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COVPCS| TE STRUCTURES HAVI NG HI GH CONTAI NVENT STRENGTH BACKGROUND OF - THE

I NVENTI QMofegakessof the Invention The invention rel ates to gopesss/oesi ng and
cont ai ners.-having a wall structure conposed of fiber reinforced polyner’
conposites. Description of Related Art Flber reinforced plastic (FRP)
conposites are finding increased usage as piping in chemcal plants as well "’

For “the ' r anepo PR IE B UETReS ke it MR SREREE TP, “Cour co.

These materials are also useful in the construction of containers such as
--pressure vessels-and under ground or- above ground storage tanks. The
~advant age of FRP conposites over carbon steel structures in oil/gas
applications includes superior corrosion resistance, flexibility in
achi eving nechani cal property design targets and inproved fatigue
resi stance. FRP conposites are also of considerably lighter weight for a
gi ven. wal BAGKGROQUND IO THE INVENFIONount er parts. FRP structures desi gned
for use in high pressure piping or casing such as crude oil pipelines and
oil well tubing are generally prepared by inpregnating a roving of
fil-ament sy fﬂl vehéi gth material, such as continuous WO 98/45635'
PCT/U898/gg%§§——jgﬁLgﬁa§§ filaments, with a t hernmosettabl e resin
conposi tion, such as an epoxy resin, and wi nding the inmpregnated fllanents
back and forth onto a mandrel under tension to forma plurality of
intermeshed fil amentThe indentipn refitestoepipes, tabingand containers having a wall

~ structure composed of fiber reinforced polymer composites.

Description of Related Art

Fiber reinforced plastic (FRP) composites are finding increased
usage as piping in chemical plants as well as casing used in the drilling of oil and
gas wells and casing and tubing for the tranSpbrt of crude oil and natural gas up

from the well source. These materials are also useful in the construction of

containers such as pressure vessels and underground or above ground storage
tanks.

The advantage of FRP composites over carbon steel structures in
oil/ gas-applications includes superior- corrosion resistance, flexibility in achieving
mechanical property design targets and improved fatigue resistance. FRP
composites are also of considerably lighter weight for a given wall thickness than
their steel counterparts. _

FRP structures designed for use in high pressure piping or casing
such as crude oil pipelines and oil well tubing are generally prepared by |

impregnating a roving of filaments of a high strength material, such as continuous



wound at an angle of 90[err] to the pipe axis.-or at angles of O to |ess
than +1- 90[err], e.g., + 88) with respect to the pipe axis, in which

| atter ca ical filanment wi nding pattern is formed. ired
pi pe malla?hg%gﬁgés is achi eved, the wi nding operation is f%@gntpnued, t he
resin is cured and the mandrel is extracted resulting in a cylindrical pipe
having a fiber reinforced wall structure. FRP pipes of this type and their
met hod of production are disclosed, e.g., in US. Patents 2,843,153 and

5, 330, 807, glass filtampits; witliasthenposettablefresini compusiteon, such s am epoxyoresingd

herein by reference. Larger di ter structure uch as coptai ners-may be
f abri cat ed aBéVIB thaymnsqmtqadgﬁ@wnéﬁ lgg@&ta@,d Hﬁtild?‘\@ §.m‘ﬂ£° €T desigred - -~ -

for use in,on
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fluids (oi Irwcf)u?l(adari iaflla?%ge rmgs)ts\%?éwé%?%s ?:Ilg%vaglg}aﬁqfﬂ%é? it%g er aﬂalﬁytbo’\,%#ﬁh
pressure tB_*KB_YFleiﬂh%épé&Qotlfd ipe lsRizvh whichltatttiossse ladrlicalfilantet aitddingr ce i s
an axial tensile | oad exerted along vectors parallel to the pipe axis and -
occasi oned phitemtis fomnerht After a desinerd pipeiwajl thickneapisathigved, theowinding
suspended in the grqund at the wel| bore and/or betyween the well haqre and
surface pl APERANRNiIH discpaumded, therssuyis ¢ %ﬂc‘tg\ﬁ anrﬁg‘sléeatfmﬁig TEUtRg t en
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ST ng 15 e B P e or sedes,

Ot her st r ug{3805807% thdicamplite disghstrusiof veltich pateats ure inanpeiatediiereiteby gned
primarily to maxim ze containnment capability in a direction normal to the
tank or vegeferencendiarger diametex isgyctures such@s gontgingrs mayke fBbrigasdthe
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same way using larger diameter mandrels.

FRP pipe designed for use in onshore or offshore fossil fuel recovery

must be constructed to withstand two basic forces to which it will be subjected.

The first force is an outer radial load exerted along a vector normal to the pipe

walls by fluids (oil or drilling muds) which are conveyed under moderate tohigh =

pressure through the pipe, also known as the hoop load. The second force is an

axial tensile load exerted along vectors parallel to the pipe axis and occasioned by

the weight of a long string of coupled pipe sections suspended in the grbund at the

well bore and/or between the well bore and surface platform in offshore recovery

operaﬁons. These strings are often suspended 3,000 to 10,000 feet (about 850 to

2800 meters), and thus must be able to carry a-long term axial stress in excess of

about 2500 pounds per square inch (or 2.5 'ksi) occasioned durhig operation and

when the pipe string is inserted and removed during the fossil fuel recoverj :

process. Other structures such as storage tanks and pressure vessels are designed
- primarily to maximize containment capability in a direction normal to fhe tank or

vessel longitudinal axis, i.e., hoop load. |



FRP pi pe having maxi mum hoop stlrength can be designed if the reinforcing
fiber is wound at an angle close to 90[err] to the pipe axis, e.g., +/- 70

up to 90[ ¢fg dsiaseversely, maxinumtensile strength is devepopesssidease the
reinforcing-.fiber is applied at an angle close to O[err] to the pipe axis,
e.g. +1- 30 down to 0. However, pipe wound-at or close to 90 exhibits sever
di m ni shnent of axial tensile strength whi | e p| pe wound at or close to O

o be axi s anal cs. ot HECHPER ha N RARsR R ke cHShE e bnd iR 7
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as separ ate ers one atop another, each’| ayer having bers
di'sposed aﬁbétfsfapphad apamangbeldbseemg}%eth&ptpgm . riéx300 doswa tkeOhoop or

axial stress bearng properties of the pipe as well as mnlmze t.he

coef f i ci enHowevsx,pipe wanindrationelaseip 0] @ﬂnbltﬁéevﬁrdlmm@ tof axiah, a |
S0rerr] 1 ajemite Scaacrule vk ot atshclose 05 sohite SYERBRUPRAMERE PE, o) o0
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generate even noderate contai nment stfes$. For exarrpl e, mcrocracKing and
del ani nat i partichlgriyaxiabstrergith.uct ure at or near the pipe joints and/or along
the pipe length provide a |eak path for fluids, commonly referred .to as
"weepi ng", which can occur at fluid pressures Whl ch can.be 5 to 10 tinmes

| ess than the pipe s t St sure. | nt f wa hnto the
pi pe wal | strugtgre 3:3% feﬁ’gg'@uf#'ét 6@&53 gt,om “7"3"’3{‘12&1’??{33?“ ur f aces
and/ or .bin at ed
O r ot ur eo SEEnEih bipe FARKRRAIR Pl Iag R B 2@?‘%&%@5%&“*‘ g

under gr oungesdrafedaminde gyt 6 Q0P dticther] eavhildyer Wiving drealibers dispoded hts

different pipe axial angles designed to maximize the hoop or axial stress bearing

hd

properties of the pipe as well as minimize the coefficient of expansion of the
composite pipe.  An example of such a construction containing +/~ 20° to +/~ 60°
fiber layers alternating with 90° layers is disclosed in U.S. Patent 5,330,807. Other
similar layered }aminates are disclosed in US Petertté 4728,224 and 4,385,644.

