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BONDING OF STEEL STRIPS IN STEEL STRIP LAMINATE PIPE

BACKGROUND OF THE INVENTION

High pressure conduits, such as oil and gas pipe lines have generally been constructed with
conventional steel pipes. These pipelines are subject to both internal and external pressures.
Internal pressure is required to transport the fluid or gases within the pipeline. External pressure
is created by the weight of soil or water on the pipeline when the pipeline is embedded in the
ground or submerged in water. :

While steel pipes provide the requisite strength for withstanding the internal and external
pressures, they have a high susceptibility to corrosion. A corrosive environment is fostered by
contact between the internal foreign media (e.g., the liquids or gases being transported by the
pipeline) and the steel, or by contact with external conductive foreign media and the steel. The
external foreign media could be soil in cases where the pipe is buried under ground, or sea water
in cases where the pipe is submerged in an ocean or water in cases where the pipe runs along

sewer systems or exposed to rain. Corrosion decreases the plpe strength and may cause the pipe -

to leak or burst under pressure.

To overcome this disadvantage, steel reinforced composite pipes have been developed.
These pipes have a wall of steel coated with a polymeric material, or of steel embedded in the
fiber reinforced composite, such as a fiber glass resin system. The coating or resin system

protects the steel from corrosion by shielding it from any contact with the foreign media;: One .

example of steel reinforced composite pipe is disclosed in the Cocks Patent, No. 4,351,364, the
subject matter of which is hereby incorporated by reference. The pipe disclosed therein is a
structural wall section sandwiched between inner and outer linings. The linings are resin rich

layers reinforced with glass or other fibers. The structural wall section is made of three or more - -

structural steel reinforcing layers coated with structural epoxy resin. The individual layers ofthe
pipe are successively built up, one upon the other, on 2 mandrel or pipe winding machining.
Each lining layer is formed by helically winding resin wetted fiber rovings. Each steel layer is
formed by helically winding a steel strip coated with resin. The steel layers are wound one on top
of the other. Once “wound” the pipe is cured. This type plpe is commonly referred to-as steel
strip laminate pipe or “SSL pipe”.

Typically the desired lap sheer strength between overlapping steel layers in SSL pipe is
1800 psi. Such a strength cannot be achieved by adhering one steel layer to the other using only
a resin system. In order to achieve such strength, it is common to sandblast the steel prior to
winding for forming the steel layers in the pipe.

Sandblasting creates a mechanical roughness on the steel providing a stronger
mechanical/adhesive bonding. However, this bonding does not have long térm durability under
wet environments. Testing of a lap shear specimen consisting of sandblasted steel specimens
bonded using EPON 826/TPD adhesive showed an 80% lap sheer strength loss after 505 hours

-1-



10

15

20

25

30

35

WO 00/29162 ' PCT/US99/27255

of hot water exposure. Moreover, the aging of the sandblasted steel surface significantly reduces
lap shear strength due to surface ox1dat10n Furthennore, sandblasting is a burdensome process.
Typically, a 5000 horsepower air compressor would be required to sandblast production
quantities of steel strips. A special facility would also be needed due to the dusty and noisy
nature of sandblasting.

Assuch, a system is needed for bondmg the steel strip formed layers to each other and to
the SSL pipe linings that would avoid the need for sandblasting th_e_ steel strips.

It has also been discovered that steel strip layers, bonded te each other with only a resin

_have inadequate peel strength. The madequate peel strength is believed to be caused by a

variance in the bond thickness along the length of the steel strip formmg the layer. Resin bond
thickness control is typically not very accuxa_te at production sp_ee.ds.

_ Glass flake fillers are sometimes used in the resin to improtie the shear strength between
steel strips. Typically, glass flake fillers make up about 5 to 10% of the resin by weight.
However, even with the use of glass flake fillers it is difficult to control the bond thickness
between the strips at production speeds, thus, resultmg in inadequate strip peel strength.

Another problem with the bonding of the steel strips to each other in SSL pipes is cracking
of the resin matrix between the steel strips also resulting in reduction of the peel strength. A
further problem is resin shrinkage which occurs during curing and also results in a decreased
bond strength between the steel strips. . -

SSL pipes are typically subjected to hotand wet eondmons and the bond between the steel

- layers often fails under a combined mode failure, ie., a shear/peel-off failure. As such, it is

important that the bonds between the steel l_éyer_s maintain a significant percentage of their lap
shear strength and peel off strength undet'- hot and wet conditions,. Moreover, in order to speed
up the SSL pipe manufacturing process, it is desirable that the debulking time (i.e., the time
required to remove excess resin between the steel strips forming the layers to be bonded) of any
resin system used is relatively short so as to reduce manu_fectu_ring times and thereby
manufacturing costs. - : .

