sample feedlines that had been made for previous research were actually leaking

prior to any impact events whatsoever. Thus it is also necessary to try and seal

2



preexistingleaksin orderto ensurethatthefeedlinesarein fact impermeableprior to use.

Furthermore,it is importantthatthe sealedfeedlinesperformaswell in impacteventsas

feedlinesthatwereimpermeableprior to coating.

Therearetwo distinct typesof coatingsthat one shouldconsiderwhen trying to

improve the impact resistanceof the compositefeedlines:low-density coatings(foams)

that absorbthe impact energysuchthat the compositesustainsno damage,and thinner

densercoatingsthat remain intact even if the compositesubstratesuffers cracking.5

Becausethe first typeof coatingwouldmakethe fuel linesmuch thicker andwould not

beaseffectivein sealingpreexistingleaksit waseliminatedfrom consideration.

The objectiveof this researchwasto determinehow effectivelycoatingscouldbe

usedto improvetheimpactresistanceof compositefuel feedlines. Also theeffectiveness

of sealingpreexistingleakswith thesamecoatingswasdetermined.

Theapproachtakenin this researchwasto studya varietyof coatingmaterialsin

aneffort to find what type of coatingbestmeetsthe needsoutlined above. Included in

this effort wereseveralcommerciallyavailablepolyurethanecoatings,two thermoplastic

coatings,andsomecoatingsprovidedby NASA LaRC and NASA GRC, who areboth

developingsomematerials that may be ideally suited for this research. Each of the

coatingstestedwasappliedto botha setof specimenswith preexistingleaksand a setof

initially impermeablespecimens. The specimenswith preexisting leaks were usedto

determinehow effectively eachcoatingsealedleaks and then subsequentlyto find the

critical impactenergyat which sufficientdamageoccurredfor leakageto initiate. The

impermeablecoatedspecimenswereusedto find the critical impact energyin the same

3



way asthe specimenswith preexistingleaks. A comparisonof the effectiveness of the

sealed specimens and the coated initially impermeable specimens was then made.

The balance of this thesis is divided into six other chapters. Chapter II provides

some background and historical information regarding the basics of this research. A brief

history of impact testing, the mechanics of impact in composite materials, the basics of

permeability as related to this research, and prior research into composite fuel tanks and

feedlines. Chapter m discusses the specifics of the materials that were used for the

specimens in this project. Chapter IV outlines both the methodology and the equipment

used for all of the testing in this project. The methods used for the application of coatings

are also described in this particular chapter, as are the methods used for thermal cycling

and aging of specimens. Chapter V presents the data from the testing performed along

with thorough analysis. In Chapter VI the conclusions drawn from the research are

presented and Chapter VII presents the lessons learned and the recommendations for

future research in this field.



CHAPTER II

BACKGROUND AND LITERATURE REVIEW

One of the original applications of composite materials was in the aerospace field

because they have tremendous strength to weight ratios. With NASA set to produce the

next two generations of reusable launch vehicles (RLVs), second generation by 2010 and

third by 20251, weight savings is a driving force in the design and thus they are looking to

composites to achieve much of this weight savings. For the second generation RLV,

NASA wants to reduce the cost per pound of payload from $10,000 (current cost) to

$1,000, and by the third generation reduce this cost to $100. Along with the composite

fuel tanks NASA plans to make the fuel feedlines from composites as well.

As mentioned in Chapter 1, RLV feedlines are vulnerable to impacts from

dropped tools and inadvertent bumping during installation and maintenance. Composites

dissipate impact energy through the formation of internal damage, which could lead to

fuel leakage. To remedy these problems, NASA would like to explore the usefulness of

applying a coating to the composite that can improve the material's impact resistance and

prevent fuel leakage.

There has been extensive research already conducted on the mechanics of

composites in impact events and also some research done on the permeability of

composites, it is this work that will be discussed in this chapter.



2.1. Impact Testing

Composites react very differently to impact than metals do. Metals dissipate

impact energy through elastic and plastic deformations. While plastic deformation does

leave permanent deformation, metals with plastic deformations frequently can still carry

significant loads and these materials generally remain free from cracking. Composites on

the other hand may suffer permanent damage that dramatically reduces their ability to

carry load and also can cause cracking that may link through the entire thickness of the

material.

Impact events are generally broken down into two classifications, low-velocity

impact (up to around 20 m/s, 65.6 ft/s) and high-velocity impacts (ballistic impacts). 6

Low-velocity impacts model such events as dropped tools, while high-velocity impacts

model events such as runway debris or small arms fire. There are many different impact

tests to model these two scenarios. High-velocity impacts are generally modeled using a

Split Hopkinson-bar, a Gas gun impact, or a ballistic projectile. Low-velocity impacts

are generally modeled by a pendulum test (Charpy or Izod), drop-weight impact, or

hydraulic impact.

The Split Hopkinson-Bar provides a dynamic high strain-rate impact test. In

these tests a specimen is adhered between two bars. The input bar is then struck such that

the impact of the bar can cause strain-rates as high as 1000/second. There are several

different types of Split Hopkinson bar tests including punch loaded, compression bar,

tensile bar, and the shear test.

6



Weighbar
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Figure 2.1. A Split-Hopkinson Bar set up for tension. 6

Ballistic impacts and gas gun impacts are very similar. In both cases, a small

projectile is shot at a specimen at high velocity. The main difference being the method in

which the projectile is propelled. Figure 2.2 shows a schematic of a gas gun impactor. 7
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Figure 2.2. Gas gun impact test machine. 7

Pendulum impacts are modeled using either the Izod or Charpy test set-up. While

these tests work well for metals and isotropic materials, they are not very useful for

composites because one can only test continuous fiber composites. Additionally, both

these impacts feature a swinging arm striking a short beam specimen, which is very

dissimilar to the impacts that are common in engineered components. The tests also

show a great deal of geometric variation, and are therefore not very suitable for

describing a composite material's reaction to impact.

Hydraulic impacts are a good measure of a materials reaction to a tensile impact

(dynamic tensile loading). The specimens generally tested in this manner include dog-

bone and double cantilever beams. The main advantage of this method is that one can



easilyget the strainhistoryof the specimen.Againthis setupis not particularlyrealistic

becauseit doesnot addressthecontacteffectsin impacts.

Drop-weight impactmachinesmodel impactsthatarevery similar to thosecaused

by droppedtools. In thesetestsaninstrumentedimpactorof knownweight is droppedon

the specimenfrom a predeterminedheight. Generallythis type of impact does not

destroythe specimen, but inflicts some damage and then the impactor rebounds (allowing

the rebound energy to be determined and subsequently the energy absorbed by the

specimen).

Drop-weight testing allows one to test specimens very similar to engineered

components, and the test also allows for a wide variety of impact tip geometry (generally

a hemispherical tip is used). This is extremely important because impact of composites is

very dependent upon not only the laminate and its constituents, but also the nature of the

impact event itself. One simply cannot compare two different impact scenarios and

expect the results to be the same unless the entire process is similar. 8 The vast majority

of the testing that has been done has used this test method and it is the test method used

for this research. Thus, it is the method that will be discussed further.

2.2. Impact Mechanics

In toughened matrix composites (typically

impacts on composites is dissipated in two ways:

creation of damage within the composite. 9

epoxy), energy from low-velocity

generation of frictional heat, and

Low-velocity impacts on composites cause



severaldifferent damagemodesincluding: matrix cracking, delamination,indentation,

andfiber/matrixdebonding.l°

The first mode of damagethat occurs in compositesdue to impact events is

microcrackingof the matrix material.11 This microcrackingis a result of the different

toughnessof fibers and matrix materialsrespectively. Typically, for polymer matrix

composites,the matrix materialwill be far more ductile than the fibers, and thus in an

impactthe bondwith the fibersrestrictsthematrix from deforming to its full capability.

As aresult,cracksform perpendicularto thefibers.12Matrix microcrackingis typically a

result of shearstressesin the interior of the compositeand tensile stresseson the face

oppositeto the impact. DeFreitaset al. note thatmicrocrackingwill occurafter impacts

with insufficient energyto leavevisible damage,l° The matrix cracking is most dense

immediatelyaroundthe impactlocationanddropsoff quickly the further awayone looks

from the impact site.13 The exceptionto this is that the region grows in radius in each

subsequentply awayfrom thecontactsurface.

Delaminationsoccur in compositespecimensonly after microcrackinghas taken

place.TM It is theorized that delaminations occur when microcracks in two plies of

different orientation overlap. At these locations there are discontinuities that make

transferring the shear stresses impossible, which leads to the formation of the

delamination. Additionally, Papanicolaou et al. theorize that the difference in bending

stiffness of plies with different orientations leads to some delaminations. _5 One can tell

that delamination has occurred by looking at the load vs. time plot for an impact event,

the first delamination occurs when the first vertical drop appears on the plot (typically at

10



abouthalf of the maximum load).13

opening dominated "delamination

delaminations" (shear dominated

subjectedto out of planeimpacts).16

Two modesof delaminationwereobservedby Xu,

buckling" (inter-layer cracking), and "shear

inter-layer cracks, generally occurs in materials

Delaminationsalwayshavea two lobedshape,with the major axis following the

orientation of the fibers on the bottom layer of the delamination(impact location is

alwaysthe top side)._7 When themismatchanglebetweenthetwo plies is greaterthan

30°, damagesize is virtually independentof the mismatchangle,yet when it is smaller

than 20° damageis long and narrow. In fact, frequentlywhen the mismatchangle is

smaller than20° matrix cracksact asbordersalongeachside of thedelamination.TM As

was the case with the microcracks, the sizes of the delaminations grow towards the back

face of the specimen (away from contact with impactor).

Much of the energy that is absorbed by composites during impact events is

dissipated through the formation of delaminations. These delaminations are of particular

importance because they seriously deteriorate a composites compressive strength and

they also provide more paths for permeation.

Fiber rupture is a continuation of the damage following microcracking of the

matrix and the delaminations between the plies in composites with toughened matrices

(typically epoxy). After progressive delaminations high shear stresses ahead of the crack

tip cause more delaminations, which in turn blunts the crack tip reducing the stress

concentration. The specimen continues to carry load until the fibers in the next layer

begin to fail in tension. This pattern continues until the entire composite laminate has

11



failed.19 Fiber fracturealso occursat the back face of compositesduring impact. In

woven compositesfiber fractureoccursimmediatelybelow the impact site and may be

due to the perturbation caused by the overlapping tows and resultant stress

concentrations.13

Impactswith sufficientenergymay causeindentationor crushingof the matrix

material. This is evidentwhena dentis left in thesurfaceof thecomposite. Impactsthat

causeindentationfrequentlycauseshearstresswaveswith enoughenergyto actually

causesomecrackingof the matrix materialon the surface of the composite immediately

around the impact site. 2°

With stiff fibers in a more ductile matrix, fiber pullout becomes a significant

source of energy dissipation, and subsequently damage. In the case of brittle fiber

reinforced matrix composites, much of the toughness actually comes from matrix cracks

getting diverted along the fiber/matrix interface. 12 According to Beaumont, this is

particularly true of carbon fiber composites. 6 Some have tried to improve the damage

resistance of composites by coating the fibers with a tougher sizing to improve the

bonding with the matrix material. These efforts actually reduced the impact resistance of

the system by eliminating the energy dissipation from fiber/matrix debonding, resulting

19
in a more brittle failure than would otherwise occur.

In composites with brittle fibers, toughening the matrix material improves the

impact resistance. In fact, toughened epoxy matrices have improved the interlaminar

fracture toughness of carbon fiber reinforced plastics (CFRP) by as much as 8 times] 1

This improvement is not as significant as one might have expected though, since

12



toughening the matrix alone yielded a 20-fold improvement over the un-toughened

matrix material. Composites made with these toughened matrices end up with much

smaller damage zones after impact, but only if the fibers are brittle. This occurs because

brittle fiber composites absorb most of their impact energy in the formation of

delaminations, whereas composites with tougher fibers, e.g. glass fibers, absorb the

energy in ductile deformation of the fibers. 9 Toughening of thermoset polymers can be

achieved in one of two ways. One can add a rubbery phase to the polymer 22, or one can

add some thermoplastic material to yield an interpenetrating network (IPN). IPNs do

exhibit improved fracture toughness, but the resultant prepreg has decreased

handleabiltiy] 2 One of the properties that tougher thermoset polymers have is that they

are lightly cross-linked. Reducing the cross linking of a polymer will improve its

ductility, but this also reduces its strength and makes the polymer more permeable.

Increasing the toughness of the fibers will also increase the toughness of the

composite. Fibers with greater ductility can deform more and thus resist fracture more

than brittle fibers, which increases the impact resistance of the composite. Increasing the

toughness of the fiber also makes the composite more rate-sensitive though. Ductile

fibers do not have sufficient time to deform fully in high-velocity impacts and thus fail

prematurely; brittle fibers on the other hand show little variation based on loading rate. 9

2.3 Permeability Research

In terms of this project, the term permeability is being used rather loosely. When

speaking of composites with impact damage, or other damage, it would actually be more

13



accurateto saythat the gaseouspermeationis occurring. The term permeability implies

that there is diffusion through a porous material, whereasin reality there are a few

distinct pathsthrough which the permeantsmay escape. Permeability is an important

considerationof this project becauseconcentrationsof hydrogen of 4% in air are

flammable, and concentrations18.3% or higher are explosive. For the National

AerospacePlaneproject,theacceptablehydrogenpermeabilityratewasbetween10-4and

10.3 SCC/sec-inz (standardcubiccentimeterper secondper squareinch) which helpsto

illustratejust how importanteliminatinghydrogenleakageis.23

2.3.1Permeation

In work done by Kessler et al. it was found that carbon/epoxy composites are very

vulnerable to microcracking caused by thermal cycling. At temperatures below 60K (-

351 °F) cracking of the matrix material initiates, and after only a few cycles between 60K

and 400K (261 °F) the maximum microcracking density is reached (generally on the

order of 5 cycles). 24 Cracks that form due to thermal cycling grow parallel to the fibers

because the matrix has a much greater coefficient of thermal expansion than the fibers. It

was found that laminates with more variation in the orientation of the fibers had greater

permeations than did those with fewer fiber orientations because the cracks had more

overlap, and thus created more complete paths through the material. Figure 2.3 is a good

example of how cracks in plies of different orientations create leak paths through

composite materials.