FRP co_mposités cmfently commercially available also may exhibit a

~ serious deficiency which makes their use not cost effective in applications that

: generate even moderate containment stress. For example, microcracking and
delamination of pipe wall structure at or near the pipe joints and/or along the pipe
length provide a leak path for fluids, commonly referred to as "weeping", which
can occur at fluid pressures which can be 5 to 10 times less than the pipe shori-term
burst pressure. Intrusion of water into the pipe wall structure via these microcracks
can attack glass fiber surfaces and/or binder resirt, leading to ply delamination of
composite laminated structures and premature pipe failure. Other devices such as

FRP underground storage tanks also exhibit premature microcracking and thus
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-4- their corrosion resistance does not offer any additional advantages

over Si r%é.agisﬁg&§al ~structures. Although m crocracking can é‘gg'#hg&tled by

I ncreasi tructural wall thickness, this solution dri _

conposite pipe cost up as conpared to that of carbon steel structures. The
hi gher cost constitutes a barrier to the substitution of FRP conposite

pi pes for carbon steel in noderate to high (injection) pressure -

appl i cat i thefr.coffosion resistimen doke nopgiifercaty addstionial advantrgessevbrsirhilat hi ckness
prevents.the use of conposites where the di-aneter of ‘the well bore is

. const r-ai-nogtal sSBBeYERS. of the cross-sectional area available for fluids to
flowis smaller than that for carbon steel. The use of conposites in these

“applications would require drill hol'es with larger dianeter, and this gives
rise to additional diili .P&&&E. ' : Rt e i y object of
this invention to p%@lohgﬂg%l%pom kﬁ&%ig%%ggﬁtfgtsbylh%\#ﬁgfn rrrm;'rgoved

cont ai nMegiuchintab Malithivkeesd) b salutiofdrives g5 compésitedpipt ebsiaippaki ng and
del am nation on the one hand and al so have di m nished wall thickness on the
ot her hancomparedito shattofeasion steel strucmres. Thepighescost constitnfeatai tardexdot h
car-bon steel well bore/casing dinensions. %UM\/ARY OF THE | NVENTI ON The

i nvent i onthersybstétation of SRdbeemposite pipes Fagicar 1in mederatetodighir e having a

i de.or (RReBEn AasHch agRiiogs, AlsS.d8 o vl sptieBhBL S e REao: | cae:
one | ayer uGAciciidtrby il idoooniRRiiE oA hEldBEAERF B9 tld BN Bofe S

fi bers having an average dianmeter o ess than about m crons i npr-egnat ed

i n a resi RUonstaingdd because of the cross-sectional area available for fluids to flow is’
smaller than that for carbon steel. The use of composites in these applicéxtions
~ would require drill holes with larger diameter, and this gives rise to additional
drilling costs. - | ' '

Accordingly, itisa primary object of this invention to provide
composite FRP structures having improved containment strength and which are
iné;c resistant to microcracking and delamination on the one hand and also have
diminished wall thickness on the other hand such that the structure, e.g. pipe, is

more compatible with carbon steel well bore/casing dimensions. -

SUMMARY OF THE INVENTION

The invention provides a composite, fiber reinforced plastic structure
having a wall portion defining a containment portion for the storage or passage of
fluids or gases under high pressure, said wall portion comprising at least one layer

‘66ii{;'ifisiﬁg a plurality of continuous reinforcing fiberglass fibers having an average

diameter of less than about 10 microns impregnated in a resinous binder.
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-5 - In another enbodi nent of the invention, the fiber reinforced plastic
.struct ukgo bges3Pi pe conprising an el ongated hol | ow t ubul apcragigsebsiei n t he
continuous- fibers are disposed at an angle of O up-to 90[err] with respect
to the longitudinal pipe axis. In a nocg.preferred enbodi nent, the wall
structure of the pipe conprises at |east two fiber reinforced |ayers in
fixed |l am nar contact, a first of said |ayers conprising continuous
fiberglass fibers fnanhothenembodiment ofithedinvention, thediier retnfersed plasticni cr ons

din; i “bi nd d di, d l.e of
o R RIS B S W 1
o SR A R B R Bl e O T,

differs {4. o ;@f disposition of the fibers in said first |ayer.
Conposi t?aCr I’H.?rallj gg%?g'par ed in accordance with this invention exhibit an
increased stiffness and containnent strength in a direction nornmal to the
reinforcing fiber axis due to the increased surface area of microfibers
avai | abl e for bondilng more preferresi embediment, the wall structurgrofithe pipeed

resi-stance to m crocracking after a_prol onged peri.od of use in the fjeld.
The conp&empases afjeasttwe esaelg&ré%fammﬁmo lagnar contact ey ﬁm}ﬁ i nal
shear strength, al.so due.,.to thg ingreased Surf ' Lcrofibers
Svarl abl SR CamfisRs YWhthfats Bur S BRED b RS afll DlarikehBt et *

DRAW NGStifemOatioit 1oixﬁic%hﬁh§)fé%xmed i £Yedifoltihid andefisped et aRR@gRGPdi ment
.of .a conposite, Iamnated pipé elenment of this invention. Figure 2 is a
schemat i 0° dp a0v0Y wiith respes i thetlongitedinahpipb ewiscarilontidrsetiondflayerc onposi t e,
| am nat ed pi pe element of this invention.: ) . . g
containing continuous fiberglass fibers impregnated in a resinous binder and

disposed at an angle with respect to the longitudinal pipe axis which differs from
the angle of disposifion of the fibers in said first layer.

Composite structures prepared in accordance with this invention
exhibit an increased stiffness ahd containment strength in a direction normal to the
réixxforcixxg fiber axis due to the increased surface area of microfibers available for
bonding to the resin matrix, as well as an improved resistance fo microcracking |
after a prolonged period of use in the field. The composite structures also |
generally exhibit an increased longitudinal shear strength, also due to the increased

surface area of microfibers available for bonding to the resin matrix.

* BRIEF DESCRIPTION OF THE DRAWINGS

Figure 1 is an elevation view in partial section-of one embodiment of

a composite, laminated pipe element of this invention.