Thus, aresin system is needed which allows for controllmg of the bond thickness between
adjacent steel strip layers and between the steel strip layers and the linings of the SSL pipe at
production speeds. Moreover, a resin system is needed with enhapced crack growth resistance

“when cured and which is subject to reduced shrinkage during cur,ing:.' Furthermore, aresinsystem
- providing for improved peel and shear strengths between the steel strips of the SSL pipe in hot

and wet conditions and which allows for reduced debulking times is desired.

SUMMARY OF THE INVENTION

* To improve the lap sheer strength between the steel layers in SSL plpe an adhesion
promoter in the form of a sol-gel or an organofunctional silane is used to coat the steel strips
forming the steel layers. In one embodiment, a sol-gel coating is used as the adhesion promoter.
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Sol is a solution contalmng partially reacted metal-organic precursors (often a metal-alkoxide
such as -OSi(OR)3) in a s"olvent, usually alcohol. R is a nonhydrolyzable organic radical that
possesses a functionality which enables the sol-gel coating to bond with epoxy or other organic
resins. Gel is a substance that contains a continuous solid skeleton enclosing a continuous liquid
phase formed by reaction in the sol. Sol-Gel processing involves preparation of a solid, usually
a film or coating, from sol and gel. Typically, sol-gel is formed by hydrolyzing and condensing

the sol solution. Sol-gel coating modified with chromate provides better long-term durabnhty in

a hot and wet environment

In another embodiment, the steel strips are coated withan organofunctxonal or bifunctional
silane. Organofunctional silane such as Y-R-Si-X, silane has two classes of functionality: The
silane portion, Si, bonds to the inorganic substrate i.e., the steel. The bond between R, a bridging
group, and Si is a very stable organic bond, while the bond between X, a hydrolyzable group, and
the silicon atom in silane is a less stable inorganic bond and can be replaced by a bond between
the inorganic substrate (steel) and the silicon atom.

Because the SSL pipe bonded steel strip formed layers often fail under a combined- mode :
failure, i.e., a shear/peel-off failure, it is desirable for the bonded steel layers to maintain their lap
shear strength as well as their peel-off strength under hot and wet conditions. To accomplish this
in a preferred embodiment, the present invention incorporates the use of continuousfiber -
reinforced fillers in the resin used to bond the steel strips. These fillers allow for the control of -

the bond thickness, improve the shear strength of the bond between steel strips, improvethebond -

peel strength and reduce resin matrix shrinkage as well as increase the resin matrix resistance to
cracking. ' '

' Exemplary continuous reinforced fiber fillers are made of Kevlar, carbon, and glass.
These fillers are preferably in the form of veils such as random synthetic veils such as C-glass
veils, and random veils, woven cloths such as boat tape, and roving tapes, unidirectional tapes,
and monofilament meshes. : -

Veils, woven cloths, tapes and meshes are all in “tape” form, i.e., they are in a continuous
layer form. As such, veils, woven cloths, tapes and meshes can be wound over the steel layers.
The veils, woven cloths, tapes and meshes may be impregnated with the appropriate resin prior
to winding around the steel strip pipe layer. Alternatively, resin may be applied on to a steel strip
layer prior to winding the veil, woven cloth, tape, or mesh or the resin may be applied over the
wound veil, woven cloth, tape, or mesh. Moreover, instead of using a veil, woven cloth, tape,
or mesh material, chopped or crushed fibers may be mixed with the resin in an amount yielding
a high fiber content prior to applying the resin over a wound first steel strip layer portion.
Alternatively, resin may be applied to the wound steel strip and the crushed or chopped fibers
may be applied over the resin. When using fiber fillers, the preferred fiber filler content is in the
order of 30 to 70% by volume.
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The fibers in a fiber filler serve as a spacer controlling' the spacing between subsequent
layers of steel and thereby controlling the bond thxckness between the steel layers resulting in an
improved peel strength. . - -

. In an alternate embodiment, mstead of a contmuous ﬁber remforced filler, glass spheres
also known as Zeeospheres or microspheres, a drscontmuous ﬁller .are used. Due to their
sphencal shape, Zeeospheres can be densely packed in the resm Use of continuous fiber
reinforced fillers or Zeeospheres in the resin used to bond the steel stnps in SSL pipes improves
the operating life of the pipe. These fillers can be used to form a resmmatnx that is used to bond
steel strips that are treated with an adhesion promoter such as sol-gel or silane, or steel strips that
are sandblasted or steel strips. that are not treated in any way or form. '

Moreover, instead of applying the adhesron promoter to the steel strips, the adhesion
promoter may be mixed__ in the resm used to bond the strips.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 depicts a schematlc of an Fe-O-Si bond formed between a substrate and a sol-gel

. FIG.2isagraph of test results dep1ct1ng the effect of hot water exposure on the lap shear -
strength of bonded steel stnps coated with chromium-modified sol-gel and of sandblasted steel

. strips. -

FIG. 3 deplcts four exemplary structure formulas ofa hydrolyzable group.
-FIG. 4 depicts three exemplary structure formulas of nonhydrolyzable orgamc radicals.