14



90o

Figure 2.3. Cracks in a laminate such that leakage occurs. 24

Composites become far more brittle at cryogenic temperatures. In particular

polymeric matrix materials become quite brittle, meaning that much lower loads are

required to initiate cracking than at room temperature. Kumazawa et al. found this not

only reduced the mechanical performance of the composites but also more importantly

led to paths large enough for gaseous helium to permeate through .25 This is of particular

concern because the feedlines that are to be used on future RLVs will be under pressure

(albeit low, typically around 30 psi, 0.21 MPa).

Polymeric materials tend to absorb moisture from their environments in a non-

Fickian manner. Fick's Law describes permeability in the true sense of the word

(uniform diffusion across a surface) and with polymeric composites moisture is absorbed

into cracks and flaws. This is significant should cracks form as a result of thermal

cycling or impact events. In turn this moisture accumulation changes the residual stresses

present in the composite and can lead to further generation of microcracking. 26
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Furthermore,shouldmoisture accumulatein the fiber/matrix interface seriousdamage

couldoccurshouldthemoisturefreezeorboil.

Most of the testingthat hasbeendoneregardingpermeabilityof polymer matrix

compositeshasbeendoneon test couponsasopposedto samplefeedlinesor fuel tanks.

While thesetestspresenta facsimileof what will happenwith compositefeedlinesand

fuel tanks,thetest couponslack thegeometriccomplexityof theactualparts. Becauseof

the complexities of the feedlinesand fuel tanks theseproduction parts may be more

vulnerableto leakagethanthetestcouponsindicate.27

2.3.2 Permeability of Coatings

To prevent fuel leakage through the feedlines and fuel tanks it is important to find

coatings that are highly impermeable as well as impact resistant. Highly cohesive

polymers are excellent in resisting gaseous permeability. Crystalline polymers are also

highly impermeable. In crystalline polymers, the permeability is proportional to the

amorphous volume fraction. Permeability through polymeric materials is usually a result

of activated diffusion, and flaws such as pinholes and cracks. Assuming that there are no

flaws in the coating permeability requires four steps: 28

1. Absorption ofpermeant onto the surface of the polymer

2. Solution of gas/vapor into polymer matrix

3. Diffusion through the wall along a concentration gradient

4. Desorption from the other surface

16



Thusit canbeseenthat increasingthethicknessof thecoatingreducesthepermeability

significantly as long as there are no flaws. Coatings that are able to penetratethe

substrateand fill/seal the pores are further reducethe permeability.29 To be a good

barrier, a material shouldbe slightly polar, have a high chain stiffness,be inert to the

permeant,haveclose chain-to-chainpackingwith somebondingbetweenchains(cross-

linking), and have a high glasstransition temperature(Tg). Polyurethanematerialscan

havea high degreeof cross-linking,particularly thosethat curewith the aid of a cross-

linking agent.3° Additionally, the inclusion of inert mineral fillers can reduce the

permeabilityof polymericmaterials.31

Nanocompositesare simply polymers with nanoscalereinforcementdistributed

within them. The most studied type of nanocompositeare those reinforced by the

additionof silicaparticles(generallysometypeof clay). Theterm nanocompositerefers

to the size of the reinforcementin the polymer. A typical clay plateletwill be on the

order of 1 nm in thicknessand 100 to 1000 nrn (3.94"10-6-3.94"10.5 in) in width.32

Nanocompositesmakeexcellentpermeabilitybarriersbecauseof thehighly impermeable

clay particlesdistributedevenly throughoutthe material. Thus for a gas to permeate

through a nanocomposite it must navigate a much longer and difficult path through the

material than a traditional polymer coating, as is illustrated in Figure 2.4.
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Figure2.4.Illustrationof thetortuosityof leakpaththroughananocomposite.33

In addition to reducing the permeability of the polymer material (ten-fold

reduction for some polyimides), the addition of the silicas improves many of the

materialsmechanicalproperties. For instanceit was found that loading Nylon-6 with

4.2% clay,by weight, the modulusdoubled,the strengthincreasedmore than 50%, and

the heat distortion temperatureincreasedby 80 °C (176 °F).33 The best part is that

becauseso little clay must be added to the polymer to achieve these benefits the

differencein weight is minimal. As well as improving the mechanicalproperties,the

additionof clay particlesto thepolymermatrix improvesthematerialsresistanceto the

corrosive liquid oxygen and hydrogen environments(and also to atomic oxygen, a

concern in low earth orbits). It has been found that polymeric coatings applied to

compositestend to delaminateat cryogenictemperaturesdue to the mismatchesof the

CTE (coefficients of thermal expansion).34 With nanocompositesthe CTE can be

adjustedto minimize thedifference,thuspreventingdelaminationof thecoating.

In the caseof a coatingwith flaws or damagethepermeabilityrisesdramatically.

Threedistinct typesof damagecan occur that increasethe permeability of a material.
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Firstly, there can be internal damagein the material such that two distinct phasesof

material exist (essentiallythe creation of voids) with eachhaving reducedthickness.

Secondly,therecanbe surfacedamage,which simply reducesthe effectivethicknessof

the material. Lastly, therecanbe through damage.35 The three types of damage are

illustrated in Figure 2.5.

Type III Type I

"

"N ,,...

Figure 2.5. Types of damage that increase the permeability of a material. 35

The importance of coating materials remaining crack free is magnified by the fact

that it has been found that polymers are not diffusive at cryogenic temperatures. 36 Fuel

leakage at cryogenic temperatures will therefore require a path through the coating and

composite substrate. At room temperatures however, composite cryostats have been

found to loose pressure due to diffusion. It was determined that in order to prevent

hydrogen permeation there needed to be at least 0.04 in thick of matrix (or polymer)

material. 3_

2.4 Woven Laminates - Effects on Impact and Permeability

Woven composites behave differently in terms of both their impact resistance and

their permeability (this term shall be used through the remainder of this thesis in place of

permeation).
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2.4.1Effects of Woven Composites on Impact

Compared to unidirectional laminates, woven laminates are much more resistant

to impact. There is conflicting evidence regarding any improvement in the level of

impact at which damage initiates compared to unidirectional laminates, but evidence

shows that woven composites have smaller damage areas for given loads. Briscoe et al.

showed that the weaving process caused fiber bridging which enhances the toughness of

a composite by physically blocking crack growth. 13 In particular, woven composites

limit the splitting along the fiber direction on the backside that normally occurs with

unidirectional laminates. _2 Additionally, the interlaminar and intralaminar fracture

toughness of woven composites is increased over unidirectional composites. 2_

if a composite endures both an impact and then compression, woven composites

present definite advantages due to the smaller delamination areas (less buckling due to

shorter unsupported fiber lengths). In tension however, woven composites are weaker

than unidirectional composites even though the woven material has a smaller region of

damage, due in large part to the perturbation of the fibers. 38

To further reduce the damage that occurs in impact events, woven composites can

be made 3D. Meaning that there are also fibers woven in the z-axis that bind the system

together. Three dimensional weaves have been found to limit the size of delaminations

more than just 2D weaves, because the 3D stitching binds the plies together preventing

one ply from delaminating and then sliding away from another, t2
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Work doneby Hosur et al. is worth noting simply becauseit suggeststhat the

weavechosenmayhavea largerole in the sizeof the damageregion formedby impact.

From someC-scanningof both plain weaveand satin weavegraphite/epoxycomposite

specimensimpactedwith the samesetof energiesthe satinweaveconsistentlysuffered

much lessdamage.Thedamagein these two figures is appears as a black region that the

authors circled. These two figures are recreated below as Figure 2.6.
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(a) 5 J (b) 7.5 J (c) 107

(d) 15 J (e) 20 J
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(a) 5 s Co) 7.5 J fc) 10 J

_g) 30 J 6) 35 J

Figure 2.6. C-scans of plain weave

compared to satin weave specimens. 39

(i) 40 J

graphite/epoxy specimens (first page)
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2.4.2 Implications of Woven Composites on Permeability

A great deal of microcracking can be caused by thermal cycling of composites, to

this end woven composites are much less susceptible to residual thermal stresses

compared to unidirectional composites. 21 Despite being less vulnerable to thermal

stresses, woven composites have pores between the warp and weft tows. It is common

for these pores to align in which case if there is not proper matrix wetting leak paths may

exist prior to the application of any external stresses, which will increase the composite's

permeability significantly. 4°

2.5 Composite Fuel Tank and Feedline Research

Some research has already been done specifically looking at difficulties

associated with making cryogenic fuel tanks and feedlines from composite materials for

the next two generations of RLVs. In particular, a great deal of work was done on both

composite fuel tanks and fuel feedlines for both the X-33 and the Delta Clipper (DC-XA)

projects. Going into these projects no one had attempted to make composite cryogenic

fuel tanks and thus there were great concerns regarding the viability of this technology.

The DC-XA was an adaptation of a previous vehicle that McDonnell-Douglas had

made using metal fuel tanks. When it was decided that composites were the way to go

due to the tremendous weight savings an effort was made to prove the viability of this

technology with several test flights, the first of which took place May 20, 1996. 3 This

first test flight lasted one minute with a maximum altitude of 800 ft. The fuel tank that
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wasusedin theDC-XA weighedin at 2020lb (8985N), a savingsof 1200lb (5338 N)

over themetal tanksoriginally used. Thevehiclewasunfortunatelydestroyedat theend

of the fourth flight, whenthetanksrupturedafterpartof the landinggearfailed to deploy

and thevehiclecollapsed,rupturing the tanks. Prior to the accidentthough,the vehicle

madefour successfultest flights, the longestlasting 142secondsreachinganaltitude of

10,300ft (3139m).

To go along with the compositeLH2 and LO2

composite fuel feedlines.

demonstrate:41

fuel tanks, the DC-XA had

The feedlines that were designed for the DC-XA had to

)- Acceptable hydrogen permeability levels for flight hardware

Composite-to-composite adhesive joints

> Composite-to-metallic adhesive joints

)_ Composite-to-composite flange interface

Composite elbows (90 ° bends in tubes)

Composite valves for LH2

The feedlines tested by Nettles at NASA MSFC were made from materials very similar to

the ones considered in this thesis. The feedlines were developed by McDonnell-Douglas

and consisted of IM7/8552

[0/90/4-45/+45/90/0] orientation.

feedlines, and this was made of unidirectional tape layed-up as [60/-60/0]s.

result is pictured below in Figure 2.7.

eight harness weave prepregs layed up in a

Some splice material was also necessary for the

The final
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B IM7/8552

1 Adhesive Bonds

Titanium

Figure 2.7. Sample LH2 feedline. 41

Flat panel specimens were also made, and these specimens were tested for permeability.

Additionally, some specimens were made of the composite bonded to titanium washers to

measure the permeability of the bondlines. Dr. Nettles found that the composite material

itself was virtually impermeable to nitrogen gas (used in his research due to similar

molecular size to hydrogen) with permeabilities on the order of 10 -6 in3/sec-psi (2.38* 10 -6

cm3/sec-kPa). The bondline specimens had permeabilities ranging from 5* 10 -6 to 6"10 -3

in3/sec-psi (1.19"10 -5 to 1.43"10 .2 cm3/sec-kPa). After thermal cycling of these

specimens the permeability change was extremely small, cycled from 77K (-321 °F) to

100 °C (212 °F), and it was determined that as long as the composites were properly

processed they would not be the cause of any appreciable leakage. It appears that there is

some difficulty properly processing composite feedlines though, since Dr. Nettles has had

several in subsequent work that had leaks, n°
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Someconcernexistedthatduringinstallationandmaintenanceof these composite

feedlines someone might accidentally cause a low energy impact event. Because it is

known that composites suffer matrix cracking prior to the loss of any mechanical

properties it was necessary to assess the impact resistance of the material. The impact

t

testing performed used a drop-weight impact machine with a variety of different tips, a

sharpened bolt, a hemispherical tip, and a blunt tip. After impact the sample feedlines

were pressurized to 60 psi (413.8 kPa), twice the normal expected operating pressure.

Dr. Nettles found that the specimens impacted with the sharpened bolt tended to

have complete punctures, but that when the impactor did not completely penetrate the

composite there was not always sufficient matrix cracking for permeation to occur. The

blunt impactor and the hemispherical tip impactors, however, did not penetrate the

composite but instead inflicted much more damage to the matrix. In fact, it was found

that the surface damage could not be used as a reliable measure of the permeability of the

composite material. Also, it was found that composite feedlines could leak after impacts

that caused no fiber breakage whatsoever. Impacts with the blunt tip with as little energy

as 0.61 ft*lb (0.83 J) were found to be sufficient to initiate leakage in some specimens,

4

with impacts of 0.79 fl*lb (1.07 J) causing leakage in all cases.

The X-33 demonstration vehicle was also to have composite fuel tanks. One of

the tanks designed for this vehicle were filament wound graphite/epoxy with a titanium

lining and were to have a service pressure of 3200 psi (22.1 Mpa), and during proof

testing of these tanks they were taken to 6400 psi (44.1 Mpa) with LH2 and no leaks were

found. 42 Even after 50 life cycles, the tanks were filled with LHe2 to 3200 psi and held at
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this pressure for 4 hours in a LH2 bath (-423 °F, 20K) and then the pressure was bled off

rapidly to simulate takeoff, the tanks were found to have only negligible degradation.

Typically, cryogenic fuel tanks will be at much lower pressures than these, on average 30

to 40 psi (.21 to 0.28 Mpa) for large vehicles and 75 psi (0.52 Mpa) for smaller

vehicles. 43

In the end the tanks that were chosen for the X-33 were carbon fiber honeycomb

core sandwich panel tanks. These tanks did not survive all of their proof testing.

Eventually they failed due to a build up of pressure in the honeycomb core of the

sandwich structure that made up the tank walls, which led to debonding of the facesheets.

Hydrogen had leaked into the core through microcracks that formed in the interior

facesheet. 23

Another concern confronting those who wish to design composite feedlines and

tanks for future RLVs is that some of the structures will be very large. It is estimated that

to maximize launch vehicle performance some tanks will need to be 16 to 40 ft (4.9 to

12.2 m) in diameter. At this time, no autoclaves exist that can handle such tanks. 44 Thus

these structures would have to be made using Electron Beam (EB) cured composites.