Figure 2 is a schematic drawing in cross section of another

embodiment of a composite, laminated pipe element of this invention.
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Figure 3 is a graph plotting conposite transverse strength as a functionof
gl ass fi beyg g, er as predicted by m crostructural nechani,éfmgmgéler‘
nodel as conpared to a neasured value, for a fiber volune fraction of 60%
Figure 4 is a graph show ng short termft&rflure envel ope neasured for a
conposite pipe having +/-55[err] disposed fiber and predictions froma

t heoretical computer nethodology. Figure 5 is a graph showing long term

hoop design strength for a conposite pipe having +/-55 di sposed fi ber

subject to cyclic prﬂgﬁferﬁsad%&gﬁpwﬁhg%bm itEb@HEerée étferigtigneph showing- -
the long termfailure envel op f "convénti onal -conposi te-pipe having +/-55-——-
di sposed ffition dfglaswofiberddiametes us pfedictedbymivsostmctybmedhartise i nvention
containing 7 mcron _dianeter fibers. DETAILED DESCRI PTI OF. THE | NVENTI ON

The i nventcomputesimodel ascompared ta 2 measured yalue 12 Hberey ifeaetionof] ess |

t han 10[e%@&n) I n polymer conposite | am nates such that .the strength and

| ongevity %pressure containing devices made fromsuch lam nates is

increased in oil and gas production/transm ssion application. Pressure
cont ai ni ng devi ces include: pipes, downhol e tubul ars, casing, pipelines,
pressure vessels, urpgnes #iulgbhishowingstcit tepnfallard envalayesmenshred Rer

structures. The exanpl'e of glasS fiber-teinforced conposite pipe_is shown
bel ow, wharconmpasiteqipehavingt/+H58 disposedfibetandipredictions fiom aitheoreti¢alnet er of
| ess WO 98/ 45635 ' _ T o
PCT/ Us9s/ Gemphteramethodology.

Figure 5 is _a'graph éhowing long term hoop design strength for a
composite pipe having +/-55° disposed fiber subject to cyclic pressure at 200

cycles/min.

Figure 6 is a graph showing the long term failure envelope of
conventional composite pipe having +/-55° disposed fibers having a diameter of 14

microns vs. pipe of the invention containing 7 micron diameter fibers.

DETAILED DESCRIPTION OF THE INVENTION

The invention relates to the util_izatidn of micro-fibers (diameter less
than 10pm) in polymer composite laminates such that the strength and longevity of
pressure containing devices made from such laminates is increased in oil and gas

- production/transmission application. Pressure containing devices include:- pipes,
downhole tubulars; casing, pipelines, pressure vessels, underground storage tanks,

composite wraps and like structures. o e

The example of glass fiber-reinforced composite pipe is shown

below, where the containment pressure can be doubled (for fiber diameter of less



than 4[err]m fromcurrent comercially available levels. This is based on
the fact the performance of pressure containing devices is |imted by poor
mechani Cdo pgigyess ties of the individual lamnates, in the gicrasdskmsysnor mal
to the fiber axis. The nodification inyvolves substituting glass mcrofibers
(dianeter less than | Jerr]m . for gl asd *fibers currently in use (dianeter
between 14 and 24[err]nm). This substitution is shown by m crostructural

oot et ER o SERR BOBert AUl ASRIATE 1614 | TESEs Bpad ictaee 0 100
m crofiQgr ﬁg@éﬁ#&ﬁé& @faﬁ 260 R Athi HEw’EE&sﬂ?rhitbébyE&rmh@ﬁmm cro-fibers

t herefore stantla ncrease (up to" a faeteor-of-twe-for -

fi bter d:ﬁfﬂ?é&fés @ftﬁeeﬁﬂmbaﬂ l&ﬁﬂxﬂdtkmnthbdimdummm&tmﬂmrﬁb i They,
parti cul-ar

y for downhol e tubing and casin appl i cations to
gr eat er maodifivation iméolpenmibstititing glaﬁrmldroﬁgm@( E&Q?@ﬁ*ﬁﬁ&?'@@%@%@ﬁr ci al
fibers avail able for rrp05| pi / t ubi oi atiQns, a
simlar 8 ﬂﬁﬁrﬂb@'ﬁﬁﬁmﬂé 1 gsey dF%IBF%F%g mo?“gﬂﬁ é‘ﬁ P erties
is also realigzed g{#ﬁ e (up to
a factorrhg 6%?“?595 9@5%'@%%[%%%@%& vapa {}F)I ty, part | C&F ?ér surface

and -buri g6h ftepiofiPirPihR! difedtibA RBrmAld B FHEE 8R! duio meenmmurfment i on

wher e t he pres?ﬂge containing device Is a pipe are shown in Figures 1 and
2. Fi gurgred ofiaiitifibees svailabte for pendimpswithi ¢he matrix. Tfheme bfisucra-fhensat ed

pi pe structure having an inner_ |ayer (a) conprisi g;ofg? f| ber s '
- di sposedtharefaregesultsjine substantial instease Gup kroa fantof ¢ UY‘-h %@F@rpﬁ fixed

Gif 2?2%%“ ""”m%btér eéﬁ%qﬁéor&b) SRR M&pe&*’m?@er&% SRR e

F
?ljlpf)ortl e%&}&a P%tl 3@“&?@5@ g‘é‘&ges se?ar a?H1 _kggﬁ%ﬁé subj ect
matter of e&ﬂﬁﬂég e g@%ﬁ}&mm +<Cai1aBlel£8P ?ghte fxiph@%?tubingméﬂ)’gﬁed -

States Patent” an I ce on even date herew
applications, a similar improvement (up to a factor of two) in composite shear -

s

“properties is also realized, which is expected to lead to substantial i increase (up to a
factor of two) in device containment capability, particularly for surface and buried

piping applications.

Two embodiments of the present invention where the pressure
containing device is a pipe. are shown in Figures 1 and 2. Figure 1 depicts a simple
pipe construction of a two layer laminated pipe structure having an inner layer (a)
compri_si_ng embedded fibers disposéd ata 90° angle with respect to the |
longitudinal pipe axis in fixed contact with an outer layer (b) comprising embedded
fibers disposed at a different angle, e.g. about +/-40° with respect to the
longitudinal pipe axis. |

Figure 2 dépicts a laminated FRP-pipe specifically-designedto ...
support the hoop and axial load stress forces separately and is the subject matter of
copending patent application [96CL058], filed in the United States Patent and