FIG. 5 depicts the structure formuila for meltnethoxysrlane

FIG. 6 depicts an Si-C bond forming ¢ a bndge between an organofunctional silane coatmg
and an epoxy. :

FIG.7isa graph of average lap shear strength at230°F of bonded steel strips coated with
a chromate modified sol-gel and of bonded ste_el strips coated with an organofunctional silane.

FIG. 8 is a bar graph comparing the lap shear strength of various organofunctional silanes
when exposed to hot water at 230°F for dlfferent amounts of tlme

FIG. 9 is a table showing the abbreviation, chemical name and structure formula of the

different components incorporated in the organofunctional srlanes bemg compared in FIG. 7.

~ FIG. 10 is a schematic view of a process for coating a steel strip with an adhesion
promoter.
FIG.11 isa partial side view of a steel stnp laminate p1pe deprctmg the various pipe layers.
FIG. 12 is a schematic view of a pinch roll mechanism used in the pipe winding process.

_ FIG. 13is a graph depicting load-deﬂectxon curves for SSL pipes with continuous filler
impregnated tape between the steel strips and with Zeeospheres between the steel strips when
under parallel plate loading.

FIG. 14 is a table comparing various factors consrdered in selectlng aresin filler.
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FIG.15isa table comparmg lap shear strength, peel-off strength and debulking times of
strips bonded with resm ificorporating different fillers and-‘€oated’ with sot-gel or an

‘organofunctional silane, or sandblasted.

FIG. 16 is a bar graph depicting to lap shear strength of steel strips coated with an
organofunctional silane and bonded using a resin and different fil]ers after different times of
water exposure at 230°F.

FIG. 17 is a bar graph comparing peel off strength of steel strips bonded using different
fillers and exposed to water at 230°F for different times.

DETAILED DESCRIPTION _
To improve the lap sheer strength between the steel layers in SSL pipe, an adhesion
promoter in the form of a sol-gel or an organofunctional silane is used to coat the steel strips
forming the steel layers. These adhesion promoters are used in lieu of sandblasting the steel -
strips. Resin, such as the EPON 826 resin, still needs to be applied to bond the steel strips as it
was applied to bond the steel strips when sandblasted. :
' In one embodiment, a sol-gel coating is used as an adhesion promoter. Sol is a solution
containing partially reacted metal-organic precursors (often a metal-alkoxide such as -OSi(OR);

'_ or ROSi(OC H,,.,);) in a solvent, usually alcohol. R is an organic radical that possesses a

functionality which enables the sol-gel coating to bond with epoxy or other organic resins. Gel
is a substance that contains a continuous solid skeleton enclosing a continuous liquid ph__ase
formed by reaction in the sol. Sql-gél processing involves preparation of a solid, usually a film_
or coating. Typically, sol-gel is formed by hydrolyzing and condensing the sol solution. .

Applicants have discovered that the sol-gel coating modified with chromate provided
better long-term bond durability in a hot and wet environment. Typically, the chromate is
introduced in a primer. The primer is then mixed with the sol-gel solution.

In a first embodiment, the steel strips are coated with sol-gel. In an alternate embodiment,
the strips may be coated with a sol solution and allowed to undergo hydrolysis and condensation

~ to forma coating of sol-gel on the strips. Once a sol-gel coating is applied or formed on the strip,

an Fe-O-Si bond forms between the substrate (steel) and the sol-gel coating in the sequence
shown in FIG. 1. The bridge between the sol-gel coating and an epoxy, such as a resin, is an Si-
O-R bond shown in FIG. 1. The bridge between the sol-gel coating and the epoxy used to bond
the steel in the interpenetrate network (IPN) formed by the Si-O-R bond.

Applicants further discovered that use of a sol-gel coating as an alternative surface
treatment to sandblasting the steel stnps provides for an improved bonding of the steel strips.

'For example, the lap shear strength of chromium modified sol-gel coated SSL pipe steel strips

bonded using EPON 826/IPD is about 40% higher than the lap shear strength of sandblasted, not
coated, strips using the same resin at 230°F (FIG. 2). It should be noted that although testing
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. was performed on specimens bonded with EPON 826/IPD resin, the present invention is not

limited to steel strips that are bonded with EPON 826/IPD resin, other resins may also be used.