These materials are far more brittle than traditional cured epoxies, and are therefore more

vulnerable to cracking. Also, many of the EB composite feedlines that NASA made were

found to be permeable prior to any impact events whatsoever. 4°
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CHAPTER III

MATERIALS

The materials used in this research are to model the fuel lines that NASA

proposes to use for future fuel feedlines in RLVs. The materials that were studied here

are similar to those studied previously by Nettles. 41 These materials are similar to those

chosen by McDonnell-Douglas for the X-33 prototype vehicle. In addition to the

composite materials that were used to model the feedlines a variety of coating materials

were chosen for study as part of this project. These materials will be discussed in this

section as well.

3.1 Composite Constituents

The composite feedlines were made up of carbon fibers in an epoxy matrix. Each

of these two materials will be discussed independently and then the method used for the

lay-up and processing will be discussed.

3.1.1 Fibers

The composite feedlines that were made for previous research done by Nettles

and for the research described in this document used IM7 carbon fibers made by the

Hexcel Corporation. The fibers are available in both 6,000 and 12,000 filament count
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tows, and it is not known which was used for this composite. IM7 fibers are PAN based

fibers. The general properties for the IM7 fibers are presented in Table 3.1.

Table 3.1 Properties of Hexcel IM7 Fibers. 45' 46

Fiber Type

IM7 (5OOO)6K

IM7 (5000) 12K
IM7 (6000) 12K

Tensile
Strength,
MPa (ksi)

5170 (750)

5520 (800)

5760 (835)

Tensile
Modulus,
MPa (Msi)

275900 (40.0)

275900 (40.0)

289700 (42.0)

Ultimate
Elongation (%)

1.87

Carbon
Content (%)

94.0

2.00 94.0

1.99 94.(3

Density, N/cm 3
IIb/in 3)

0.0176 (0.0643)

0.0176 (0.0643)

0.0177 (0.0646)

3.1.2 Matrix

The matrix material used for the feedlines studied by Nettles was Hexcel 8552

epoxy, however this matrix material was not used for the specimens provided for this

research. 41 The matrix used here was EX 1552, which is supposed to be very similar to

Hexcel's 8552. Both are toughened epoxy materials. EX 1552 is a product of Bryte

Technologies, Inc. Mechanical properties of EX 1552 can be found below in Table 3.2.

Table 3.2. Properties ofEX 1552 Toughened Epoxy. 47

Density, N/cm 3 (Ib/in3)

Tq,°C (OF)

CTE, ppm/°C (ppm/°F)
Tensile Strength, MPa (ksi)

Modulus, MPa (Msi)
_oisson's Ratio

--lexural Strength, MPa (ksi)
Flexural Strain (%)

Compressive Strength, MPa (ksi)
Thermal Conductivity, N/(°C*s) [Ib/(°F*s)]

0.0144 (0.0526)

202 (396)

50.94 (28.3)

66.2 (9.6)

4000 (0.58)
0.48

155.9 (22.6_
5.5

147.6 (21.4'_

0.171 (0.0688
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3.1.3 Lay-Up and Processing

The composite was formed from 2D 5-harness woven 3.5' by 3.5' (1.07 m by

1.07 m) prepreg with a [0/90]4 lay-up. The panels were made in sheets and cured at 350

°F (177°C), ramped up at 3 °F/min, held at 350 °F for two hours, and then cooled at 5

°F/rain (2.8 °C). A pressure of 80 psi (0.55 MPa) was maintained throughout the curing

process. 48

All of the specimens were made at NASA MSFC in large panels that were cut

into 4" by 4" (1 0 cm by 10 cm) specimens prior to shipping. The first specimens that

were received (all from the same sheet of material) made from this material all had some

unique surface flaws as shown in Figure 3.1. These flaws appear to be due to gas

becoming trapped between the composite and the tool surface during autoclaving. The

flaws appear in a thicker resin rich area that appeared consistent across all of the

specimens received from this panel. Subsequent specimens were thinner than this initial

batch of specimens and appeared to have a release ply used on both sides. The thickness

of the specimens received varied from just under a millimeter to just more that a

millimeter and a half. Each batch of specimens received was at least slightly different

than the others received, and from some C-scanning done by Erik Weiser, NASA

Langley Research Center (NASA LaRC), it is evident that there is a great deal of

variation within single panels. Figure 3.2 shows some of the C-scan images received

from NASA LaRC. All of the C-scanning was done on specimens from the first batch
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received. The different shadesof gray visible in the C-scan images indicate the

variability in the material received. The lighter color areas representvoids in the

composite,or simplyregionsthatwerepoorly cured.

Surface Flaws I

Figure 3.1. Typical specimen from the first batch received showing surface flaws.
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Figure 3.2. C-scan images of two specimens from the first batch received from

NASA MSFC.
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3.1.4 Composite Properties

The composite specimens received were tested to find their tensile properties. All

of the testing was done according to the ASTM standard. 49 The tensile modulus and the

ultimate tensile strength for the composites received are presented below in Table 3.3.

Specimens S1, $3, and $4 were all from the first batch of specimens received while $2

was from a different batch (and was around 2/3 as thick as the other specimens).

Table 3.3. Tensile properties of the IM7/EX 1552 composite.

Specimen Ultimate Tensile
Stress,
MPa (ksi)

$1

$2
$3

$4

771 (111.8)

950 (137.8)
808 (117.2)
737 (106.9)

Modulus,
MPa (Msi)

30344 (4.40)

29723 (4.31)
26551 (3.85)

25448 (3.69)

3.2 Coatings

Eleven different coating materials were considered for this research. Of these 11,

two were to be liquid crystal coatings supplied by Erik Weiser of NASA Langley

Research Center. Unfortunately, due to the redirect in funding for the Second Generation

RLV project, the funding needed to supply these coatings was no longer available. Still,

this leaves 9 coatings that were studied to see if they could improve the impact resistance

of composites for use as fuel feedlines. The nine remaining coating materials included
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four polyurethane materials, two thermoplastic coatings (commercially used in the fire

proofing industry), and a polyimide and two polyimide nanocomposites coatings supplied

by Sandi Campbell of NASA Glen Research Center (NASA GRC).

3.2.1 Polyurethane Coatings

Four different commercially available polyurethane materials were selected for

testing as part of this project, Centurion Water Based Urethane, Corothane I Aliphatic

Finish, Corothane I MIO-Aluminum, and Poly-Lon 1900 (all are Sherwin Williams

products).

The Centurion Water Based Urethane is a polyester based urethane enamel. This

coating system is a two-part system and is low in VOCs. 5°

Corothane I Aliphatic Finish is a single component moisture curing urethane.

Aliphatic urethanes consist of a long main chain with bonded carbon atoms. Unlike other

polyurethane's, aliphatic urethanes do not break down when exposed to UV radiation.

This particular coating exhibits outstanding adhesion to most surfaces, as well as being

resistant to most chemicals. 51

Corothane I MIO-Aluminum is also a single component moisture curing

polyurethane. This coating however is loaded with both aluminum and micaceous iron

oxide particles. According to the product data sheet for this coating it too features

outstanding adhesion to most materials, and is chemical resistant. 5_
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The last of the polyurethane materials considered was Poly-Lon 1900. This

coating is a two-component, high solids, polyester-aliphatic urethane. Poly-Lon 1900

was designed to withstand impact events and chemical attack. 53

The technical product information available for these coatings is presented below

in Table 3.4. The direct impact resistance data presented was performed according to

ASTM D2794, which requires a 24-gage (0.025", 0.0635 cm, thick) steel plate be used as

a substrate for the coating. 54 The flexibility data presented in the table was determined

according to the ASTM mandrel standard. 55 Again, in this standard the coating is applied

to a thin steel substrate (22-gage, 1/32 in, 0.079 cm, thick), which is then bent around a

conical mandrel.

Table 3.4. Mechanical properties of the polyurethane coatings tested.

Coating

Centurion

Corothane I Aliphatic Finish
Corothane I MIO-Aluminum

Poly-Lon 1900

Direct Impact
Resistance,
J (in*lb)

>217 (>160)
217 (160)
108 (80)
136 (100)

Flexibility,
mandrel diameter, cm (in)

5/16 (1/8)

5/16 (1/8)
5/16 (1/8)

5/8 (1/4)

3.2.2 Thermoplastic Coatings

Two thermoplastic coatings were considered in this research, Thermaflex II-C and

Thermashield. Both of these coatings are claimed to have outstanding impact resistance,

and low permeability's. 56 These materials are commercially marketed in the fireproofing

industry, but due to their mechanical properties both were considered for this research.
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Thermaflex II-C has excellent adhesion to composite laminates. 57 Thermaflex I/-C is a

water-based that contains no VOCs, while Thermashield is a solvent-based thermoplastic

material.

3.2.3 Polyimide Nanocomposites

NASA Glenn Research Center is supplying three different coating materials as

part of this project. Two of the materials are polyimide nanocomposites while the third

coating is simply the neat polyimide resin. The nanocomposites are made by adding

either 2% or 5% by weight Bentolite H from Southern Clay Products to the neat

polyimide resin. Bentolite H is a white bentonite produced from colloidal aluminum

silicate. 58

The resin was made by converting a Bisphenol-A dianhydride (BPADA) to a

diacid ester (BPADE) by refluxing overnight in methanol. The amount of

BPADA/MeOH was calculated to yield a 50 %wt solution of BPADE. In order to coat

four of the test specimens 2.65g of BPADE and 2,2-bis(4-aminophenoxyphenyl)propane

(BAPP), 1.85g, were mixed in a 50:50 mixture of methanol and acetone, which was then

reduced by evaporating much of the solvent. This process yields 4.5g ofpolyimide.

The nanocomposites were made the same way except that either 2 %wt or 5 %wt

Bentolite H clay was added to the BPADE-BAPP solution. Prior to being mixed into the

polyimide solution though the clay had to undergo ion exchange in order to get a proper

dispersion throughout the resin. 59 Table 3.5 shows some material properties for both the

37



neat polyimide resin and the 2% nanocomposite, there is no 5% nanocomposite data

available.

Table 3.5. Material properties of the neat polyimide and 2% nanocomposite

coatings.

IUltimate Tensile Strength, Modulus, :_ermeability

Coating MPa (ksi) GPa (ksi) [(mol/m/slPa)*10^-15]

Neat Polyimide 84.8 (12.3) 325.5 (472) 2.8b
2% Nanocomposite 91.7 (13.3) 322.1 (467) 2.4b
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CHAPTER IV

EXPERIMENTAL EQUIPMENT AND TECHNIQUES

This research was divided into several different unique phases. Specimens were

all checked for leaks and coated. As the thesis title would suggest the vast majority of the

specimens were impacted, and permeability tested. It is also important to determine the

effects of cycling the coated composite from cryogenic temperatures up to the elevated

temperatures that the composite feedlines would encounter during reentry. Finally, many

polymers continue to embrittle over time. Thus an effort was made to determine the

effects of aging on the coatings. In this chapter both the experimental methods used in

the testing will be described as will the equipment that was used, and in some cases

constructed.

4.1 Leak Detection Testine

4.1.1 Leak Detection Equipment

The leak detection apparatus that was constructed in house was based on the

equipment that was used for some prior research at NASA MSFC. 60 As the name of the

equipment would suggest, the leak detection apparatus was intended only to provide a

quick method of determining whether or not a specimen was leaking and would therefore

need to tested to quantify the rate of permeation.
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In order to accuratelydeterminewhetheror not a specimenwas leaking it was

importantto deviseamethodby which a gascouldbeappliedat pressureto onesideof a

specimensuchthat theonly escaperoutewasthroughthecomposite.Then it is necessary

to make any leaks that do exist clearly visible. The leak detectionapparatusused at

NASA MSFC accomplishedthesegoalsby creatinga two-plate system. The bottom

plate hada chambercreatedin it thatcouldbeconnectedto a gasline onesideandwould

be flush with the specimenon the other. The top plate simply had a hole through its

thicknessin the exactsizeandshapeof thechamberin thebottomplate. Thishole in the

top platecould thenbe filled with a liquid solutionthatwouldmakeanyleaksvisible asa

streamof bubbles. Becauseit would be very difficult to obtain a seal against the

compositeusing just the two aluminumplates,neoprenegasketswere designedto be

sandwichedbetweenthe platesandthe specimen.Theplateswere clampedagainstthe

specimenby tightening a seriesof eight bolts that were spacedevenly around the

peripheryof the plates. A diagramof theNASA MSFCleak detectionapparatuscanbe

seenin Figure4.1.
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Figure 4.1. NASA MSFC leak detection apparatus.

As shown in the figure, the NASA MSFC apparatus has a square opening in the

top plate and a corresponding square opening in the bottom chamber. Also, it should be

noted that the sides of this apparatus are 5" (12.7 cm) long. The version that was

designed for this research is slightly different. Due to the size of the pneumatic clamp on

the impact test machine used, the specimens that were tested in this research are larger

than those tested at NASA MSFC. Thus, the leak detection apparatus constructed here at

Georgia Tech has sides 6" (15.25 era) long. Also, it was decided that both a circular

chamber in the bottom plate and a circular hole in the top plate made more sense than the
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squareholes used by MSFC becausethe damagecausedby impacts would radiate

outwards from the impact location (in the centerof the test specimens)and because

maintaining a properseal in comerscanbedifficult. The leak detectionapparatusthat

wasconstructedfor this projectwasmadefrom aoneinch thick pieceof 6061aluminum.

Figure4.2 showsa multi-view of theplatesof the leakdetectionapparatusthat wasused

for this research.
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Figure 4.2. Multi-views of the leak detection apparatus plates: (a) top plate, (b) bottom

plate.
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4.1.2 Leak Detection Test Procedure

As mentioned earlier every specimen that was received had to be leak tested and

the test procedure used is outlined here. The bottom plate of the test apparatus is

clamped in a bench vice. To ensure that there are no leaks between the specimens and

the gaskets some vacuum grease is applied around the openings on both the top and

bottom plate gaskets on the side will contact the specimen. Next the specimen is centered

over the hole in both the bottom gasket and the bottom plate. The top plate and gasket

are then placed on top of the specimen so that the bolt holes line up with both plates.