Trademark Office on even date herewith.
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8- In a preferred -enbodinent -of the invention where a pipe wall structure
conpri ses ' fiber reinforced |ayer, the fiber may b EERRRss At an
angl e of @eidrl?%usg to 90 nore preferably from about _+/-15[2$6rlﬁlﬁup t{t}l
+/-75[err] with respect to the Iongit_udl‘ﬁal pi pe axis. Were the pipe wall
conprises two or nore fiber reinforced lamnated | ayers as shown in Figs. 1
and 2, the fibers in one |ayer are preferably disposed at an angl e of
greater than +/-60[err] up to 90[err], and the fibers in the adjacent |ayer
are DVEferab|'_Y“d"'SDQﬁ'QCbréferft'&e%ﬂﬂé(ﬁn{éf:xtgfﬁﬁtiﬁ{leﬁﬁb%nwﬁ&@bﬁ ipewdl{err] up to
+/- 60, -each-wi threspect-to-the | ongitudinal pipe axis. Figure 2

speci f i calstructshoosmprises singlediizdr reinforced 1ayer, the fibeputaydre dispesedeit an

t hreaded end -section of .pi pe copstructed jn accordance w Jh another
enbodi nen@ngle o} $1p; e merg praferably drem eheutsi/pk> d@r@iﬂ%d’(&&ﬁes@Fﬁfﬁat ed

pol yror | B oadiital R30S e e it SELRRARE b ok O,

protecti V?emfofeé&mﬁtédqxgé gge%%@g%ﬁi%m%a tﬁeeﬁt)wmhe%gg@e shown

at 6 conprises a male thread _ | oI Nt section cut or | into
outer-rei g,i-@fefafbﬂbr dispesediat aicinploof preater e -5/-60fayntd 20°and thesfiberglin pat t er ns
at 2 and and a horizontal pattern at 4. The fiber patterns in Fig. 1 and

Fig. 2. athe sdjacenttlayer areprefarably disposed atdinrangleof greater shan sbautnd4303r awn t o

scal e to show fiher wi.nding density. Layer 4 of Figure 2 is the-axial |oad
bearing | ApdP 4 g‘héaihngéﬁﬁpcht%é@ilgﬂéwwlmm%ébstantia| ly all of the:
axial |oad exerted on the pipe when. a. nunber .of pipe segnents are coupl ed
to formstrings and the string is disposed vertically under water and/or
into well bores. AX'E};u&%dc?ﬁédﬂ?%@Wstﬁdelé’&ﬂﬂﬂal P infpdrtialdedtioh ol €

t hreaded connectors or couplers (hot shown) whi-ch are adapted to nate with
two pi pe amale thueaddd endesectioh ®f pipeeshstucteddn abeordamesst withtanotheof a pi pe
string. The taper and cut of  male threadedjQint sectign 6 extends.i nto/onto
axi al | oadmhosiment ofthis nyentintor As shown; the Piprogpnsists el@ngaf@a ooy

underlyin %ﬁlﬁgreﬂodgy 1 constructed of three laminated fiber réinforced polymer layers
shown at 2, 3 and 4 respectively and an optional fourth protective or wrapping

layef shown at 5. The end section of the pipe shown at 6 comprises a male
threaded tépered joint section cut or molded into outer reinforced layer 4.
Reinforcing fibers shown forming helical patterns at 2 and 3 and a horizontal
pattern at 4. The fiber patterns in Fig. 1 and Fig. 2. are drawn to illustrate fiber

winding‘ patterns and are not drawn to scale to show fiber winding density.

Layer 4 of Figure 2 is the axial load bearing layer of the pipe and is

designed to bear substantially all of the axial load exerted on the pipe when a
number of pipe segments are coupled to form strings ahd the string is disposed
vértically under water and/or into well bores. Axial load is transmitted along layer
ST 4..thmugh-female.ﬂxreaded connectors or couplers (not shown) which are adapted to
N " mate with two pipe ends which are to be joined during the construction of a pipe

string. The taper and cut of male dxreédedjoint section 6 extends into/onto axial

load bearing layer 4, preferably to a degreé'short of reaching underlying layer 3.
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-9- The-fibers present in binder layer 4 in Fig. 2 are disposed at an angle
W th respe@p8/4563% he | ongi t udi nal pi pe axis designed to nmaxPETABBNSEXi al
tensile | oad bearing properties of thisglayer, e.g., at an angle ranging
fromO[err] up to +/- 30, nore preferably up to about +/- 15[err] and nost
preferably at about O[err]. Fibers at 4 in Figure 2 are shown disposed at a
0 angle with respect to the pipe axis, but it is understood that this angle"

to and_j ncl udi /- 30..L 3, F 2 h
'oad bear Fﬁg ?a§2r Top v PRosItin Bl Js in gt BiRirRgRar atpnianelty
- .cont-act—wi d is,.d d. radj al | Th

Feint of Vit Tesmr 1o thedBBpintifAlRE Atls' @highint piintecthe a2 I*%A% ' gr eater

rei nf orcTl
- than +/- %@éﬂg}% f8mP0 ¥p ta®/-80°,
preferab éﬁ[ggéét%%\g% Séwglso{ag I:’]réegam up to g%ivﬁh resp‘g%t to the pi pe
axis. Wigbee b ﬁifﬁfabg' up té bsotal/e 1 Sfoam ﬂn@aﬂpﬂeﬁaabmtlahwo tHibefsidtdrin are
preferably di sposed at an |l e of at |l east +/- 55[err], pore preferably
about .+/Figno§ 2rarg shwwnldxspesggatta@oangl@vsp sne&t§0ﬂleem§¢ axiss BB 15 n Fi gure 2
may be the, sol e hoop, | oad, bearin e s may be further
accommd‘éﬁ@!s'fﬁ?dmthlfs ﬂ%lleem@kft"a%h %%ﬁﬁ%ﬁ&?&@?é&: such as layer 2,
which is disposed radially inward of layer 3 and in fixed contact
therewith. Layer 2 contains reinforcing fibers di sposed preferaldly at.an

angl e greater thangl peraaﬁdaﬁn%wg.ﬁeqsstal ifopdbad beariighyer bfitopige 3 and up

to an angle of 90[erf] with respect to the l'ongi tudinal pipe axis. Most

pr ef er abind tdapfiséea sedond Iayenin Fixed eodtap vathdayer thandmghep@ﬁedaadiaé\a'st + -
60 with respect to the pipe axis. In a preferred %erent of the
i nvent i omwirdrof 1 @Yﬁé 4, Fhe reomiorsing fibery presentip dayer 8 are sed Aban WEEs the

| ayer s af Bebe et A0 SRS Psctgﬁ%ﬁ‘o?rﬁ-ﬁwi?%&?%?fﬁ?@#%r Werably"

about +1gre%1l-5€l‘ R+ hﬁ)°fahﬁ‘?{p5to'9b° ﬁ?fesﬁecﬁbﬂlgbﬁﬁ%{w Whefd132884s of

greater

the sole hoop load bearing layer, the fibers are preferably disposed at an angle of at

least +/- 55°, more preferably about +/- 70°, with respect to the pipe axis.

Layer 3 shown in Figure 2 may be the sole hoop load bearing layer
- “or hoop stress may be further accommodated by one or more optional additional
.laycfs such as layer 2, which is disposed radially inward of layer 3 and in fixed
contact therewith. Layer 2 contains reinforcing fibers disposed preférably at an
~angle greater than the angle of disposition of the fibers in layer 3 and up to an angle
~ 0f 90° with respect to the longitudinal pipe axis. Most preferably the fibers in layer

2are disposed at an angle of at least +/~ 60° with respect to the pipe axis.