Through testing, appllcants also dlscovered that the lap shear strength of chromium
modified sol-gel coated steel strips bonded with EPON 826/IPD resm at 230°F after 500 hours
of hot water exposure is about four times of that sandblasted steel slnps bonded with the same
resin under the same condttrons as shown i in FIG. 2. '

In_another embodlment, a steel strip is coated wrth -an organofunctxonal silane.
Organofunctional silane such as Y-R-8i-X; silane or Y-(CH,),,-Sl-X; has two classes of
functionality, i.e., it is a bi-functional silane. The silane portlon, Si, bonds to the i inorganic
substrate i.e., the steel. The bond between Ror (CH,)n a brldgmg group, and Si is a very stable
organic bond, while the bond between X, a hydrolyzable group, and the silicon atom in silane is
a less stable inorganic bond and canbe replaced by abond between thei morgamc substrate (steel)

* and the silicon atom. Typrcal hydrolyzable groups X include but are not limited to alkoxy,
" acyloxy, amine, methoxy, ethoxy and Chlonne Four exemplary structure formulas of the

hydrolyzable group X are presented in FIG. 3. The organofunctlonal group, Y, is a
nonhvdrolyzable organic radrcal that possesses a ﬁmctmnahty, whlch bonds or interacts with
organic resins such as epoxy wh1ch are typlcally used to bond the steel stnp Exemplary
nonhydrolyzable organic radlcals 1nclude glycidoxy and’ ‘amino. -Some exemplary

* ‘nonhydrolyzable organic radical structure formulas aré shown in FIG. 4. The bridge between the
‘organofunctional silane coatrng and an epoxy (e g, resm) is Sr-C bond as shown in FIG 6. With

some organofucntlonal silanes such as meltnethoxysﬂane havmg the formulas shown in FIG.

'5, the same group -CH=CH2 (v1nyl) forms both the bridging gronp and the organofunctlonal
" “group. Organofunctional silane when used as an adhesron promoter can improve the
; wet/d.ry/thennal adhesion to a wide: range of substrates '

" Moreover, apphcants have dlscovered that the use of organofuncuonal silane as the surface
treatment instead of sol-gel modrﬁed with Chromate produced a lap shear strength of about 10%

~higher at 230°F without hot water exposure and about 25% and 40% higher at 230°F after 100
" and 400 hours of hot water exposure, respectlvely as shown inF 1G. 7.

Exemplary organoﬁmctlonal sxlanes and their relative strengths under hot wet conditions

are depicted in FIG. 8. As can be seen from the legend in FIG. 8, these silanes contain a

percentage of one or more of 'y-Mercaptopropytnmethoxys1lane (MPS),

¥- Glycldoxypropyltr1methoxys11ane (GPS), Y- Tetraethoxysrlane (TEOS),

y-Aminopropyltrietthoxysilane (APS),and B1s-1 2-(tnethoxysrlyl)ethane (BTSE). The structure
formulas for MPS, GPS, TEOS, APS, and BTSE are shown in FIG 9.

* A process has been developed by apphcants that can coat the steel stnps with sol-gel or

- an organofunctional silane at a speed as hlgh as 50 fi/min. Steel in strip form is typically

delivered coated with shipping oil. The inventive process mvolves the rolling of the steel strip
11 through a washing box 10 containing a washlng solution for washmg and removing the oils
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and dirt from the steel (FIG. 10). The steel strip is then rolled through a rinsing box 12
containing a rinsing solutidiifor rinsing the washing solution off.the steel strip. The steel strip
is then rolled through an air knife 14 which in essence “scrapes” any fluids such as rinsing fluids
off the strip. The strip is then rolied through a tank 16 containing sol-gel or silane. - The strip is
immersed into the sol-gel or silane. From there, the strip is guided through a drying box 18
where the sol-gel or silane is dried onto the steel strip surfaces. The steel strip then proceeds
through another air knife 20 which “scrapes™ the excess sol-gel or silane off the steel strip
surfaces leaving a‘layer of silane or sol-gel on either surface of the steel strip having a
predetermined thickness. From there, the strip is rolled into a roll 22 and is ready to be used in
the pipe winding process.

In an alternate embodiment, the sol-gel or organofunctional silane coating is mixed in with -
the resin that is used to bond the steel strips. In order to obtain a good bond between the strips.
when mixing the sol-gel or silane with the resin, the steel strips should be thoroughly cleaned.

Because the SSL pipe bonded steel strip formed layers often fail under a combined mode -

failure, i.e., a shear and peel-off failure, it is desirable for the bonded steel layers to maintain .
their lap shear strength as well as their peel-off strength under hot and wet conditions. To-
accomplish this, in a preferred cmbodiment the present invention incorporates the use of

continuous fiber reinforced fillers in the resin used to bond the steel strips and consequently, -
the steel strip layers. These fillers allow for the control of the bond thickness, improve the .