Then the bolts were tightened as tightly as could be done by hand. A solution of around

3 ounces of water and a drop of liquid dish washing detergent was then mixed and poured

into the hole in the top plate (from here on this will be called leak detection solution).

Next helium gas was applied to the chamber in the bottom plate, building the pressure up

slowly to 30 psi (207 kPa), the expected pressure in the feedlines. The number of leaks

was then determined and the pressure at which the last leak appeared in the specimen was

recorded. After testing the leak detection solution was drained, the specimen removed

from the apparatus, and the excess vacuum grease was wiped away with a paper towel.
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4.2 Coating ADi31ication

4.2.1 Specimen Preparation

Because every specimen was leak tested, they all had a residual coat of vacuum

grease that had to be removed. This was accomplished by spraying the specimens with

acetone and wiping them down. Both sides of the specimens were degreased, even

though the coating was only to be applied to the side with flaws (side with the surface

flaws in the case of the first batch of specimens received, and the side with more flaws

for all other specimens). After degreasing the specimens that were to be coated by

NASA GRC were sent off to them so that they could do whatever surface preparations

were necessary for their coatings.

The specimens that were coated at Georgia Tech with polyurethane or

thermoplastics underwent a couple more steps of surface preparation. Following the

degreasing, the side that was to be coated was sanded with a 320-grit paper to roughen

the surface and improve the mechanical bonding between the coating and the composite.

After sanding the specimens were cleaned with acetone again to remove all of the dust

from the sanding.

Prior to coating or being sent to NASA GRC, all of the specimens were marked

with the specimen identification number and also two points where thickness

measurements were taken. Each specimen was then weighed so that the weight added by

the coating could be determined.
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4.2.2 Procedure for Determining the Thickness of the Coatings

The thickness of the coatings is extremely important for this research, so it was

important to devise a method to accurately assess this data. The thickness measurements

were taken at two points on each of the specimens so that the average thickness could be

determined. All thickness measurements were done using a handheld micrometer

according to the relevant ASTM standard. 61 Thickness measurements were taken both

prior to and following coating application (being careful not to indent the coating when

measuring the coated specimen), so that the thickness of the coating could be found.

4.2.3 Procedure for Coatings Applied at Georgia Tech

All of the coatings applied at Georgia Tech were applied in a similar fashion. In

all cases paintbrushes were used to apply the coatings. While it is acknowledged that

coatings are far more likely to be sprayed onto the actual feedlines and fuel tanks due to

their sizes it was not economically feasible, for this research, to purchase a professional

quality sprayer and air compressor. Furthermore, from preliminary work done coating

some panels with a brush it was determined that a relatively uniform coating could be

applied without too much difficulty. In all cases, the coating manufacturers directions for

coating application via brush were followed. Finally, before any of the test specimens

were coated, several practice specimens would be coated to ensure that the application

procedure was mastered.
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Centurion Water Based Urethane is a two-part system, that has to be mixed at a

ratio of 3 parts component A with 1 part component B (the hardener) and this mixture

then has to be reduced with water 10 percent. 5° Despite following this procedure, the

coating never mixed properly and it was impossible to achieve a uniform coating or to

even avoid having some visible pinholes. Figure 4.3 shows a typical practice specimen.

Thus this coating had to be eliminated from consideration.

Figure 4.3. Typical specimen coated with Centurion Water Based Urethane.

Corothane I Aliphatic Finish is a single component urethane. When applying this

coating to the practice specimens it became clear that a single coat would not provide

adequate coverage, as can be seen in Figure 4.4. It is theorized that some of the regions
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that appearuncoatedafter the first applicationoccurreddue to the coatingbeing too

viscous to fill in locations where small air bubbles (initially trapped in the voids in the

composite surface) escaped. Thus it was decided that in accordance with the application

instructions the coating would be reduced by the maximum allowable 10% with reducer

R7K15 (a Sherwin Williams proprietary solvent). 51 Specimens coated with this mixture

had much better coverage after the first coat and a smoother more uniform coating after

the second coating. Thus all of the specimens with this coating were coated in this

manner. Figure 4.5 shows a typical specimen after two coats of Corothane I Aliphatic

Finish.

Figure 4.4. A composite specimen after a single coating of Corothane I Aliphatic Finish.
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Figure4.5.A typical specimenaftertwo coatsof CorothaneI Aliphatic Finish.

CorothaneI MIO-Aluminum is similar to the previouscoating in that it is alsoa

singlecomponenturethane. Achieving a uniform coating thicknesswas found to be

nearly impossiblewith this particular coating, and after the first application the results

were much worse than with the Aliphatic Finish. Again it was determined that a

smoother more uniform application was achieved when the coating was reduced by the

maximum allowable 10 percent with R7K15J 2 It is also important to note that this

coating tended to separate in the can and thus thorough mixing was crucial. After a

second coat, the specimens coated with the Corothane I MIO-Aluminum were not as

smooth as the Aliphatic Finish, which may be an effect of the micaceous iron oxide and

aluminum dispersed in the coating. Figure 4.6 shows a typical specimen after two coats

of Corothane I MIO-Aluminum.
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Figure4.6.A typical specimen coated with two coats of Corothane I MIO-Aluminum.

Poly-Lon 1900 is a two-component polyester based urethane. This particular

urethane must be mixed at a ratio of 3 parts component A to 1 part component B (the

hardener). Reduction was not recommended, 53 so no reduction was used despite the fact

that one coating provided poor coverage as shown in Figure 4.7. It was determined from

the practice specimens that two coats provided complete coverage with a coating of fairly

uniform thickness. Thus, all of the test specimens coated with Poly-Lon 1900 received

two coats of the urethane. Figure 4.8 shows a typical specimen after two coats of Poly-

Lon 1900.
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Figure4.7. Specimenafteronecoatof Poly-Lon1900polyurethane.

Figure4.8.Typical specimenaftertwo coatsof Poly-Lon 1900.
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It shouldbe notedthat 1dayof curing/set-uptime wasalwaysprovidedbetween

subsequentpolyurethanecoatings. Also, no specimensweretestedfor at leasta weekto

allow for the full manufacturer'srecommendedcureperiod.

Thermaflex IIC is a singlecomponentwaterbasedthermoplasticcoating. This

coatingwas appliedvia brush in a similar mannerto the polyurethanematerials. After

onecoatthe Thermaflexprovidedavery thin coating,andaftera secondcoatinguniform

coveragecould not beachieved. It was found that threethin coatingsprovidedthe best

possiblecoveragewhile minimizing thethicknessasmuchaspossible.Figure4.9 shows

aspecimenafteronecoatofThermaflex IIC.

Figure 4.9. A specimen after one coat ofThermaflex IIC.
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Becausethreecoatsof ThermaflexIIC were required to achieve a uniform coating

the average coating thickness was noticeably greater than that of any of the polyurethane

coatings. Figure 4.10 shows a specimen after three coats of Thermaflex [IC.

Figure 4.10. A typical specimen coated with three coats of Thermaflex IIC.

Thermashield is also a single component thermoplastic coating, but instead of

being water based it is solvent based. As was the case with Thermaflex I/C it was not

possible to achieve a uniform smooth coating with only two applications, thus again a

third coat was required. After the first application the specimens appeared very similar to

the Thermaflex IIC specimen shown in Figure 4.9. The final results are shown in Figure

4.11.
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Figure4.11.A typical specimenafterthreecoatsof Thermashield.

4.2.4Procedure for Coatings Applied at NASA GRC

The specimens coated at NASA GRC with the polyimide neat resin and the

polyimide nanocomposites were done in the following manner. The coating, be it

nanocomposite or neat resin, was brushed onto the specimens after the mixing process

outlined in Chapter HI was completed. The solvent was then allowed to evaporate

overnight. After around 24 hours, all of the coated specimens were B-staged at 400 °F

(204 °C) for 1 hour and then at 450 OF (232 °C) for 30 minutes to ensure complete

imidization of the polyimide. To remove any air bubbles from the coating, the specimens

were then pressed at 465 °F (241 °C). The final neat resin has a Tg of 394 °F (201 °C).

Figure 4.12 shows a typical specimen coated in this manner, it is worth noting that only
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one specimen is shown because it is very difficult to differentiate between

nanocompositecoatedspecimensandthosecoatedwith theneatresin.

the

Figure 4.12. A typical polyimide/polyimide nanocomposite coated specimen.

4.3 Impact Testin_

4.3.1 Impact Equipment

All of the impact testing done in this research was done to simulate either an

impact caused by a dropped tool or an impact that might occur if the composite feedline

were to be bumped into something during installation. A drop weight impact machine

was used because as was discussed in Chapter 13 this is the best method of simulating
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thesetypes of impact.

Figure4.13.

The impactmachineusedwas a Dynatup8250 as is shownin

Figure4.13.Dynatup8250dropweight impacttestmachine.

A half-inch diameterhemisphericaltup was used on the 8250 for all impacts

becausethis was found to providea high level of matrix damagewithout penetratingthe

compositeat low impactenergies.Thetup insert on the 8250is connectedto a loadcell

and computerdataacquisition systemthat allows one to determinethe impact energy,

energyabsorbedby the composite,velocity at impact,maximumimpact load,maximum

deflection,andmuchmore. The 8250comeswith a pneumaticclampideally suitedfor a
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4" by 4" (10cm by 10cm) specimen,andthis wasusedfor all testing to ensurethatthe

boundaryconditionsfor all thespecimenswereidentical.

4.3.2Impact Procedure

The Dynatup8250is designedto haveone of its setsof weightsattachedto the

droppingmechanismto provide themassneededto generatethedesiredimpactenergies.

For this researchthe 5.27 lb (23.4N) weightswere used(the lightest available for this

testmachine),whenthe weightof thetup andattachmentsarefactoredin this brings the

total weight of the droppingmechanismto 8.10 lb (36.0 N). A sensornear one of the

guide polls for the droppingmechanismwas thenadjustedso that the impact occurred

from the desired height, thus resulting in an impact of the desired energy.

Before impacting any specimens, the computer read out and pneumatic catch

breaks were always tested by running a couple of velocity tests. The 8250 determines the

velocity of the impactor, using equation (4.1), when a flag attached to the dropping

mechanism passes through a laser sensor that is adjusted to such that the flag passes

through the sensor just as a specimen is impacted.

V = Wflag/tflag+g*(timp) (4.1)

In the above equation Wnag is the width of the spacing between the leading edge of the

velocity flag and the second leading edge (1 cm), tnag is the time taken between the flags

leading edge and second leading edge clearing the sensor, and timp is the time between the

second leading edge clearing the sensor and the point just before impact initiation. The
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Dynatupsoftwaredeterminesthe energyat impactusing equation(4.2), wherem is the

massof thecrossheadandtup,andV is thevelocity of thecrossheadandtup.

I.E. = ½*m*V2 (4.2)

The energyabsorbedby thespecimenwasdeterminedfrom finding the reboundvelocity

of thecrossheadandtup, Vr, in the samemannerthat the initial velocity wasfound. The

reboundvelocity is thenfedinto equation(4.3).

Ea= Y2*m*[V-Vr]2 (4.3)

The pneumatic rebound breaks are designed to fire when the flag reenters the velocity

sensor so that no secondary impacts occur. As long as the velocities calculated by the

system are consistent on multiple drops, and the rebound breaks fire each time the system

is ready for testing.

With the height sensor adjusted so that the impacts occur from the desired height,

a specimen is then centered in the pneumatic clamp over the 3" (7.62 cm) diameter

openings that allow for deflections caused by the impacts. Figure 4.14 shows both the

pneumatic clamp and the rebound breaks in the 8250.
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Figure4.14.Pneumaticclampandreboundbreaksof theDynatup8250.

Following the impact the specimenis removedfrom the clamp and notes are

takenregardinganydamageevidentonboth the front andback faces. Then the machine

is prepared for the next specimen and the process is repeated.

4.4 Permeability Testin_

4.4.1 Permeability Test Equipment

The equipment used to measure the permeability, or more accurately the rate of

permeation, of the specimens is based off of the equipment outlined in ASTM D1434 and

the apparatus that was used at NASA MSFC. This standard provides two different

methods for finding the permeability of plastic films and sheeting. The first method

involves measuring the increase in pressure in a fixed volume when the only way the
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permeantcanenterthevolumeis throughthe specimen.Theothermethodmeasuresthe

permeabilityby measuringthe increasein volume causedby the permeatinggas. 62 The

permeability apparatus used at NASA MSFC was derived from latter approach. In this

method all of the gas that permeates through the specimen is trapped and funneled into a

tube that contains a slug of alcohol.

The equipment designed for this test incorporates the bottom plate from the leak

detection apparatus already shown. The top plate in this case is identical to the bottom

plate, but its hose connects to an inclined glass tube that is open to the air on the other

side. Figure 4.15 shows a CAD rendering of the apparatus (minus the hose connecting

the bottom plate to the helium cylinder).

Specimenand Plates

!

/
/

t

I Inclined Glass Tube

Figure 4.15. CAD rendering of the permeability test apparatus.
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4.4.2 Permeability Test Procedure

To test a specimen for permeability is similar to the leak testing in that a specimen

is placed between to 6" by 6" by 1" (15.25 x 16.25 x 2.54 cm) plates (with gaskets that

have been smeared with vacuum grease on the side that bears on the composite). Again

the bolts are tightened as much as can be done with a ratchet (around 100 in*lb). Next a

slug of isopropyl alcohol is introduced into the system through the glass tube that is

attached to the hose connected to the top plate. The glass tube is inclined at five-degrees,

this was found to be an optimal angle by NASA MSFC. 6° Next the gas is applied to the

specimen. The pressure is slowly increased until the slug moves at a speed such that a

reading can be taken. This is an approximate science, too much leakage makes it

impossible to get a reading and if the leak is extremely slow the measurement can be very

slow. A stopwatch is used to determine the length of the reading, and the distance the

slug moves is read off of a ruler that is next to the glass tube. Figure 4.16 shows the

inclined glass tube and ruler used for the permeability readings.

Figure 4.16. The glass tubes used to get volume measurements for the permeability tests.
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4.5 Thermal Cycling of Coated Specimens

One of the problems with composite materials at very low cryogenic temperatures

is that the constituent materials have significantly different CTEs. This is also a potential

problem for the coating materials. While impacts are not considered likely at cryogenic

temperatures, delaminations of the coating from the composite would result in a system

failure. As was mentioned in Chapter II, polymeric coatings on composite structures tend

to delaminate at cryogenic temperatures, 34 thus it is essential to verify that the coatings

considered will not delaminate otherwise they are not suitable for this application.