Ina pr_eféxrcd embodiment of the invention where the pipe comprises

thr@q_composite reinforcing layers, the fibers in layer 4 are disposed at an angle of

about 0°, the fibers in layer 3 are disposed at an angle of +/- 40° to +/- 60° and
preferably about +/- 55°, and the fibers in layer 2.are disposed at an angle of greater
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10- than +/- 60[err], preferably about +/- 70, each with respect to the

| ongi t udyAJs/sRéaRE - axis. Layer 5 shown in Figure 2 is an opid oaqer -
whi ch may he applied as a protective IZ er or as a fiber fgéd.‘ﬁ?%sce?‘w ndi ng
| ayer to insure that the fibers in layer 4 are tightly bound in the resin
bi nder. Layer 5 is not designed as an axial |oad bearing |ayer but may be
si mply £60° t‘e@ﬁbgia @S] 50 BhclPWith rRépdch® elongiRstindl'pipe t o
forming t| eq{/apef %ma t hr eaded J’O%nt section. 6, Stru%tures pngde in
accordangdswi th this invention may conprise a wall portion containing a

single layer of resin inpregnated fibers, (layer a in Fig. 1 or-layer-2 in - .

Fig. 2), or two or nore layers in fixed contact as depicted in Figs. 1 and
2. The glass mcrofibers used.in.the,present. i nuenti re extrenely thin,
havi ng an aver age L‘PXWE?@#OWHP h%“?ﬂéﬁa’lﬁpﬁPﬂa:j%?r%cﬁ%%éﬁ%'?ﬁ from
about 3-9 m | | Sk | ' s fibers
ani oh el BpETve A0 £ SRbadII0RRY wding A AR (RiVhe BHERS | PUaT
Struct ur g, 190ert N GreCisHtR) BORIY indRY r&n BRHARE.] BAFersS Ririttldesipav@hs 8h aksi n
irrpregna?le1 ?ibers, t he m'crlgfibers are used in that.'la%/!’gr. Wiere the wal
st r uct ur pad bearihgdayeztbat nfaytbesimplya protdctiveclaget, ahd yecwt awayeatithe pige ber s
can be used in all_layers or only in selected [ayers, with conventional
gl ass -or enssi griantp dorming the fapened Malaithreadsddoit S8R &t her | ayers. Thus, in
Fig. 1 layer (a) can conprise glass. mcrofibers and | ayer (b) cari conprise
conventional glass fibers or other fibers such as graphite, aram de or
Kevlar[err] fibersguy3ei ; | is i eRion #n mhHsélacan
conprise glass m Cﬁgébglééi‘ﬂgpegﬁn?@og%?%gﬂéﬂéhﬁg%rS rral; C%}Brr%ori __es_t he gl ass
m f_r Ogi bgdal.potkior o6ntainiffe siiglé Diyef 66reain infpreghated fibes) (layer a mi bigs lor
cylinders, . ) ) R

or layer 2 in Fig. 2), or two or more layers in fixed contact as depicted in Figs. 1

and 2.

The glass microfibers used in the present invention are extremely _'
thin, having an average diameter of less than 10 microns, more preferably from |
about 3-9 microns, which distinguishes thém from conventional glass fibers which
have an average diameter of at least ébout 14 microns. Where the wall structure of
the containment device comprises a single layer of resin impregnated fibers, the
microfibers are used in that layer. Where the wall structure is a laminate of two or

~ more différent layers, the microfibers can be used in all layers or only in selected

| layers, with conventional glass or polymeric fibers being used in one or more other
layers. Thus, in Fig. 1 layer (a) can comprise glass microfibers and layer (b) can
comprise conventional glass fibers or other fibers such as graphite, aramide or
Kevlar™ fibers. Similarly in Fig, 2 all of layers 2, 3, and 4 can comprise glass
.'r_nicroﬁbers or only selected layers may comprise the glass microfibers.
| Composite FRP structures of this invention e.g. pi;;es or cylinders,

may be made by the well known wet filament winding process such as disclosed in
the aforementioned U.S. Patent 2,843,153. By this method, a bundle of continuous



may be made by the well known wet filament w nding process such as
disclosed in the aforenentioned U S. Patent 2,843,153. By this nethod, a
bundl e, of wOIBMSEISUS WD 98/ 45635 PCT/US98/06481

PCT/ US98/ 06481 - 11 - reinforcing filanegis is inpregnated with a fluid
resin melt or resin solution, preferably an uncured thernosetting resin,
and fed under tension through a shuttle which traverses back and forth over
a rot at i ngreinforhing filamnenss isimpregpated veith aflaid regimmelirasiresinselutionay traver se

e Do o BegP i b SRR Rl IR T,
p one. | aySpiitotYRtses Halk S Fore oRETa lRbE bR AR B BRI
The angl e xﬁ?n&!ﬂqfﬁ@eimagrtr@feré ia%%rtﬂa?nﬁtﬁ@-mﬂﬁb rhay bOth aedel -

| ongi tudi nal axis may be largely controlled as a function of the |ateral

speed .of tpwitidttle as it traverses the mandrel. After the desired
thickness of the initial layer is_achieved e.g., | ayer (@) in Fig. 1 or
layer 2 in Fig. 2, tTHbeimpragpatedfibardumdles age buthiiep along themandeelanngl e

| ayer struclture Is cured,and renoved from the,.mandr.el .

Wh Il
st r uet ur escIB¥e PRRFIBIY 0 abuttine oneanother and may form F?éssp?rf?ﬁ%@ieﬁf;\é‘\ﬁ?&ftﬁ’é‘lsed to

| ay down | L i ders ; i fferent

| oy dotn hREQE bANSER S BB o ERMR IHRCSfz ek gkl 61 T orer
Fig. 2 mayacdiéveddertaniigledf dispositibhf the Ab&Qtwith f&ﬁe@ tb ek frandeelexcept
where the fibers are disposed at an angle of Ow th respect to the mandrel
axi-s. | n tlongithdinakbaxis axy, be laegelyicahtrblediaba funictipnl of\the Jatérali epiadef the
thi ckness i,s appljed as a resin_saturated prepeg, tape or,. sl eeve which can
be lai d upshuftieasi raxexses #eqwadsﬁ? éﬁ%ﬁ@qgwﬁglmﬁws e MetiAbBYERS be
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discontinued and the single layer structure is cured and removed from the mandrel.

‘Where wall structures of two or more layer are-to be made, the process is adjusted
o lay down a second layer of reéin impregnated fibers at an angle different than
that of the initial layer, and so on. Axial load bearing layer 4 in Fig. 2 may also be
applied using the filament winding technique except where the fibers are disposed
atan anglé of 0° with respect to the mandrel axis. In this latter case, the axial load
bearing layer of desired thickness is applied as a resin saturated prepeg tape or
sleeve which can be laid up by hand. Alternatively, a longitudinal lay down
method may be used where 0° fibers are laid on the mandrel atop layer 3 while

being captured by a 90° outer wrap, such as illustrated at 5 in Figure 2.

Other structures such as tanks and pressure vessels may also be made
using the above filament winding process using a larger diameter mandrel, orby

the lay up of resin fiber prepegs over a forming structure or mold.