* shear strength of the bond between steel strips, improve the bond peel strength, reduce resin -
matrix shrinkage, and increase the resin matrix resistance to cracking. -

Exemplary continuous reinforced fiber fillers are made of Kevlar, carbon, and. glass :
These fillers are preferably in the form of veils e.g., random synthetic veils such as C-glass veils -
and the random veils manufactured by Reemay and Freudenberg; woven cloths such as boat .
tape, and roving tapes; unidirectional tapes; and monofilament meshes such as those

-manufactured by Marquisette and Textie. :

Veils are formed using chopped fibers which overlap each other and whose ends may be
fused or bonded together. C-glass veils for example, consist of chopped glass fibers which are
bonded together using a starch binder. Because the fibers are fused of bonded together, veils,
function and are deemed as continuous fiber reinforcement fillers. Veils typically cost less than
woven clothes which are formed by weaving fibers. Monofilament mesh is typlcally priced
similarly to the veils. '

Veils, woven cloths, tapes and meshes are all in “tape” form, i.e., they are in a
continuous layer form and are referred to herein for convenience as “continuous fiber filler”.
As such, continuous fiber filler can wound over the first steel layer formed by winding a stecl
strip. The continuous fiber filler is preferably impregnated with the appropriate resin prior to
winding around the steel strip pipe layer. This can be accomplished by impregnating with resin
at the pipe manufacturing site or by acquiring the continuous fiber filler in pre-impregnated
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form, i.e., by acquiring the continuous fiber filler already pre-impregnated with the appropriate
_resin. Alternatively, resin may be: apphed on to the steel stnp layer prior to winding the

continuous fiber filler or the résin may be applied over: the wound contrnuous fiber filler. The

- fiber filler content for contmuous fiber ﬁller is typically in the order of 30 to 70% of the total
- fiber and resin combination. volume However, a high fiber ﬁller content, e. g., a fiber filler

content at the higher end of tlns range or greater is:preferred. -

The fibers serve as a spacer controlling the spacing between subsequent layers of steel
and thereby controlling the bond tlnckness between the steel layers resulting in an improved
peel strength. The continuous fiber filler 1mpregnated with resin can be wound simultaneously

-with the steel layers at high speeds, allowmg for higher productron speeds (since the winding

process will not have to be stopped for t_he app_hcatron of _res_t_n, between the strips) while
providing a consistent bond thickness throughout the layers. . - . S .
- In a preferred embodiment, the impregnated continuous fiber filler is wound over the

_inner hmng 40 of an SSL pipeona mandrel 42 snnultaneously Wlth the steel strips for forming
‘the SSL pipe. Preferably, the SSL pipe mner ltmng, steel strips, 1mpregnated continuous fiber
~ filler and outer lining are wound relatively simultaneously. For example, in forming an SSL

. . pipe having three steel layers, the winding of the inner lining over the mandrel is first initiated.

As the inner lining 40 is belng wound, the wmdmg of the ﬁrst steel strip 44 over a wound

_.-portion of the inner lining i is begun, followed by the winding of : a first impregnated continuous

o+ fiber filler 46 over the wound portion first steel strip.44, followed by the winding of the second
- steel strip 48 over the wound: portion of the first continuous ﬁber filler 46, followed by the

~ -winding of a second 1mpregnated contxnuous fiber filler 50, followed by the winding of a third
. steel strip 52, followed by the winding of the pipe outer. lining 54_oyer the wound portion of the

. third steel strip 50: In this Tegard, the entire thickness of the pipe.is wound as the winding

_proceeds along the length of the mandrel i 1s the direction shown. by arrow 56 in FIG. 11. To

improve the winding process, the steel stnps are preformed to be predisposed to helical
winding. : o : -

During winding of the plpe a pmch roll is used to apply a’ normal force on the wound
steel strip so as to remove excess resin between the strips forming adjacent steel layers or

‘between the strip and a pipe lining so as to better control the bond .tl_uckness. The normal force
. applied by the pinch roll causes the excess resin underneath a steel strip to be removed from a

free edge of the strip. Furthermore, the normal force applied by the pinch roll enhances the
bond between the resin and the steel strip or the resin and the adhesmn promoter coating on the
steel strip by creating hzgher surface contact loads L

The entire SSL wmdmg process can be automated as shown in FIG. 12. There, a first
steel layer 78 is formed by winding a s__te_el strip over a lining formed on a mandrel. A
continuous fiber filler 70;i_s.'then_ drawn from a drum 72 through an impregnation bath 74
containing resin (FIG. 12). The impregnated continuous fiber frller is then helically wound over
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the mandbrel 76 used iri forming the pipe. A second steel strip 78A is helically wound over the
impregnated continuous fibét filler over the mandrel. The steelsttip is drawn from a drum 79.

In the preferred embodiment, an axitomated process is used to wind multiple steel strips
over the mandrel simultaneously in lagging order. In other words, the winding of the first strip
is begun first, followed by the winding of the second strip, and so forth. For example, a steel
strip 78 may be drawn from drum 79 and another steel strip 78A may be drawn from a drum
79A as shown in FIG. 12. In this regard, the entire pipe can be wound in a single pass, thereby
reducing the time required to form the pipe. Four strips from four different drums have been
wound simultaneously by the applicants in forming SSL pipes. Applicants are currently
planning to use ten strips from ten different drums simultaneously to wind a pipe.