The thermal cycling performed for this project consisted of taking two specimens

from each coating and putting them through 5 thermal cycles. From the background

research that was done, it was found that polymers reach their maximum damage

densities quickly when thermally cycled so it was believed that 5 cycles would be

sufficient to achieve the maximum level of damage that would occur. Also, despite the

fact that one must take composites below 60K (-352 °F) in order to start getting

microcracking of the matrix, it was found that it was not necessary to go below 77K (-

321 °F) to get coatings to delaminate. 34 Thus, liquid nitrogen was used for the cryogenic

phase of the cycling.

Each individual thermal cycle consisted of the same routine, 20 minutes immersed

in LN2, 20 minutes at room temperature, 20 minutes in the oven at 250 °F (121 °C), then

20 minutes are room temperature again. The specimens were all placed in racks so that
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they were kept vertical and separatedfrom eachother during the testing.

thermalcyclenotesweretakenregardingthestateof eachspecimen.

After each

4.6 Aging of Coated Specimens

Many polymeric materials continue to cure and embrittle with time. Thus, two

specimens per coating were allowed to age for several months and then were impacted.

Specimens were aged by setting them aside following the coating application in

atmospheric conditions for several months. After finding the critical impact energy of the

specimens with three or more leaks, the aged specimens were impacted at the critical

energy (highest energy that does not cause leakage for a given coating). Following

impact the specimens were tested for leakage.
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CHAPTER V

RESULTS AND DISCUSSION

Several distinct types of tests had to be run as a part of this research, thus this

section shall be broken down accordingly. The testing performed in this research had to

be done in the following order: specimens had to be screened as soon as they were

received, next the critical impact energy of the impermeable uncoated specimen had to be

found, then the specimens had to be coated and tested for leakage, next the specimens

were impacted to find the critical impact energies of the coated specimens, then tested for

leakage again and, if necessary, permeability testing was performed. Also, aging and

thermal cycling of the coated specimens was performed.

5.1 Specimen Screening

Early on in this project it was found that many of the specimens that were

received actually had leaks prior to any impact events, thus it became apparent that the

specimens needed to be sorted by their initial quality. In order to do this, all of the

specimens were visually inspected to eliminate any obviously flawed specimens. Next,

all of the specimens had to be leak tested as was outlined in section 4.1.2. While

screening the specimens it was noticed that some specimen's had no leaks while others

had too many to count. In order to effectively test a coating's ability to seal preexisting

leaks, specimens with significant leakage were required. There was no easy way to
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decide what defined significant leakage, some specimens had one large leak, while others

had many smaller leaks. One large leak did not seem to be sufficient to accurately assess

a coatings ability to consistently seal leaks though, so it was decided that specimens with

three or more leaks would be used.

The specimens with only 1 or 2 leaks would be used as practice specimens to

work out the appropriate methods of coating application and also to help close in on the

critical impact energy of the leaking specimens. These practice specimens were

invaluable because the total number of specimens with 3 or more leaks was only

sufficient to provide 9 specimens per coating, and from these 9 specimens 2 had to be

used for thermal cycling and 2 others had to be set aside to test the effects of aging the

coatings. The specimens that had no leaks were used to find the critical impact energy of

the uncoated impermeable specimens and also the critical impact energies of the coated

impermeable specimens. Table 5.1 shows the test matrix that was used for this project;

the numbers in the table represent the number of specimens used for each test.

Out of the specimens received 24 percent had no leaks, 36 percent had 1 or 2

leaks, and 30 percent had 3 or more leaks.
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Table 5.1. Test malzl,x.

--..1
Test None

Sealing 3+ leaks
Finding approximate impact E
iFinding critical impact energy
Coated initially impermeable

Corothane I

Alipatic
Finish

Coating
Corothane I
MIO-
Aluminum

9
3

Poly-Lon
1900

9
3
0

Thermaflex
IIC

3
0

Thermashield

3_

Neat

Polyimide

0

Polyimide
2%
Bentolite

_

Polyimide
5%
Bentolite



5.2 Critical Impact Energy of the Impermeable Uncoated Specimens

In order to quantify the improvement achieved in impact resistance of the

composite it was essential to find the critical impact energy for the uncoated initially

impermeable specimens. In terms of this research, critical impact energy is defined as

being the most impact energy that a specimen can withstand without leaking when tested.

To this end, seven specimens were impacted and then tested for leakage. While the test

matrix presented above calls for eight specimens to be tested only seven were tested

because the lower limit of the machine was reached and at this point the impacted

specimen did not leak (the 8250 cannot take readings with less impact energy than 0.79

fi*lbs because the velocity flag starts too close to the velocity sensor for the machine to

get an accurate reading). All of the impact testing was done according via the procedure

outlined in section 4.3.2 of this thesis. Table 5.2 presents the data for the impacts run on

the uncoated initially impermeable specimens.

Table 5.2. Impact and leak test results for uncoated initially impermeable specimens.

Specimen

G-5

Impact Energy,
J/ft*lb)

2.07 (1.53)

Maximum Load,

N IIb)
1001 (225.14)

Maximum Deflection, Leakage

cm tin) J
0.38 (0.15) At 68.9 kPa (10 psi)

H-4 2.55 (1.88) 1164 (261.58) 0.41 (0.16)!At 34.4 kPa (5 psi)
H-3 1.59 (1.17) 882 (198.29) 0.36 (0.14) At 68.9 kPa (10 psi)
H-1 1.14 (0.84) 725 (163.01) 0.30 (0.12) At 68.9 kPa (10 psi)

1-10
X-3

IX-11

1.07 (0.79)
1.11 (0.82)
1.23 (0.91)

699 (157.13)
664 (149.19)
729 (163.84)

0.30 (0.12) klone
0.36 (0.14)
0.36 (0.14)

At 103.4 kPa (15 psii

At 68.9 kPa (10 psi)
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The critical impact energy could not be clearly determined because of the lower

limit of the Dynatup 8250, but it can be seen that it is right around 0.80 ft*lb (1.08 J)

from the results shown above. 'Furthermore, specimens X-11, X-3, and H-1 all had only

pinhole leaks after they were impacted which suggests that the impact energies for these

tests were very close to the critical value.

5.3 Leak Detection Results

Early in the project while trying to find the critical impact energy of the uncoated

specimens, it was noticed that leakage was occurring from many locations away from the

impact cite. It quickly became clear that many of the specimens received had leaks prior

to impact and that the specimens would all have to be leak tested and sorted before any

coatings could be applied.

5.3.1 Specimens Coated to Seal Preexisting Leaks

5. 3.1.1 Results

All of the specimens that were coated had to be leak tested prior to any impact

testing. All leak testing was done according to the procedure outlined in section 4.1.2 of

this thesis. Table 5.3 shows the results of this leak testing.
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Table 5.3. Results of leak testing on coated previously leaking specimens.

Coatin 9
Corothane I Aliphatic Finish
Corothane I MIO-Aluminum

Total Specimens
12

13

_oly-Lon 1900 12
Thermaflex IIC 12
Thermashield 12

GRC Neat Polyimide

GRC 2% Nanocomposite
GRC 5% Nanocomposite

12_

Specimens with Leaks
0
5

0
0

12

11

91 7
12!

5.3.1.1 Discussion

From Table 5.3, it can be seen that none of the Corothane I A1iphatic Finish

specimens leaked after the coating was applied. The same is true of the Poly-Lon 1900

and the Thermaflex 11C coated specimens.

Unlike the Poly-Lon 1900 and Corothane I Aliphatic Finish specimens, the

Thermashield coated specimens were found to be quite permeable when tested.

Furthermore, instead of having a few leaks around the composite surface, many leaks

appeared through the coating, meaning that the coating was itself quite permeable. Due

to these results, Thermashield had to be eliminated from further testing.

Some of the specimens coated with the Corothane I MIO-Aluminum were also

found to leak prior to any impact. Out of the initial batch of twelve specimens coated 3

leaked. This seems like an alarming number of specimens on which the coating failed,

but while testing one of the specimens it was noticed that there was a flaw in the coating

that led to crack forming right around the edge of the leak detection apparatus top plate.
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This flaw appeared to be the result of a poor degreasing of the specimen prior to the

coating application. Thus the bond between the coating and the specimen was weak and

a small delamination formed, which quickly cracked because of the flaw's proximity to

the edge of the hole in the top plate of the leak detection apparatus. Since all of these

specimens were degreased in the same manner one had to consider human error as a

probable cause for many, if not all, of the specimens that leaked. As a result, a few extra

specimens were prepared (all with 1 or 2 leaks). Even with the extra specimens, after

setting aside two specimens for thermal cycling and two for aging, only four specimens

were left to find the critical impact energy. Figure 5.1 shows the specimen with the flaw'

in the coating where the leak occurred.
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resin the specimens had to be heated to 465 °F (241 °C) and pressed. This temperature is

much higher than the Tg of the EX 1552 matrix, 390 °F (200 °C), and thus the properties

of the matrix were altered. Normally, the polyimide material that was applied to the

specimens would be consolidated at 575 °F (302 °C), but when this was tried with the

composite specimens they deteriorated, which is why there are only 9 specimens coated

with 2% nanocomposite. From a visual inspection of the specimens received, it appeared

that in some cases the matrix material actually had begun to char. It is believed that the

matrix had deteriorated enough for new leak paths to develop in the specimens.

5.3.2 Initially Impermeable Specimens

5.3.2. ] Results

Leak testing the initially impermeable coated specimens also had to be done in

order to eliminate the chance that the coating process might cause leakage. The results of

these tests are presented in Table 5.4.

Table 5.4. Results of leak testing on the coated initially impermeable specimens.

Coating
Corothane I Aliphatic Finish
Corothane I MIO-Aluminum

Poly-Lon 1900
Thermaflex IIC

Total Specimens

GRC 5% Nanocomposite

Specimens with Leaks

GRC Neat Polyimide 4 1
GRC 2% Nanocomposite 4 2

4 £
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5.3.2.2 Discussion

From Table 5.4, it can be seen that none of the specimens coated with the

Corothane I Aliphatic Finish, Corothane I MIO-AI, Poly-Lon 1900, or Thermaflex IIC

leaked. The results for the specimens coated at NASA GRC were again different though.

Out of the sets of four initially impermeable specimens coated with each material,

one coated with the neat resin leaked, two with the 2% nanocomposite leaked, and none

leaked with the 5% nanocomposite. It is not surprising that the 5% nanocomposite

consistently had the fewest leaks (it has the most tortuous leakage path for a gaseous

permeant), but the 2% nanocomposite having more leaking specimens than the neat resin

is confusing. The neat resin and 2% nanocomposite both have a similar appearance, but

upon closer inspection there appear to be more flaws in the 2% nanocomposite, which

may account for the greater leakage. The reasons that leaks developed in specimens that

were impermeable at the time of coating are the same 3 reasons discussed in the previous

section of this document.

5.4 Impact Test Results (Critical Impact Energies)

The research discussed within this document strives to show two things: that

coatings can improve the impact resistance and impermeability of a composite, and that

composites that have sealed leaks perform as well as coated initially impermeable

composites. To this end, the critical impact energies have been found for specimens both

with sealed leaks and without for a variety of different coatings.
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5.4.1 Impact of the Coated Specimens with Preexisting Leaks

5.4.1.1 Results

The coated previously leaking specimens were impacted at various energies and

then leak tested to find the critical impact energies. Tables 5.5 through 5.9 show the

results of the impact and leak testing of the individual specimens broken down by the

coating. The maximum load during impact is reported in the tables as well as the impact

energy so that this work can be compared to the work of some other authors who report

in terms of load rather than impact energy. That said, in this thesis impacts will be

described in terms of the energy. Table 5.10 shows the critical impact energies for each

individual coating. There is no data for the GRC neat polyimide resin or 2%

nanocomposite coated specimens because there were not enough impermeable specimens

of these types to test.

Table 5.5. Impact results for the Corothane I Aliphatic Finish coated specimens (3 or

more leaks prior to coating).

Specimen Impact Energy, Absorbed Energy,
J (ft*lb) J (ft*lb)

C-1

D-6

X-6

6.11 (4.51)

4.72 (3.48)
5.71 (4.21)

5.90 (4.35)

6.21 (4.58)

2.85 (2.101

1.60 (1.181
2.16 (1.59)'

2.07 (1.53)

3.55 (2.62)

daximum Load,
N (Ib)

1816(408.17)

1667 (374.84)

1884 (423.45)
1940 (436.02)

1925 (432.821

Maximum Deflection,
cm (in)

0.56 (0.22)

0.51 (0.20)

0.56 (0.22)
0.61 (0.24)

0.56 (0.22)

Leakage

@ 34.4 kPa
(5 psi)
@ 34.4 kPa
(5 psi)
None
None
@ 0 kPa (0
3si)
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Table 5.6. Impact results for Corothane I MIO-Aluminum coated specimens (3 or more

leaks prior to coating).

Specimen Impact Energy, Absorbed Energy,

J (ft*lb) J (ft*lb)

X-21

X-67

X-9

_-34

5.26 (3.88)

4.79 (3.53)

4.27 (3.15)

4.31 (3.18)

Maximum Load,_Maximum Deflection,

IN (Ib) :m (in)

1.87 (1 381 1838 (413.20) 0.56 (0.22)

1.46 (1.081 1763 (396.38) 0.56 (0.22)

1.08 (0.801 1691 (380.12) 0.53 (0.21)

1.13 (0.831 1661 (373.70) 0.56 (0.22)

Leakage

@34.4 kPa

(5 psi)
@34.4 kPa

(5 psi)

None

None

Table 5.7. Impact results for Poly-Lon 1900 coated specimens (3 or more leaks prior to

coating).