‘The resinous material which serves as a binder for the reinforcing

fibers is preferably a thermoset resin such as an epoxy. The preferred epoxy resins



Ot her structures such as tanks and pressure vessels may al so be made using
t he above filanent w ndi ng process-using a |larger dianeter mandrel, or by
the lay we oglis¢zgsi n fiber prepegs over a formng structur g;g]u The
resi nous nat erﬂ{al whi ch serves as a binder for the reinf O?(ga{’ll% |g4gas IS
preferably a thernobset resin such as -dh~ epoxy. The preferred epoxy resins
WD 98/ 45635 ' ' PCT/ US98/ 06481 |
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pol yepoxiyerly] efter dibveldtaresintilysidyPe®Brxnd sl8sHatie polyepokidis; Shoui eef r om
epoxy ‘resins,  other suitabte-thefosetti-ng pelyners include phenolic

r esi ns, suitable epaxtyaesins mymshensedanAlside fronmepeey resins, othgr sitalile condensat i on
of these resing is selected so that, the viscosity_ of_ the resin product is

adapt edtheamesesting privmaers éxcinds phenolisresins,upsayrated palyest#s 8fd ¢ he t ubul ar-

body. The th Lt .xed wi.th. suit , h
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t her-mosfrination of she)tubuldidodyp Tt therniesettivg ?ammmmmmuhene et hers,

pol ysul fones, ABS resins and the |ike may al so be used, but these are |ess

pr ef er r sttabknkardeners; sughas arematic pplyanunes; polyamides ebiphatae pelysmrizes, n -

form ng_the . tructure OUI% be suffjcient such that the .volune fraction of

fiber pPRIYBHESRPYHIVCRIEY Prradiamides, RIMaYSAr STHORAATY GRMER, PEXHIEY er abl y
t | % Y f a0 to 70%

at | easied Dé“orfaﬂg gf&% Jfifie p@é@%&é%@lﬂfuﬁﬁ& Otk ﬂlé!?l%ktettﬁ% 0 0%

with the palance _ T _ ron. " The m croglrass or’
convent gl meﬁﬁﬁPraatiaiésw Mh&'s%@ﬂéﬁ?ﬁn@%ﬂf&ﬂ pﬂ%s@fbﬂﬁk,lﬁgsl n the form
of filaments or fiTanent bundl es. t preferably, the

resins and the like may also be used, but these are less preferred.

G’

The quantity of resin applied to the glass microfibers in forming the
structure should be sufficient such that the volume fraction of fiber present in the
cured product is at least about 40%, more preferably at Jeast about 50% and most
preferably in the range of about 60 to 70%, wifh the balance being the resin |

' composition.

The microglass or conventional glas_s feinforcing fibers used herein -
are supplied in the form of filaments or filament bundles. Most preferably, the
individual fibers are coated with a material which will enhance the adhesion and
wettability of the glass fiber surfaces with respect to the particular resin used as a
binder. Aminopolysiloxané_matexjals are particularly suited for this purpose.

e .. After the ;esimwetted composite structure is assembled on the
mandrel, the thermosettable resin, ¢.g., epoxy resin, is cured by heating the
structure to a temperature sufficient to cure the resin, é. g., 100° ] 170°C, for a
period of time ranging from about 30 minutes up to 12 hours, after which the



I ndi vidual fibers are coated with a material which will enhance the
adhesion and wettability of the glass fiber surfaces with respect to the
parti.cul wo 98635 used as a bi nder. Am nopol ysil oxane nat er P@rasas/as4s1
particularty suited for this purpose. AE er the resin-wetted conposite
structure is assenbled on the mandrel, e thernosettable resin, e.g.,
epoxy resin, is cured by heating the st'ructure to a tenperature sufficient
to-cure tab@exﬁw i8 reffioed frbaP iR mhhndrell 7Pheridplasticaesias peed adt bé citede r angi ng
from about 30 minutes up to 12 hours, after which the WO 98/ 45635

PCT/ US98/lﬂﬁéiiﬁply1®ola’semﬂtﬂ mandrel pnnr/moh'etnmmlt he mandrel . Thernopl astic
r-esi ns neet-not--be—cured,~but sinply cool ed on the mandrel prior to
renoval . The wall: thlckness of corrposHe FRP structures nade in accordance
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di mensi ong;« giis iz?Jenﬁfon‘}né % f'%xgié Louf0d dygclgrﬁ it® aBoted.b ihdHegkness.

Common t ubi'ng di nensi ons c rrprl se | nsi de er and .4 inch wall

t hi cknes pip¥\pirRete danYange frohesbautd tﬁEBEmlcheﬁo(COIMFxpﬂdlmehkﬂonm nventi on
usi ng two or more FRP lamnated |layers, it is preferred that the |ayer(s)

cont-ai ni ][Dg)nsigltat)@#m?h imsideatiametes apd O; 16 mclhlrw@hﬂildﬁl:@%nQPMWé tghingeast 30%
o 00
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qual i fi cahinpi RER p&&eﬁ%a%évtﬂelég)gﬁ eostalr@ngitash e midiBABrsHfr engt h

of a corrp03|te pi pe. Thi's i nvol ves subj g a corrp03| e pipe to cyclic

pressure mﬁtmizaﬁim cdnsﬁ}ute\atnlsabt 3(3%apoxraqrrefalaldyfab leagpflFecafithe overdll h

pressure |l ess than or equal to
wall thickness.

An epoxy resin binder material used in FRP pipe construction has a
visco-elastic nature, and in consequence, the piping/tubing mechanical properties
such as strength decrease as a function of time. There exists well-established
qualification procedures to determine the lbng term design (hoop) strength of a
‘composite pipe. This involves subjecting a composite pipe to cyclic pressure (at
'150° F), which is appropriate for applications with pressure less than or equal to
1000 psig, or to constant pressure, which is deemed appropriate for applications
with pressure greater than 1000 psig. The hoop stress value at which loss of pipe
containient integrity is observed is recorded. Data is extrapolated from a testing

- period of about one year to 10 or 20 year service, as needed. Conventional
composxte pressure containing devices subjected to this quahﬁcanon procedure
exhibit a long term (about 20 y_ears) hoop design stress of 10 to 12 ksi for

__composite _pip__ing_applicaftions, and a long term' axial and hoop design stress of 6 to

- 7 ksi for composite downhole tubing/cé.sing applications.
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1000 psig, or to constant pressure, which is deemed appropriate for
applications with pressure greater than 1000 psig. The hoop stress val ue at
which | o 0@&?g%ge containment integrity is observed is re T%%%&ngg S
extrapol ated tTom a testing period of about one year to 10 Of year
service, as needed. Conventional conpodfte pressure containing devices
subjected to this qualification procedure exhibit a |ong. term (about 20 .
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in a dirgetisQlispiiednt alo0° ahgleivi Rapadtad the Rmgituibal pipecaxis wherehy thent
having reirnforcing fibers disposed at a 90[err] angle with respect to the

| ongi t udfibets hEveenaviesagehdiamieter toff @ thichenswhsipreparedlye thegeinding prosesof 7

m crons was prepared by .the w nding ,process descti -above. simlar pipe
cont ai ni dgscEbEdabovendl Slﬂﬂ%@[l@r?‘]n%mqﬂivﬁg?‘gn é@'l% wﬂifé‘%{@e fiber

nad 5 coBRYPBER Rystaprctve SHEnb Y of Shu hler e (R BIRY MR ' U
ad a _ : . |
or e ot PR G B e o the Ty bar axis as

a functi onmeoich viadl thidlaiees. eA. mithestrietiekl inechatitsiedraputey methedologypis wi t h
transverse conposite strength val ue deduced fromthe +/-55 degree wound
pi pe wi t msaditd predict thelsminatefsitength inithe direation nexmalitethe Bbeaxis s a5y err] =