A pinch roll 80 is used to apply a normal force 82 over each steel strip as it is being
wound over the impregnated continuous fiber filler on the mandrel. Typically the roll is -
connected to an arm 84 which extends to location over the mandrel so as to allow the roll to
apply a normal force to the wound steel strip. The arm is pivotally coupled to a fixture 85 about
a pivot point 86. The arm can reciprocate for moving the pinch roller to a location over the
mandrel. The arm may be pneumatically, hydraulically or electrically driven. A vertical
member 88 is also pivotally coupled to the pivot point 86 on the fixture. A front portion 92 of
a cylinder 90 is fixed to the member 88 such that the cylinder 90 is in a position relatively

" parallel to the arm 84. The rear 94 of the cylinder 90 is coupled to a rear portion 96 of the arm.

Once the roller is in position over the mandrel, the cylinder 90 retracts causing the arm 84 to
rotate (counterclockwise in F1G. 12) and the roll to apply a normal force to the strip. ,

 Instead of using the mechanism described above, aroll with a predetermined weight may -
be used as the pinch roll for providing the requisite normal force. The roll may itselfbe of the
predetermined weight or a separate weight may be added to the roll.

In an alternate embodiment, instead of using a continuous fiber filler, chopped or crushed .
fibers may be mixed with the resin in an amount yielding a high fiber content prior to applying
the resin over a wound first steel strip layer portion. Alternatively, resin may be applied to the
wound steel strip and the crushed or chopped fibers may be applied over the resin.

Because, the fibers themselves can carry load, the addition of the fiber fillers to the resin
improves the peel strength and the shear strength of the bond between the steel strip layers of
the SSL pipe. Moreover, the high fiber content reduces the shrinkage and thus, the shrinkage -
stresses developed in the resin during curing, improving the bond strength of the resin. In
addition, the use of the fiber filler improves the resistance to crack growth in the resin between
the steel strip layers. In essence, the fibers provide a stop to crack growth. The crack will grow
into the resin until it reaches a fiber where it will stop. The crack may continue to grow at
another portion of the resin and again will stop when it reaches another fiber. This phenomenon
can be seen in FIG. 13 which depicts a graph of deflection as a function of load for an SSL pipe
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- under parallel plate loading performed per the ASTM D 2001 standard. As it can be seen, the

pipe carries load until a crack is developed at Joad level 100. As the crack grows with load
application, the load drops to level 102. When at load level 102 “the crack growth is arrested
by a fiber and the specimen begms to carry load again to a load level 104. Another crack begins

- to grow when at 104 and the load drops to level 106. Atlevel 106 the crack growth is arrested

and the specimen begins to carry load again. _

In yet a further embodrment instead of a continuous ﬁber remforced filler, glass spheres
also known as Zeeospheres or microspheres, a dlscontmuous ﬁller, are used. Zeeospheres are
typically made from a ceramic material and are shaped like spheres Zeeospheres can be hollow
or solid. They are manufactured by 3M and Zeelan Industries,. Inc

Due to their sphencal shape, Zeeospheres . can be. densely packed in the resin.
Preferably, the resin filled with Zeeospheres should include about7.5% by weight Zeeospheres.
In lab testing, use of Zeeospheres improved the shear strength between the steel strips at hot

* «conditions (i.e., at a temperature of 230°F). However the load carrymg capabilities of an SSL

pipe formed with steel strips bonded with a resin filled with Zeeospheres was less than

* capabilities of an SSL pipe formed with steel strips| bonded usmg a continuous fiber reinforced
- filler impregnated with resin (F IG. 13). The addition of. Zeeospheres also i improves the crack
- growth resistance of the resin matrix as can be seen from FIG. 13 When using a resin filled
. with Zeeospheres, the bond thickness i is controlled by using a squeegee. After a resin with

. Zeeospheres coatmg is apphed toa stnp, excess resin is removed. usmg the squeegee. A pinch
. roll may also be used to control the bond thickness. and to improve the quality of the bond.

Besides bond performance factors .of peel strength -and lap shear strength at hot

- conditions and retention of lap shear strength at wet conditions, apphcants discovered that other
" important factors need to be cons1dered in selecting a resin filler These factors are: (1)resin

debulking time, i.e., the amount of time it takes to remove the excess resin between the strips

. for maximizing the bond strength; (2) ease of application of the ﬁller and (3) cost of the filler.