Specimen

G-1

G-6

X-66

X-64

X-34

llmpact Energy,
IJ (ft*lb)

6.09 (4.491

6.10 (4.50)

5.74 (4.23)

5.25 (3.87)

5.68 (4.19}

_,bsorbed Energy, Maximum Load, Maximum Deflection Leakage

IJ (ft*lb) N (Ib) cm (in)

1.80 (1.33) 2046 (459.96) None a

2.89 (2.13)

2.89 (2.13)

1.69 (1.25)

2.26 (1.67)

1829 (411.27)

1824 (410.13)

1858 (417.65)

1937 (435.39)

0.56 (0.22;

0.53 (0.21

0.53 (0.21

0.58 (0.231

0.58 (0.231

a A delamination formed at 30 psi

@ 34.4 kPa

5 psi)

@ 34.4 kPa

(5 psi)

None

None

Table 5.8. Impact results for Thermaflex IIC coated specimens (3 or more leaks prior to

coating).

Specimen Impact Energy,
J (ft*lb)

F-5

F-8

X-63

X-14

X-5

3.86 (2.85)I

3.36 (2.481

2.93 (2.161

3.12 (2.301

3.42 (2.52)

Absorbed Energy, Maximum Load, iMaximum Deflection, Leakage

J (ft*lb) N (Ib) cm (in)

1.06 (0.78) 1502 (337.69) 0.48 (0.19)

0.87 (0.64)

0.72 (0.53)

0.75 (0.55)

0.89 (0.66)

1388(312.14)

1287 (289.24)

1353 (304.10)

1719 (318.36)

0.46 (0.18)

0.46 (0.18)

0.48 (0.19)

0.51 (0.20)

@206.9 kPa
(30 psi)

@206.9 kPa

{30 psi)

None

_one

None
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Table 5.9. Impact results for 5% nanocomposite coated specimens (3 or more leaks prior

to coating).

Specimen Impact Energy, Absorbed Energy, Maximum Load,
J (ft*lb) J (ft*lb) N (Ib)

W-50

W-32

W-47

W-51

1.71 (1.26)

1.44 (1.06)

1.19 (0.88)

1.11 (0.82)

0.24 (0.18) 892 (200.42)

0.28 (0.21) 796 (179.02)

0.22 (0.16) 704 (158.22)

Error 688 (154.75)

Maximum Deflection, Leakage

cm (in)

@ 0 kPa

0.41 (0.16)(0 psi)

@ 0 kPa

0.38 (0.15)(0 psi)

@ 0 kPa

0.36 (0.14) (0 psi)

i@ 34.4 kPa

0.36 (0.14)j(5 psi)

Table 5.10. Critical impact energies of specimens with three or more leaks prior to

coating.

Coating

None

Corothane I Aliphatic Finish

Corothane MiO-AI

Polylon 1900
Thermaflex IIC

GRC 5% NanocomDosite

Critical Impact Energy, J (ft*lb)

1.07 (0.79]

5.90 (4.35',

4.31 (3.18;

5.25 (3.87'

3.12 (2.30'

<1.07 (<0.791

Multiple of uncoated specimens

NA

5.51

4.0_

4.9c

2.91

<1.0C

5.4.1.2 Discussion

The practice specimens that have been mentioned previously, coated specimens

that had only one or two leaks, were impacted repeatedly to try to zero in on the critical

impact energy for a given coating. These specimens were impacted and then leak tested,

if the specimens had no leaks they were impacted again. This process provided a

conservative method of closing in on the critical impact energy without wasting any of
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the specimensthat initially hadthreeor moreleaks. Thisprocessis conservativebecause

damagethat occursfrom impact is cumulative,soanyspecimenimpactedmultiple times

will actuallyhavemoredamagefor a givenimpactenergythana specimenthat is only

impactedonceat that energy. That is to saythat a specimenthat is impactedthreetimes

with at 3, then3.5, then4 fl*lb mayleakwhile a specimenthat is impactedfor the first

andonly timeat 4 fi*lb doesnot leak.

After finding the approximate range for the critical impact energy for a given

coating, test specimens are impacted (only once per specimen) and leak tested.

Specimens were impacted at an energy and then immediately leak tested so that the

energy could be adjusted as needed to close in on the critical energy. Generally, the drop

height of the tester was adjusted by a half inch to increase or decrease the impact energy

unless the energy was very low, in which case quarter inch adjustments were usually

made to the drop height.

In all cases when finding the critical impact energies efforts were made to verify

the highest impact energy at which a specimen, with a given coating, would not leak

through repetition. Unfortunately, with only four or five specimens to work with this was

not always possible.

As one can see in Table 5.10 all of the coatings except for the 5% nanocomposite

improved the impact resistance of the uncoated composite. Although, the 5%

nanocomposite specimens tested were found to be impermeable prior to impact they still

had been heated to well above the Tg of the epoxy matrix and thus the matrix material

had degraded. It is believed that this is part of the reason why all of the 5%
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nanocomposite specimens that were impacted leaked even at energies below the critical

impact energy of the uncoated composite. Furthermore, had uncoated specimens been

heated in the same fashion as the 5% nanocomposite specimens they would have a lower

critical impact energy than 0.79 ft*lb (1.07 J). Another contributing factor to why all of

the 5% nanocomposite specimens leaked is that the coating was extremely thin, as can be

seen in Table 5.11.

Table 5.11. Thickness and additional weight for coatings of specimens with 3+ leaks.

Coating

Corothane I Aliphatic Finish

Corothane MiO-AI

Polylon 1900

Thermaflex IIC

GRC Neat Polyimide

GRC 2% Nanocomposite

GRC 5% Nanocomposite

Coating Weight,
N/m 2 (Iblft 2)

3.45 (0.072;

2.58 (0.054',

3.78 (0.079;

6.70 (0.140;

0.38 (0.008',

0.48 (o.o10;
0.53 (0.011'

_,verage Coating Thickness,

_cm (in)

0.023 (0.009)

0.015 (0.006)

0.025 (0.010)

0.051 (0.020)

0.005 (0.002)

ooo5 (o.oo2)
0.003 (0.001

Additional Weight

(%)
1.20

0.84

1.34

2.82

0.24

0.26

0.14

As you can see, the coatings provided by NASA GRC are at most a third as thick

as the next thinnest coating. This is significant because greater thickness helps to resist

impact damage and also makes the coating more impermeable to gaseous permeants.

The Dynatup 8250 determines the energy absorbed during the impact tests. These

values represent the energy that was absorbed by the specimens through the creation of

damage and also the energy dissipated by the test machine itself. Generally, the relative

amount of energy absorbed by specimens with the same coating corresponds to the level

of visible damage present. There were a couple of exceptions to this though, the most
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obvious was that specimen D-6 appeared to have more damage than both X-59 and X-19

(all coated with Corothane I Aliphatic Finish) although D-6 was impacted with much less

energy, and therefore absorbed less energy. This should emphasize the tremendous

variability present in the composite substrate.

One of the interesting discoveries made in this research was that the amount of

visible damage in the coated composite specimens was less than in uncoated specimens

impacted with the same energies. While some improvement should be expected, because

the moment of inertia of the specimens was increased due to the greater thickness, the

amount of improvement was surprising. Figures 5.2 through 5.10 show both coated

specimens impacted with the critical impact energy (for that particular coating) and also,

for the sake of comparison, uncoated specimens impacted at the same energies as the

coated specimens (except that there is no comparison specimen for the 5%

nanocomposite specimen since an uncoated specimen would show no damage).
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(a)

(b)
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(c)

Figure 5.2. Corothane I Aliphatic Finish specimen impacted at 4.35 ft*Ib (5.90 J), (a)

back of specimen, (b) front of specimen, (c) close-up of damage on back.

(a)
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Indentationfrom
impact

(b)

(c)

Figure 5.3. Uncoated specimen impacted at 4.35 ft*lb (5.90 J), (a) back of specimen, (b)

front of specimen, (c) close-up of damage on backside.
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(a)

(b)
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(c)

Figure 5.4. Corothane I MIO-Aluminum coated specimen after 3.18 ft*lb (4.31 J) impact,

(a) back of specimen, (b) front of specimen, (c) close up of matrix crack on back.

(a)
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Indentation

from impact

(b)

(c)

Figure 5.5. Uncoated specimen impacted at 3.18 fi*lb (4.31 J), (a) back of specimen, (b)

front of specimen, (c) close-up of damage on backside.
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(a)

(b)
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(c)

Figure 5.6. Poly-Lon 1900 coated specimen impacted at 3.87 ft*lb (5.25 J), (a) back of

specimen, (b) front of specimen, (c) close-up of damage on backside.

(a)

88



Indentation
from impact

(b)

(c)

Figure 5.7. Uncoated specimen impacted at 3.87 ft*lb (5.25 J), (a) back of specimen, (b)

front of specimen, (c) close-up of damage on backside.
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(a)

(b)

Figure 5.8.ThermaflexIIC specimenimpactedat 2.30ft*lb (3.12J), (a)backof

specimen,(b) front of specimen(notethereis novisible damageon this specimen)•
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(a)

Indentation

from impact

(b)
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(c)

Figure 5.9. Uncoated specimen impacted at 2.30 ft*lb (3.12 J), (a) back of specimen, (b)

front of specimen, (c) close up of damage in back.

(a)
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(b)

Figure 5.10. Five percent nanocomposite impacted at 0.82 ft*lb (1.11 J), (a) back of

specimen, (b) fi'ont of specimen.

As was mentioned in the caption for Figure 5.8, there is no visible damage on the

back of the Thermaflex IIC coated specimen. This is even true of some of the specimens

that were impacted with sufficient energy to cause leakage through the coating. In

addition, when there was a leak path present in the composite substrate the Thermaflex

IIC tended to delaminate around the location of damage until the coating finally failed, as

shown in Figure 5.11.
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Figure5.11.ThermaflexI_Cspecimendelaminatingduring leaktest.

The ThermaflexIIC specimenswere not the only onesthat tendedto fail

by delaminationwhen helium was applied at pressureto the backside. Severalof the

Poly-Lon 1900 specimensalso delaminatedduring leak testing, in one case the

delaminationwasableto grow enoughthat it actuallyarrestedprior to the development

of a leak (with heliumappliedat 30psi,206.9kPa).

The Corothane I Aliphatic Finish coated specimens that were impacted with

sufficient energy to cause leakage all featured visible cracking on the surface of the

coating, which would be a desirable feature for a coating used on RLV feedlines. If a

coating shows visible damage prior to its failure then during a preflight inspection any

potential problems could be found and repaired.

The Corothane I MIO-Aluminum coatings tended to develop leaks through tiny

pinholes that are extremely difficult to find. Further complicating locating a leak prior to
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gasapplication is the fact that air bubblestendedto be trappedin the surfaceof this

coating.

The GRC5% nanocompositecoatingshowedno visible signsof impactdamage,

but alwayshad small leaksat the impact site. With impactenergiesas low as0.8 fl*lb

(1.08J) novisible damagecanbeexpected.

5.4.1.3 Summary

All of the coatings were able to improve the impact resistance of the composite

substrate with the exception of the GRC 5% nanocomposite. But, the Corothane I

Aliphatic Finish was able to increase the impact resistance much more than the other

coatings and also had the advantage of not leaking until there was visible damage on the

coatings surface. The Corothane I MIO-Aluminum coating showed no visible signs of

damage prior to leak initiation because air bubbles trapped in the coating surface

obscured the pinhole leaks. Finally, the Poly-Lon 1900 and the Thermaflex IIC both

tended to fail by delamination.

5.4.2 Impact of Initially Impermeable then Coated Specimens

5.4. 2.1 Results

The initially impermeable then coated specimens were tested in same manner as

the initially leaking then coated specimens. Tables 5.12 through 5.18 show the results of

the impact testing on the individual specimens broken down by the coating. Table 5.19
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shows the critical impact energies that were found for the initially impermeable coated

specimens. In some cases the absorbed energy is listed as error, this is because the

velocity flag did not have enough energy to reenter the velocity sensor and thus no data

could be taken regarding the rebound energy.

Table 5.12. Impact results for Corothane I Aliphatic Finish coated initially

impermeable specimens.

Specimen

W-2

X-47

A-10

W-3

Impact Energy,

J (ft*lb)

5.98 (4.41)

5.26 (3.88)

5.26 (3.88)

5.31 (3.92)

Absorbed Energy,
J (ft*Ib)

4.01 (2.96)

2.41 (1.78)

1.76 (1.30)

1.86 (1.37)

Maximum Load,

N (Ib)

1922 (432.05)

1787(401.71)

1816 (408.17)

1905(428.24)

Maximum Deflection,!

cm (in)

0.56 (0.22)

0.53 (0.21)

0.56 (0.22)

0.58 (0.23)

Leakage

@OkPa

(0 psi)

@34.4 kPa

(5 psi)

None

None

Table 5.13. Impact results for Corothane ! MIO-Aluminum coated initially

impermeable specimens.

Specimen Impact Energy, Absorbed Energy,
J (ft*lb) J (ft*lb)

W-12

W-16

4.33 (3.19;

4.11 (3.03):

3.92 (2.89)

3.96 (2.92)

1.26 (0.93)

1.02 (0.75)

1.06 (0.78)

1.02 (0.75)I

Maximum Load,

N (Ib)

1712 (384.97)

1711 (384.63)

1532 (344.32)

1666 (374.46)

!Maximum Deflection, Leakage

icm (in)

@ 68.9 kPa

0.53 (0.21)(10 psi)
@ 34.4 kPa

0.53 (0.21)(5 psi)

0.48 (0.19) None

@ 34.4 kPa

0.51 (0.20)(5 psi)
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Table 5.14. Impact results for Poly-Lon 1900 coated initially impermeable

specimens.

Specimen

W-20

X-56

B-9

W-9

Impact Energy,
J (ft*lb)

5.30 (3.91

5.06 (3.73)

Absorbed Energy,
J (ft*lb)

1.68 (1.24)

1.64 (1.21)

1.71 (1.26)

1.64 (1.21)

Maximum Load

N (Ib)

1931 (434.18)

1889 (424.57)

1855(417.04)

1873(421.07)

Maximum Deflection,!

!cm (in)

0.53 (0.21)

0.56 (0.22)

Leakage

@ 103.4 kPa

(15 psi)

None

@ 137.9 kPa

(20 psi)

None

Table 5.15. Impact results for Thermaflex IIC coated initially impermeable specimens.