7.5 ksi). Figure shows t he_conmpuj et | predictions o ined for a
typi cal )Msgpnr%ﬁgbq dgﬂ&e@r-f ﬂﬁ%?&?ﬁﬁ)hﬁr@ lbﬁmaPa%W%Wﬁ‘g{?Pé"%s i spl ays
a measur - ' ' [ Jhur : s o for the
1 oot or BppRSld s Vbl adHSeA) frof s £ B0 WRRbify bakERN for the
diameter fibers (i.e. 11.2 ksi times sin® 55° = 7.5 ksi). Figure 3 shows the computer

- model predictions obtained for a typical epoxy matrix and a fiber volume fraction
of 60%. |

Figure 4 displays a measured short-term multi-axial failure envelop

(open circles) for the +/-55° lay up composite pipe (epoxy Young's modulus of 430
ksi, and a tensile strength of 10 ksi) subjected to different petrochemical service |
conditions. 1. is for pure axial stress, 2. is for axial stress equal to hoop stress, 3. is
for hoop stress twice the axial stress and 4. is for a pure hoop stress only.
Conditions 1 and 2 are relevant to downhole applications (tubing, casing and
injection tubing) while 3. is relevant to surface pipe and 4. to buried pipe
applications respectively. Using a solid mechanics treatment incorporating the
glass epoxy laminate properties directly measured from the 90 degree wound pipe
(the laminate transverse and shear stress/strain curves) the short-term experimental

failure envelope is matched with a 10% error by the results (full triangles) obtamed
by the above theoretical methodology. '



ksi, and a tensile strength of 10 ksi) subjected to different petrochem cal
service conditions. 1. is for pure axial stress, 2. is for axial stress
equal. t oWlooas#5635r ess, 3. is for hoop stress tw ce the axi abcrusssimasind 4.
is for a pure hoop stress only. Conditigns 1 and 2 are relevant to downhol e
applications (tubing, casing and injection tubing) while 3. is relevant to
surface pipe and 4. to buried pipe applications respectively. Using a solid
mechani cs treat nentlniopd@rtodetdritige thedoppaam &ihwy chwelope) thefjong erti es
directly measured fromthe 90 degree moungbgﬁpe (the | am npate transverse

and sheadesigndoopstreagth afithe ebpve mentinned degsesovoundpipe must be e
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(cyclic ser e pressure ss than 10 psi g), as depicted by A

pure presgtvice lifesthe lowesnconfiede level (DALY theluigh term lﬁ)oprstnésg(L'ﬂHS}\f ter
extrapol ation of the data to about a 20 year service life, the |ower

confi dendsabautd, QQ_QD_S)I,@TIQK% |Bx¢dongteﬁmmp@slteé§@8(vznaq$nd sheabhout. 10, 000
psi, or 10 Qi} . on é,m CO S|te tran ver e an §hear strength are
obt ai ned SB§R J*E%P faingd-by a e theoreti cal

net hodol E‘Mll%étﬁﬁ%?g :ﬁ} Elc?éd 5 Cog&f&%hmﬁghgzlﬁlfoﬁg ksi, as

measur ed "On ransver site strength is how 1.8
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from this procedure is shown in Fig. 6 (open circles). Condition 3. represents the

experimentally measured data of Fig. 5, while the other conditions represent model
predictions based on long-term composite properties derived from experimental

point 3.

The projected performance of the invention is obtained by .
theofetically predicting the long-term failure envelope based upon the long term
mechanical properties of a composite laminate made with a fiber whose diameter
is 7um. Figure 3 shows that the short term transverse composite strength of a pipe
made with 7 um glass fiber is roughly 1.5 times greater than that of a composife

 laminate made with 14pm glass fiber. The assumption is that there is a similar
short term composite shear strength increase. It is assumed that the long term 7pm
glass fiber compos1te transverse and shear strength are also 1.5 times greater than
conventional 14 um glass fiber composites. The reason is that the transverse -
Young's and shear modulus of a 7 um glass fiber composite are the same (or
greater) than for a 14 um glass fiber composite. This im;ﬂies that the fatigue

behavior or creep rupture behavior of a micro fiber composite is the same (if not



predi ctions based on | ong-term conposite properties derived from
experinental point 3. The projected performance. of the invention is o
obtained_by theoretically predicting the long-term failure_envel ope. based

upon t he WSRO m nechani cal properties of a conposite | aAFHECE WA with

a fiber whose diameter is 7[err]m Figu6e 3 shows that the short term
transverse conposite strength of a pipe made with 7 [err]mglass fiber is

r oughl .5 tijtes.greater than that of a co ite,.l am.nate e Wit h
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greater thmposiedyedidiehe bfiglter | predicesbfalluReenvetopedor tiesinvehtion éason i s
that the transverse Young's and shear nmodulus of a7 [err]mglass fiber

conposi t shawn in Fig. suffell (wangjes)aPeiyts tIhArant 3 foa thesinventiqmeary hadimeser o
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PCT/ US98/.06481 - 16- tter) than that of gonventi 15 . | tes.
Fat i gue BHATGIel g e Bh etk Solileafondl RshEh aiols BRLICHRPRERL. CC;
det er'm negeh e SRAM Al oo 4 RS BVRREGHROR% eibE TRt 2.30%, | ong term

predicte ure envel ope’for the invention I's sho in"Fig. 6 (full
triangl egreatélopoire 11 15% gredted ahd poirte is moehicrensedaecdmpatedtes greater than
that of conventional 14[err]mfiber conposite pipes, while point 4 is 1.2
ti mes gr eameentionah 14 e fiveycomnposiesre conventi onal conposites. Note that if
t he shear strength remains constant, point 3 for the invention is 40%
greater; point 2,30%greater; point 1, 15% greater and point 4 is not

noreased as, SOMPartk ffy0RNER! kflerddt SoimbBiid BRensfR BRORE fipe The

i nprovenent in transverse conposite stren )
made in accordance with this invention is demonstrated in Example 1.

Example 1

Three different fiber reinforced composite pipes were constructed by
the fiber winding process described_abdire to provide pipe structures having a
nominal 2 inch inside diameter and a nominal wall thickness of 0.1 inch. Each -
pipe was wound at a 90° fiber ahgle with respect to the longitudinal pipe axis and
contained a fiber volume fraction of about 46%. Pipe A, B and C were constructed
using gléss fibers having an av'ei'age diameter of about 7, 14 and 24um,
respectively. The relative composite transverse strength of each pipe was
evaluated by clamping a segment of each sample in the jaws of an Instron™ testing
machine and applying transverse (pulling) stress to the sampIes. The approximate |
stress and strain at break for each pip evaluated under identical test conditions was

recorded and-is shown in Table 1-——-—— - - -



made in accordance with this invention is denonstrated in Exanple. 1.