Debulking time and ease of application of the filler effect the pro__(luctron of SSL pipe. in that

if debulking times are long and/or if application of the filler 1s difﬁeult, the time and costs
associated with the SSL pipe production may become excessive FIG. 14, provides a
comparison in relative terms of these factors for woven cloth, monoﬁlament mesh, random
synthetic veil and Zeeospheres fillers. Where applicable the data for this table was obtained
through testing. '

As can be seen from F IG 14, use of a monoﬁlament mesh allows for a very fast resin
debulking time. However, a bond formed with monofilament mesh hasa hlgh degradation in
shear strength under wet conditions. Random synthetic veil hasa good overall balance in the
above factors in that it has a high peel strength, a high shea_r; strength in hot conditions, a
moderate retention of shear strengtlr in wet conditions, provides for an average resin debulking
time, is easy to apply and has a moderate cost. Woven cloth has similar perfbrmance
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characteristics as the random synthetic veil but provides for long resin d_ebulking times and has
high material costs. Zeeospheres tend to have low peel strength

Use of continuous fiber reinforced fillers or Zeeospheres i in the resin used to bond the
steel strips in SSL pipes improves the operating life of the pipe. These fillers can be used to
form a resin matrix that is used to bond steel strips that are treated with an adhesion promoter
such as sol-gel or silane, or steel strips that are sandblasted or steel strips that are not treated in
any way or form. -

Applicants have discovered, however, that the combination of using a adhesion promoter
such as sol-gel or an organofunctional silane on the steel strip coupled with the use of the filler
described herein provide for improved bond shear strength and for improved peel strength
retention at hot and wet operating conditions. From tests conducted by applicants, the results
of which are depicted in FIG. 15, it can be seen that the lap shear strength of the bond
incorporating Zeeospheres as a filler between steel strips at 230°F is increased when the steel
strips were treated with sol-gel and increased even further when the steel strips were treated
with silane. Furthermore, the retention of shear strength at hot wet conditions, also increased
from 560 psi after 505 hours of exposure to water at 230°F to 2360 psi and 3280 psi, when the
steel strips were treated with sol-gel and silane. respectively and exposed to hot water at 230°F
for 820 hours. ' _

A comparison of lap shear strengths at different water exposure times at 230°F of steel
strips which are coated with an organofunctional silane and bonded using either G-300 type -

~ Zeopheres, a Freudenberg 723020 veil, or a Reemay Type 2270 veil are shown in FIG. 16. As

can be seen from FIG. 16, use of Reemay of Freudenberg veils significantly increased the peel
strength of the bond even under hot water exposure as shown in FIG. 16 with acceptable
increases in resin debulking times.

Although the present invention has been described and illustrated to respect to multlple
embodiments thereof, it is to be understood that it is not to be so limited, since changes and
modifications may be made therein which are within the full intended scope of this invention
as hereinafter claimed.
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.CLAIMS

1. A method for forming a laminate pipe comprising the sfeps of:
forming at least a portion of an inner layer of the: pxpe, _
coating a ﬁrst steel strip with a sol-gel coating; -
winding the steel strip over the inner layer; and
forming an outer layer over the wound steel strip.

2. A method as récited in claini 1 further cdmprising the steps of:.
coating a second steel strip with a sol-gel coating; and

winding the second steel strip over a wound portion of the first steel strip.’

3. A method' as recited in claim 2 further bomprisiﬁg the step of forming a layer

* comprising resin between the two wound stee] strips.

4. Amethod as recited in claim 3 wherein the step of coating comprises the step of

. forming the sol-gel coatmg, and wherein the step of fonmng the sol gel coating comprises the
- stepsof C : - o =
S -+ forming a solutlon containing a partially reacted metal-organic. precursor; .
-hydrolyzing the solution; and - v

condensing the_solutlon‘. L

-~ 5. - Amethod as recued in claim 3 further compnsmg the step of mixing chromate

in the sol-gel.

6. - A method for formmg a lammate pxpe compnsmg the steps of:
forming at least a portion of an inner layer of the pipe;
coating a first steel strip with a silane coating;
. winding the steel strip over the inner layer; and
forming an outer layer over the wound stee] strip.

7. A method as recited in claim 6 further comprising the steps of:

coating a second steel strip with a silane coating; and
winding the second steel strip over a wound portion of the first steel strip.

8. A method as recited in claim 7 further cbmprising the step of forming a layer
comprising resin between the two wound steel strips.
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9.

A method as recited in claim 8 wherein the resin is an organic resin, wherein the

silane comprises Y-R-Sié'X;'-%herein the Si bonds with the surfaces of the steel strip, wherein

the resin.

10.

R is a bridging group, and wherein Y is'a nonhydrolyzable organic radical that interacts with

A method for forming laminate pipe comprising the steps of:

forming a pipe inner lining;

forming a first steel layer having an inner and an outer surface over the lining;
bonding a second steel layer inner surface to the first steel layer using an adhesion

promoter mixed with a resin; and

Il

forming an outer lining over the second steel layer.

A method as recited in claim 10 wherein the adhesion promoter is selected from

the group of adhesion promoters consisting of sol-gel and silane:

12.

the steps of:

13.

the steps oft

A method for coating a strip of material with an adhesion promoter comprising

passing the strip through a washing fluid;

passing the strip through a rinsing fluid to rinse the washing solution off the strip;
passing the strip through a adhesion promoter solution; and

drying the adhesion promoter solution on the strip.