Specimen

W-15

_(-31

W-26

B-1

Impact Energy,

J (ft*Ib)

3.20 (2.36)

3.40 (2.51)

3.42 (2.52)

3.44 (2.54)

Absorbed Energy,

J (ft*lb)

0.69 (0.591

1.1o@81;
0.85 (0.63;

0.73 (0.54)

Maximum Load,

N (Ib)

1418(318.841

1383 (310.89_1

1508 (339.05;

1444 (324.55)

Maximum Deflection

sm (in)

0.48 (0.19)i

0.53 (0.21)

0.48 (0.19)

0.46 (0.18)

Leakage

None

@34.4 kPa
(5 psi)

None

None

Table 5.16. Impact results for GRC neat polyimide coated initially impermeable

specimens.

Specimen

X-53

W-41

W-52

Impact Energy,
J (ft*lb)

1.21 (0.89)

1.13 (0.83)

1.14 (0.84)

Absorbed Energy,
J (ft*lb)

Error

Error

Error

Maximum Load

N (Ib)

712 (160.16)

688 (154.68)

695 (156.23)

Maximum Deflection

cm (in)

0.36 (0.14)

0.36 (0.14)

0.36 (0.14)

Leakage

@ 103.4 kPa

(15 psi)
@ 34.4 kPa

(5 psi)

@ 137.9 kPa
(20 psi)
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Table 5.17. Impact results for GRC 2% nanocomposite coated initially impermeable

specimens.

Specimen

X-76

X-75

Impact Energy,

J (fl*lb)

1.19 (0.881

1.18 (0.87)

Absorbed Energy,
J (ff*lb)

Error

Error

Maximum Load,

N (Ib)

709 (159.45)

712 (160.03)

Maximum Deflection, Leakage

zm (in)

0.36 (0.14)

0.36 (0.14)

@ 68.9 kPa

(10 psi)

@ 34.4 kPa

(5 psi)

Table 5.18. Impact results for GRC 5% nanocomposite coated initially impermeable

specimens.

Specimen

X-73

X-72

W-40

Impact Energy,
J (ft*lb)

1.23 (0.91)

1.14 (0.84)

1.11 (0.82)

Absorbed Energy,

J (ft*lb)

Error

Error

Error

Vlaximum Load,

N (Ib)

725 (162.99)

691 (155.39)

698 (156.94)

Maximum Deflection,

cm (in)

0.36 (0.14)

0.36 (0.14)

0.33 (0.13)

Leakage

;@68.9 kPa

(10 psi)

i@68.9 kPa

i(10 psi)

1@68.9 kPa
(10 psi)

Table 5.19. Critical impact energies for the coated initially impermeable specimens.

Coating

None

Corothane I Aliphatic Finish
Corothane MiO-AI

Polylon 1900
Thermaflex IIC

GRC Neat Polyimide

GRC 2% Nanocomposite

GRC 5% Nanocomposite

Critical Impact Energy,

J (ft*lb)

1.07 (0.79:

5.15 (3.80:

3.80 (2.80)

5.11 (3.77)

3.20 (2.36)

<1.07 (<0.79)

<1.07 (<0.79)

<1.07 (<0.79)

Multiple of uncoated specimens

NA

4.81

3.54

4.77

2.99

<1.00

<1.00

<1.00
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5.4.2.2 Discussion

Please note that the reason that only 3 specimens were tested of the NASA GRC

neat polyimide coated and only 2 specimens of the 2% nanocomposite coated was

because the other specimens in the set of four leaked prior to impact. The last of the 5%

nanocomposite coated specimens was not impacted because it was determined that all of

these specimens would leak after impacts at the lowest possible impact energy (around

0.79 ft*lb, 1.07 J, using the 8250).

Again, the damage caused by

nanocomposite specimens to 465 °F (241

heating the polyimide and polyimide

°C) caused sufficient degradation of the

composite substrate that the material was able to even sustain impacts as significant as

those of the uncoated initially impermeable specimens. The thickness values taken for

these specimens at NASA GRC show that the specimens gained little or no thickness

with the coatings. Undoubtedly, the lack of thickness is also in part responsible for the

failure of the coatings to improve the impact resistance of the composite. Table 5.20

shows the average thickness and weights added for each of the coatings on the

impermeable specimens.

The energy absorbed by the test specimens was again found to be a good measur_

of the level of visible damage present. This is exactly as one would expect, since the

primary mode of energy loss should be through the formation of cracking and th_

breaking of fibers in the composite substrate.
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Table 5.20. Average thickness and additional weight of coating for initially impermeable

coated specimens.

Coatin 9

Corothane I Aliphatic Finish
Corothane MiO-AI

Polylon 1900
Thermaflex IIC

GRC Neat Polyimide
GRC 2% Nanocomposite
GRC 5% Nanocornposite

Coating Weight
N/m2 {Ib/ft 2)

3.59 (0.075)
2.54 (0.053)

2.87 (0.060:
5.79(0.121'

0.24 (0.005 t
0.24 (0.005)
0.29 (0.006)

Average Coating Thickness
cm (in)

0.023(0.0089:
0.017(0.0066:
0.018(0.0071:
0.047(0.0187j
0.001(0.0004:
0.003(0.0010:
0.000(0.0001:

Additional Weight
IO/o)

1.28

0.95
1.02

2.70
0.06

0.15
0.02

5.4.2.3 Summary

Again all of the coatings provided some measure of improvement in the impact

resistance of the composite with the exceptions of the NASA GRC coatings. The most

improvement was still provided by Corothane I Aliphatic Finish, and the Poly-Lon 1900

and Thermaflex ]_C coatings still tended to delaminate during failure.

5.4.3 Comparison of Initially Impermeable and Initially Leaking Specimens

From the data in Tables 5.10 and 5.19 it can be seen that the critical impact

energies of the coated specimens with three or more leaks were actually greater than or

equal to the corresponding values for the initially impermeable coated specimens. This

means that the coatings are capable of sealing leaking composite feedlines such that they

are at least as impact resistant as initially impermeable specimens. It was expected that
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there would be no difference between the initially impermeable specimens and specimens

with leaks after each had been coated. The only reasons that may account for the lower

critical impact energies of the initially impermeable specimens are that the coatings were

generally a little thinner, and also the composite material used for this testing was highly

variable.

5.5 Permeability Results and Discussion

The specimens that were impacted and found to leak were then tested to quantify

the rate of permeation through the damage. All permeability testing was done following

the procedure described in section 4.4.2 of this thesis. It was expected that the rate of

permeation would increase as the impact energy above the critical value was increased.

5.5.1 Permeability of Coated Previously Leaking Specimens

5.5.1.1 Results

Table 5.21 shows the results of the permeability testing for all of the specimens

that leaked following impact testing.
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Table 5.2 l. Permeability results for previously leaking then coated specimens.

Specimen

3-1

K-6 Corothane I Aliphatic Finish

K-21 Corothane MiO-AI

K-67 Corothane MiO-AI

Permeability,

Coating cm3/min-kPa (in31min-psi)

Corothane I Aliphatic Finish 0.126 (0.053)

Polylon 1900

Polylon 1900

--5 Thermaflex IIC

=-8 Thermaflex IIC

_/-51 GRC 5% Nanocomposite

_/-47 GRC 5% Nanocomposite

W-50 GRC 5% Nanocomposite

GRC 5% NanocompositeJV-32

0.904 (0.380)

0.017 (0.007)

0.002 (0.001)

0.050 (0.021)

0.240 (0.101 )

0.769 (0.323)

0.074 (0.031)

0.002 (0.001)

0.002 (0.001)

0.026 (0.011)

0.002 (0.001)

Impact Energy,

J (ft*lb)

6.11 (4.51)
6.21 (4.58)
5.26 (3.88)
4.79 (3.53)
6.10 (4.50)
5.74 (4.23)

3.86 (2.85)
3.36 (2.48)
1.11 (0.82)
1.19(0.88)
1.71(1.26)
1.44(1.06)

The trend of rate of permeation versus impact energy is shown in Figure 5.12.
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Figure 5.12. Impact energy vs. rate of permeation for coated specimens with 3 or more

leaks.

5.5.1.2 Discussion

The general trend found from the permeability testing was that once the critical

impact energy of the coating/composite system is exceeded the rate of permeability

increases rapidly for impacts of increasing energy. The permeability data is presented

here in terms of in3/(psi*min) because the permeability tests cannot all be performed at a

given pressure in order for readings to be taken, and thus to get data that can easily be

compared this is the appropriate unit.

The only material that does not follow the general trend of increasing

permeability for impacts of greater energy is the Poly-Lon 1900 coated composite. While
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theresultsof this testingshowthis oddtrend,it is believedthat this is attributableto the

variablenatureof the compositesubstrate.Thetwo specimensthatwereusedto generate

the permeabilitydatapoints for thePoly-Lon 1900are from differentbatches,one from

the first batch receivedwhich wastypically about50% thicker than theotherspecimens

(it had what appearedto be a resinrich layeron the tooling side). Thethicker specimen

is the one that was impactedwith greaterenergy,and since greaterthicknessleadsto

greaterimpact resistancethis mayhelp to accountfor thedrop in permeabilityfrom the

previousdatapoint.

It is alsoimportantto note that theslopesof thetrendsfor permeationvs. impact

energyarevery steep. This meansthat shoulda coatingbeusedto sealfeedlinesit will

be vital not to allow any impactsthatmay approachthesecritical valuesbecausefailure

is extremelysudden,andaswasmentionedpreviouslyanyleak that canbe detectedwith

thebubbleleakdetectionset-upis notpermissible.

5.5.2 Permeability of Initially Impermeable Coated Specimens

5.5.2.1 Results

The initially impermeable specimens that were impacted beyond the critical

impact energies were again tested for permeability. Table 5.22 shows the results of this

permeability testing, while Figure 5.13 presents this data in chart form (note since the

critical impact energy could not be found for the GRC polyimide and polyimide

nanocomposite coated specimens a value of 0.70 fi*lb was used to make Figure 5.13).
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Table 5.22. Permeability of impacted initially impermeable coated specimens

Specimen

W-2

X-47

Coating Permeability, Impact Energy,
cm31min.kPa (in3/min-psi) J (ft*lb)

3orothane I Aliphatic Finish

3orothane I Aliphatic Finish

W-12 ]orothane I MIO-Aluminum

X-22 3orothane I MIO-Aluminum

W-16 3orothane I MlO-Aluminum

W-20 _oly-Lon 1900

B-9 Poly-Lon 1900

X-31 Thermaflex IIC

GRC Neat PolyimideX-53

GRC Neat PolyimideW-41

W-52 GRC Neat Polyimide

K-76 GRC 2% Nanocomposite

K-75 GRC 2% Nanocomposite

K-73 GRC 5% Nanocomposite

_(-72 GRC 5% Nanocomposite

W-40 GRC 5% Nanocomposite

4.55484 (1.91380)

0.02992 (0.01257)

0.00009 (0.00004)

0.00060(0.00025)
0.00119(0.00050)
0.00112 (0.00047)

0.00459 (0.00193)

0.00109 (0.00046)

0.00083 (0.00035)

0.00419 (0.00176)

0.00254 (0.00107)

0.00183 (0.00077)

0.00138 (0.00058)

0.00190 (0.00080)

0.00029 (0.00012)

0.00062 (0.00026)

5.98

5.26

4.33

4.11

3.96

5.29

5.30

3.40

1.21

1.13

1.14

1.19

1.18

1.23

1.14

1.11

(4.41;
(3.88:
(3.19:
(3.03;
(2.92:
(3.90:
(3.91'
(2.51'
(0.89
(0.83'
(o.84
(o.88
(o.87
(o.91
(0.84
(0.82
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Figure 5.13. Impact energy vs. rate of permeation for coated initially impermeable

specimens.

5.5.2.2 Discussion

The general trend for increasing permeability with increasing impact energy

above the critical values is not quite as clear in Figure 5.13, but this is due to a couple of

factors. The permeability rates reported here are very low and were taken from a few

different specimens that were all impacted at similar energies. When the material

variability of the composite is considered, along with the variation in the coating

thickness, one cannot expect specimens impacted within a couple tenths of a foot-pound

to show a clear trend. When the variation in impact ener_ is larger, as with the

Corothane I Aliphatic Finish, the trend is quite clear. It is expected that had specimens
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been impacted over a wider range of energies, instead of all around the critical values of

the initially leaking specimens, that the permeability trends would be identical to those

presented in section 5.5.1.1.

5.6 Effects of A_in_ on the Coatings

Two of each of the specimens coated at Georgia Tech were set-aside for aging.

The GRC polyimide and polyimide nanocomposite specimens were to be aged aswell,

but unfortunately, the specimens were not coated in time to perform any aging (and there

were not any spare impermeable specimens). All of the specimens were aged at room

temperature and at the ambient humidity for four months (approximately 75 °F at

between 50 and 80% relative humidity). Table 5.23 shows the results of the leak testing

performed on the aged specimens after they were impacted at the critical impact energies

(for coated specimens that previously had 3 or more leaks).

Table 5.23. Results of leak testing of impacted aged coated specimens.

Specimen
x-24

Coating
Corothane I Aliphatic Finish

G-9 Corothane I Aliphatic Finish
X-57 Corothane I MIO-Aluminum

X-26
X-70

H-7
F-10
X-80

Corothane I MIO-Aluminum

Poly-Lon 1900

Poly-Lon 1900
ThermaflexllC
ThermaflexllC

Leakage Notes

1Leak@172.4 kPa (25psi)
No Leaks

No Leaks
No Leaks

Delamination formed @ 137.9 kPa (20psi)
No Leaks
No Leaks
No Leaks

107



Little or no embrittlement appears to have occurred in the coatings over the

course of four months. Two of the specimens did leak (the delamination arrested prior to

forming a leak, but this is still a coating failure), but both were small failures that did not

occur until high pressure was applied. This could indicate that the Corothane I Aliphatic

Finish and Poly-Lon 1900 become more brittle with age or it could be due to variation in

the quality of the coating or composite substrate. Variation in the coating or composite

seems likely since the second specimen for both of these coatings did not leak.

5.7 Thermal CvclinR

5.7.1 Results

One of the larger concerns regarding the use of coatings on cryogenic feedlines

and fuel tanks is that the coating must be thermally compatible with the composite

substrate. Thus, it was necessary to assess if the coatings tested in impact were viable for

use in cryogenic environments. Two of each of type of coated specimen were put

through 5 thermal cycles with the exception of the GRC neat polyimide and 5%

nanocomposite, each had only one specimen cycled, per the procedure outlined in section

4.5 of this document. Following thermal cycling each of the surviving specimens was

leak tested. Table 5.24 shows the results of the thermal cycling and leak testing.
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Table 5.24. Results of thermal cycling and leak testing of coated specimens.