Exanple 1 Three different fi-ber-teinforced conposite pipes were constructed
by the fi e 9osMsess ng process described above to provide pi ppcpiikiiddses
havi ng a nomi nal 2 inch inside dianeter and a nom nal wall thickness of

1 inch. Each pipe was wound at a 90[err'] ’fi ber angle with respect to the

| ongi tudi nal pipe axis and contained a fiber volume fraction of -about 46%
Pipe A, B and C were constructed USUQQL@ gss fibers having an average

di aneter of -about 7, 14 and 24[ errmT-respectively. The relative conposite
transverse strength of each-pipe was evaluated by clanping a segnment of '
each sanple in the jaws-of-an-tnstron[err] testing machi ne-and appl yi ng

t ransver sEitfep Bibineter (stmess . t Strdse at BrerlelpsilThe.. ‘apBtrain atBreak {indsy and

strain at break for each pip eval uat ed under identi cal tezsét cogdl tions was

recor ded Arrd is shown in Table | 4.6 U8/ 45635

PCT/ U898/ 17- TABLE 1 Fiber neifar ([err]m Stresga 3t Break (pSI)
Strain at E‘ék (infin) A7 ggx{@ . 5 ie[e'rr] :

4. 25x 10] B -14 13 3.6 X 10[e " 3

3.0 x 10[ 5117 C 24 32x10° 35 % 1q] 2‘7]]5"‘10

2.75x 10[err] As is evident fromTable 1, the 7[err]mfiber conposite
outperforns the 14 and 24[err] m fi ber conposite by about 30 and 40%
respect’i valsyis evidenhfrom Tabled), thes! gnﬁeﬁlﬁﬁtcomfidmwbdqiem'm téaadFHuabout a

50% strength i ncrease achieved with -7 vs mfibers for a fiber “volune
fracti on bbewgsmpesitezypabout 30 apdr40%8, respectively, which is in fair agreement with
model predictions of about a 50% strength increase achleved with 7 Vs. 14p.m

- fibers for a fiber volume ﬁ'acnon of 60% as shown in Flgure 3.
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WD 98/ 45635 PCT/ US98/ 06481 -18: CLAIMS: 1
A conposite, fi berU!ﬂI 'MHHBMIHMI c structure having a wall portion :
defi ni ain the storage or passag or.
gases %2?’9%% pressure, said wall portion conprising a 9{:’ffuesfglglb'é4gﬁe | ayer
conprising a plurality of continuous tggnforcing fiberglass fibers having
an average dianeter of |ess than about 10 m crons inpregnated in a resinous
bi nder. 2. The article of claim1 wherein said structure is a pipe

conpri siCigABMSel ongat ed hol | ow tubul ar body and wherein said continuous
fibers are disposed at an angle of O up to 90 with respect to the

| ongi tudi nal pipe axis. 3. The pipe of claim2 wherein said continuous.

angl o bet %Shsﬁﬁiﬁf HeoShii, %’s%%‘é‘refox9eﬂ‘%§gé§%%§i%§*ﬁ%i%§§éﬂ.5°r mnoan
comr | sadiion BEBfira Sontigprclf pBSHCAG tRe Mordie Bab e Bt e o, .

The strugider Righ prek&irs) éhld\hﬁllq}dinﬁﬁib &)rhﬁrg%tdmbnehmcbﬂqﬁsmg)wut 60% of

t he vol une fractlon of said wall  portion The structure of claim1l

wher ei n plarality ef comlumldnsrrdmfoncmggbd:rglassﬁcr&m any avanage shameter pk of

claim®6 V\/nerel n salii thernpset resin.is an. e esin. WD 98/ 45635
%mwséwm{b@fa’@ﬁ%‘i" § rein said fibers have an

aver age -

2. The article of claim 1 wherein said structure is a pipe comprising
an elongated hollow tubular body and wherein said continuous fibers are disposed
at an angle of 0° up to 90° with respect to the longitudinal pipe axis.

3. The pipe of claim 2 wherein said continuous fibers are disposed
to form a helical filament winding pattern forming an angle between about +/-15°

up to about +/-75° with respect to said longitudinal pipe axis.

4. The structure of claim 1 wherein said fibers comprise at least

about 40% of the volume fraction of said wall portion.

5. The structure of clai_ni_ 4 wherein said fibers comprise at least

about 60% of the volume fraction of said wall portion.

6. The structure of claim 1 wherein said resinous binderisa

thermoset resin.

. 7. The structure of claim 6 wherein said thermoset resin is an epoxy

resin.



di amet er bet ween ons. 9. The pipe of claim2 wherein said
wal | structure co HI vvoflber reinforced layers in fixed
| rcs

| am nar wepeaeis nsas ayers conprising said ceoriusssiess] _
fi ber gl ass: fibers haV| ng an average dianeter of |ess than about 10 microns

I npregnated in a resinous binder and dréibosed at an angle of O[err] up to
90 with respect to said Iongl tudi nal pipe axis and a second | ayer

cont ai ni ng continuoys,fibergl ass.fj ber.s  egnateed | i bi nder

and dlsposed at an ELE éhF aflapp &%&c":' 1@%@??%@?%5%F%W%9 axi s whi ch
differs of said fibers in said first |ayer.

-10. The ﬁ# %$%Sﬁ§$%%ﬂﬂﬁhgfgﬁﬁfyﬁa%ﬂsbers in said first |ayer are disposed:-

at an angle of greater than +/-60 up to 90 with respect to said

| ongi tudi nal pipe axis and the fibers in said second |ayer are disposed at

an angl e of greater9tﬁhepqimdclaimaaphemmsmdwmlhdm@rao}nmseﬂatmptect to
said longitudinal pipe axis. 11. The pipe of clajm9 a&}fiel n the fibers
present |mosﬁberrsuﬁmdllmsxm§vedmm FeRfack| Flé %frs 4Y&€ES t han about 10

T borer et i soRtingats Shee RS ERel BRify bh b beled Bl I LR
firest |aygr, bott Fmikifis inpfilrafldSh i esiBtl biRY ah8 Fispdeed YA angle of

-

h-t

0° up to 90° with respect to said longitudinal pipe axis and a second layer
containing continuous fiberglass fibers impregnated in a resinous binder and
disposed at an angle with respect to said longitudinal pipe axis which differs from
the angle of disposition of said fibers in said first layer. o

10. The pipe of claim 9 wherein the fibers in said first layer are
disposed at an angle of greater than +/-60° up to 90° with respect to said
| longitudinal pipe axis and the fibers in said second layer are disposed at an angle of
greater than about -+/-30° up to +/-60° with respect to said longitudinal pipe axis.

11. The pipe of claim 9 wherein the fibers present in said second

layer have an average diameter of less than about 10 microns.

12. The pipe of claim 9 wherein said ﬁrst layer of said pipe is an

outer ax1a1 load-bearing layer

13. The pipe of claim 9 wherein said first layer of said pipe is an
internal hoop load-bearing layer.