A method for coating a strip of material with an adhesion promoter comprising

passing the strip through a washing fluid;

passing the strip through a rinsing fluid to rinse the washmg solution off the strip;
passing the strip through an air knife to remove left over fluids from the strip;
passing the strip through a sol-gel solution;

passing the strip through a dryer for drying the sol-gel on the strip; and

passing the strip through a second air knife for removing excess the adhesion

promoter from the strip for obtaining an adhesmn promoter coatmg on the strip having a

predetermined thickness.

14.

A laminate pipe comprising:
an inner lining defining an inner surface of the pipe;

_ afirst steel layer formed over the inner lining;
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. a second steel layer bonded over the ﬁrét steel layer, wherein at least one of the

first and second steel layers is coated with a sol-gel coating prior to bonding; and

an outer hmng over the second steel Iayer deﬁmng an outer surface of the p1pe

. 15. A laminate plpe as recited in claim 14 wherein the sol-gel coating comprises a
partially reacted metal-orgamc Pprecursor.

16. A laminate pipe as recited in claim 14 whereix:_i fhe.sol-gel coating comprises

- Chromate..

17. A laminate plpe comprising: .
an inner lining defining an inner surface of the pipe;
- a first steel layer formed over the inner lining;
a second steel layer bonded over the first steel layer, wherein at least one of the
first and second steel layers is coated with a silane coating prior to bonding; and
' an outer lining over the second steel layer defining an outer surface of the pipe.

‘18. A laminate pxpe as recxted in claim 17 wherein the silane comprises:
- silicon; '
a hydrolyzable group; and '
an non-hydrolyzable organic radical.

19. - A laminate pipe comprising: - _
an inner hmng defining an inner surface. of the plpe,
a first steel layer formed over the inner lining, t}_xc__ first steel layer;
an intermediate layer comprising res_in_axid a ﬁbrdli_s filler overthe first steel layer;
a second steel layer bonded to the first steel layer by the intermediatc layer; and
an outer lining formed over the second steel layer defining an outer surface of the

pipe.

20. - A laminate pipe as recited in claim 19 wherein the intermediate layer comprises
fibrous material selected from the group of materials consisting of glass, carbon and Kevlar.

21.  Alaminate pipe as recited in claim 19 . wherein the intermediate layer comprises
chopped fibrous material. -

22. A laminate pipe as recited in claim 19 wherein the intermediate comprises a
continuous reinforced fiber layer.
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23. A laminate pipe as recited in claim 22 wherein the continuous reinforced fiber
layer is in the form selected from the groups of forms consistigg.pf veils, woven cloths, tapes
and monofilament meshes.

24. A laminate pipe as recited in claim 19 wherein at least one of the steel layers is
coated with an adhesion promoter prior to bonding.

25. A laminate pipe as recited in claim 24 wherein the adhesion promoter is selected
from the group of adhesion promoters consisting of sol-gel and silane.

26. A method for forming a laminate pipe comprising the steps of:
forming at least a portion of an inner lining;
winding a first steel strip over the inner lining forming a first steel layer;
forming a fibrous layer over the first steel layer; ' '
winding a second steel strip over the fibrous layer forming a second steel layer;
and _
forming an outer lining over the sccond stecl layer.

27. A method as recited in claim 26 wherein the step of forming a fibrous layer
comprises the step of forming a layer comprising resin and chopped fibers.

28. A method as recited in claim 26 wherein the sfep of forming a fibrous layer
comprises the step of wrapping a continuous reinforced fibrous layer over the first steel layer.

29. A method as recited in claim 26 further comprising the step of applying a sol-gel
or silane coating to at least one of the steel strips.

30. A method as recited in claim 26 further comprising the step of applying sol-gel
or silane to the fibrous filler.

31. A laminate pipe comprising:
an inner lining defining an inner surface of the pipe;
a first steel layer formed over the inner lining, the first steel layer having an outer

surface;

a layer glass spheres over outer surface of the first steel layer;

a second steel layer bonded to the glass spheres; and

an outer lining formed over the second steel layer defining an outer surface of the
pipe.
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- 32. A laminate pipe as recited in claim 31, wherein the layer of glass spheres
comprises a resin and sol-gel or silane. :

33. A method for forming a laminate pipe comprising the steps of:
forming at least a portion of an inner lining;
winding a first steel strip over the inner lining forming a first steel layer;
forming a layer of glass spheres over the first steel layer;
winding a second steel strip over the fibrous layer forming a second steel layer;
and - .
forming an outer lining over the second steel strip. -

34. A method as recited in claim 33 wherein the first steel strip has an outer surface
facing the layer of glass spheres and wherein the second steel strip has an inner surface facing
the layer of glass spheres, the method further comprising the step of applying sol—gel or silane
to at least one of said surfaces..

35. . A method as recited in claim 33 wherein the step of forming a layer of glass
spheres comprises the steps of:
forming a mixture of glass spheres, resin and sol-gel or silane; and
applying said mixture over the first layer.
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