Specimen
_6

Coating
Corothane I Aliphatic Finish

_t-18 Corothane I Aliphatic Finish
E-6 Corothane I MIO-Aluminum

9-1 Corothane I MIO-Aluminum

Poly-Lon 1900
Poly-Lon 1900

_/-30 Thermaflex IIC
X-23 Thermaflex IIC

_/-45 GRC Neat Polyimide
W-31 GRC 2% Nanocomposite
×-71 GRC 2% Nanocomposite
W-49 GRC 5% Nanocomposite

Leakage Notes
1 Leak @ 103.4 kPa (15 psi)
1 Leak @ 68.9 kPa (10psi)
Leaks Everywhere @ 34.4 kPa (5psi)

Leaks Everywhere @ 34.4 kPa (5psi)
Failed During Cycling
Failed During Cycling
Failed During Cycling
Failed During Cycling

2 Leaks @ 172.4 kPa (25psi)
2 Leaks @ 34.4 kPa (5psi)
Leaks Everywhere @ 34.4 kPa (5psi)
4 Leaks @ 34.4 kPa (5psi)

5.7.2 Discussion

Each of the coatings tested in thermal cycling failed in some manner or other.

The Thermaflex [IC and the Poly-Lon 1900 cannot withstand liquid nitrogen

temperatures. The Thermaflex HC specimens suffered severe cracking over the entire

surface of the specimen, while the top coat of Poly-Lon 1900 tended to delaminate from

the base coat. The only other coating to show any visible signs of degradation from the

thermal cycling was the Corothane I Aliphatic Finish. After the second cycle, some very

fine cracking was visible near the edge of specimen W-18. Following the third cycle, this

cracking had spread to around 50 percent of the specimen, and also the other Corothane I

Aliphatic Finish specimen began to have some visible cracking near an edge. The level

of cracking did not change during the fourth or fifth cycle. All of the damage that was
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observed in the specimens was noticed after the cold portion of the cycle, so it is believed

that the elevated temperatures inflicted no damage on the coatings or specimens. Figure

5.14 shows a Thermaflex IIC specimen after two cycles. Figure 5.15 shows a Poly-Lon

1900 specimen after three thermal cycles. The cracking in the Corothane I Aliphatic

Finish was too fine to appear in a photograph.

Figure 5.14. Thermaflex IIC specimen after two thermal cycles.
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Figure 5.15. Poly-Lon 1900 specimen after three thermal cycles.

Despite what had been reported about carbon/epoxy composites not degrading

due to thermal cycling until 60K 24 it was evident from the results of this testing that

degradation of the matrix occurred. The Corothane I MIO-Aluminum specimens each

had only three leaks prior to thermal cycling, yet when leak tested afterwards there were

too many leaks to count on both of these specimens. Figure 5.16 shows one of the

Corothane I MIO-Aluminum specimens being leak tested after five complete cycles.
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Figure 5.16. Corothane I MIO-Aluminum specimen being leak tested following thermal

cycling.

The Corothane I MIO-Aluminum coated specimens both had no visible signs of

damage after thermal cycling, yet leaked like sieves. This would tend to indicate that the

polyurethane must have been breaking away from the aluminum and micaceous iron

oxide particles creating leak paths. In light of the poor performance of the other

polyurethane coatings tested, simply not delaminating makes this coating seem more

promising provided that the formula could be altered enough to change the CTE slightly.

The NASA GRC polyimide and polyimide nanocomposites failed in thermal

cycling as well, but according to work done by Humpenoder indicates that the
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nanocompositeswith silicatesasthereinforcementcanbeadjustedsothatthe CTE of the

nanocompositematchesthatof the materialit is appliedto.34 Thus, thesecoatingsmay

still be promising candidatesfor coatingcryogeniccompositefeedlinesbut the formula

will haveto berefined.
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CHAPTER VI

CONCLUSIONS

The research described in this thesis explored the possibility of improving the

impact resistance of a composite material, which is to be used for fuel feedlines in future

generations of RLVs, through the application of a coating. In particular, this research

focused on increasing the impact resistance of the composite, sealing preexisting leaks in

the composite, and preventing fuel permeation through regions damaged by impact

events.

The material tested was a woven carbon fiber epoxy matrix composite, IM7 fibers

in an EX 1552 epoxy matrix, which is typical of the materials that are being considered

for feedline applications (carbon fibers in toughened epoxy matrices). All of the impact

testing was done with a drop weight impact machine, while the leak testing and

permeability was done using helium gas in place of the liquid hydrogen and liquid

oxygen that will be used to fuel the vehicles.

The specimens received were all tested for leaks and then divided into three

categories: non-leaking specimens, specimens with one or two leaks, and specimens with

three or more leaks. Initially, this research was to deal exclusively with improving the

impact resistance of impermeable (non-leaking) composite fuel feedlines, but some of the

feedlines made and tested at NASA MSFC leaked prior to impact and most of the

specimens received also leaked prior to impact. Thus, the project was restructured to
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determinehow effectivelycoatingscouldbe usedto sealpreexistingdamage(specimens

with threeor more leaks)and simultaneouslyimprovethe compositematerialsresistance

to impact. The non-leaking specimenswere usedto find the baselinecritical impact

energy,themaximum impactenergythatthematerialcouldwithstandwithout becoming

permeable,and also to determineif the sealedcompositewas as impact resistantas

coatedinitially impermeablecomposite.

Fuel feedlinesin RLVs will be exposedto extremetemperatures,from Liquid

hydrogenat 20K (-423°F) all the wayup to 250 °F (121 °C) during reentry. Due to the

wide range of service temperatures, thermal cycling of the coated specimens was

necessary. The thermal cycling performed for this project could not use liquid hydrogen

for safety reasons, so liquid nitrogen was substituted (77K, -321 °F).

The results from this project definitely indicate that the overall impact resistance

of the composite feedlines can be improved significantly through the application of a

coating. This coating does come at a cost in weight though; the significance of the

additional weight depends on how much additional weight can be tolerated to still make

the use of composites preferable over more traditional metal materials. Additionally, it

was found during our limited testing that specimens that leaked prior to being coated

performed as well if not better than specimens the did not leak prior to the coating. So it

certainly appears that coatings are a valid method of repairing/redeeming leaking

feedlines.

In contrast to the results of the impact testing, the results of the thermal cycling

were generally not favorable; all of the coatings considered in this research failed, but
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therewere a couple of small positives. The expectedmode of coating failure during

thermal cycling was for the coating to delaminatefrom the substrate,or to have

significant cracking. The CorothaneI MIO-Aluminum did not have either of these

problems,but numerousleaksdid develop. This suggeststhat thepolymer bondingthe

aluminumandmicaceousiron oxideparticlesmayhavebrokendownsome,but perhapsa

similar type of coatingcontainingsmall-scalereinforcementmight be ableto withstand

thethermalstresses.

In addition to thermal cycling the coated specimens,somewere set-asidefor

aging.Of thesespecimenslittle or nodegradationwasfound in their impactresistance.It

thereforeappearsthatthecoatingswill notbecomeappreciablymorebrittle overtime.

The three coatings provided by NASA GRC performed poorly in the tests

performed. It is difficult to saythat this testingprovidedan accuratereflection of these

materialshowever. The coatingswereextremelythin when comparedto all of the other

coatingstested. Also, as has been mentioned throughout Chapter 5 in order to imidize

and consolidate the coatings they had to be heated well above the Tg of the composite's

epoxy matrix, which actually caused the majority of the specimens received to leak prior

to impact. Thus, comparisons between these coatings and the others, applied to

composite material that had not been heated above the T_, are not valid. While this

particular coating might not be well suited to a composite with a matrix with a low Tg,

there may be other nanocomposites that are. Finally, the application of these coatings

also had numerous voids and did not appear to be even.
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Onecannotoverlook thevariability in the compositetestedin this research.The

materialwas found to be highly variablebetweenseparatebatchesreceived,andalso,as

was shown in the C-scansperformed by NASA LaRC, the material does not have

consistentdensity andcuring throughoutthe entiretyof evenonepanel. Thevariability

of the materialmakescomparingimpactsfrom one batchto anotherdifficult, especially

due to the thickness variations. It is believed that the variability of the composite

combinedwith the variation in the thicknessof the coatingsaccountsfor the drop in

critical impact energiesfoundbetweenthe previouslyleakingspecimensandtheinitially

impermeablespecimens. The variation found in the material also emphasizesthe

importanceof maintaining a consistentmethodologyfor the lay-up and curing of the

composite.
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CHAPTER VII

LESSONS LEARNED AND RECOMMENDATIONS

7.1 Lessons Learned

In any research project many lessons are learned, and this project was no

different. Some of the lessons learned would simply help to smooth the testing process

while others would help to avoid the pit-falls, of which there were several in this project.

It is hoped that by noting the lessons learned during this project some problems can be

circumnavigated when the problem of low-energy impacts in composite fuel feedlines is

revisited in the future.

7.1.1 Specimen Fabrication.

NASA MSFC made all of the composites used in this research from prepreg

material supplied by Bryte Technologies. It is understood that when making more than

250 specimens variability is unavoidable, but there was a great deal of variability in the

thickness of the specimens, the specimens appearance, and even the consistency of the

cure. This may be typical of full scale parts produced for the actual vehicles, especially

some of the large cryogenic tanks, but for research the variability in the quality of the

specimens introduces an extra variable. Comparing some of the results in this research

was made more difficult because it was not possible to test more than a couple of

specimens for each coating from any given batch of specimens. Also, it is important that
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specimensare nominally the samesize to ensurethat the boundaryconditions in the

impact test machine are similar. Someof the specimensreceivedwere considerably

smalleron one sidethan the 4" (10 cm) lengththe pneumaticclamp on the impact test

machinewasdesignedfor.

7.1.2 Experimental Procedures

Several of the Corothane I MIO-Aluminum specimens leaked after being coated

and prior to being impacted, and at least one of the specimens leaked because of poor

degreasing prior to the coating application. Obviously, the importance of removing all

vacuum grease from the specimens cannot be overstated.

The test matrix used for this research also was too small. With all of the variation

presented by the coating process, it is really necessary to have more redundancy in the

impact testing to be sure that the results accurately represent the behavior of the coated

specimens. Impacting two or three specimens at each impact energy right around the

critical value would help to define this value more clearly.

The specimens that were aged for this research were only aged for four months.

While this provided some insight into how the coatings will age, the trends would have

been more obvious had the specimens been coated earlier and aged longer.
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7.2 Recommendations

While this project provided a good starting point for analyzing the potential of

coatings to improve the impact resistance of composite materials, a lot of work remains

to be done, which is obvious since the coatings all failed during thermal cycling.

Furthermore, while conducting this research several observations have been made that

may help future researchers avoid some of the difficulties that were encountered.

One of the biggest difficulties encountered in this research was that there were too

many variables. Two that could be eliminated, or at least improved upon, were the

variability within the composite itself and the thickness of the coatings. As was shown in

Figure 3.2, the composites received were vastly different in terms of their cure alone, but

also there were significant differences in the thickness of the specimens. In future work,

it would be wise to use a material that is understood well enough to get a consistent

specimen every time. Also, some potential coatings, in this case the polyimides supplied

by NASA GRC, require heating to temperatures in excess of the Tg of the epoxy that was

used here, thus it might be wise to use a composite with a higher Tg. One material that

might be suitable for this application, and has been researched thoroughly at Georgia

Tech, is IM7/PETI-5.

The coatings that were applied both at Georgia Tech and at NASA GRC were as

consistent in thickness as they could be when applied with a brush. The use of a

professional grade spray gun would probably yield a much better coating, especially if
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someonewith significantexperiencecouldbe foundto apply the coatings. Also, several

of the coatingsapplied at GeorgiaTechhad someentrappedair bubbles. A spraygun

might alsohelpto eliminatetheseflaws,which wouldmakeit easierto seedamagein the

coatingsfollowing impacts.

While severaldifferent coatingswereused,manywerepolyurethane,andit would

be desirableto testa wider varietyof coatings. Efforts weremadeto considerdifferent

types of coatings,but it was discoveredthat many of the commercial suppliers are

reluctant to supply experimentalsamplesand that the products themselvesare not

availablein reasonablequantitiesand/orareprohibitively expensive.Two of the coatings

that were consideredfor this researchthat could not be acquireddue to cost were an

aerospaceepoxy-basedcoating,and Parylene.Both of thesematerialsseemwell suited

to this project, so if the problemof impactresistanceof compositefeedlinesis revisited

bothof thesetypesof coatingswarrantbeingrevisited.

Despitethe resultsof this testing,it is believedthat nanocompositesmayactually

besomeof the mostpromisingcoatingcandidatesavailable. This statementis basedon

both the work discussedin ChapterI13234,and also the fact that the CorothaneI MIO-

Aluminum coating (this may not be a nano-scalecompositebut it is a micro-scale

composite)did not delaminateor have visible cracking. Had a different composite

substratebeen used,and the coatings been applied thicker, it is suspectedthat the

nanocompositesprovidedby NASA GRCmayhaveyieldedtotally different results,and

thusmore researchis neededon thesematerials.
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This project was structured from the start to consider whether or not the impact

resistance of a composite material could be improved through the use of coatings. But

after completing the testing it has become clear that while this may be the ultimate goal it

is not the appropriate starting point for the research. Instead, it is suggested that the first

problem that must be explored further is simply to find what types of coatings will

actually remain both intact and adhered to the composite after extensive thermal cycling.

Only after finding materials that survive thermal cycling does it make since to determine

if they actually help make the composite more impact resistant. To this end, it is

suggested that thermal cycling be used as a method of screening all potential coatings

considered in the future.

The final suggestion stems from the background reading. Humpenoder 34 found

that placing a thin layer of tin sheeting in the center of the lay-up prevented permeation.

It is believed that the tin may also improve the impact resistance, and depending on the

thickness of the foil the weight may not be too significant. In addition to considering a

layer of tin in the composite, it would be interesting to study the effects of an adhesive

layer in the center of the composite.
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